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Abstract 

The purpose of the present dissertation was to shed light on the neurophysiological effect 

of regular consumption of low amounts of alcohol on two important aspects of executive 

functions, cognitive interference and response inhibition, using functional magnetic resonance 

imaging (fMRI) in a sample of young adults. Participants were recruited from the Ottawa 

Prenatal Prospective Study (OPPS), a longitudinal study that has collected data from participants 

from infancy to young adulthood, which permitted control of a number of potentially 

confounding drug and lifestyle variables. This allowed for investigation of the unique effect of 

alcohol use on executive functions. The dissertation itself is comprised of two original 

manuscripts: the first study compared low-level alcohol users to controls on performance of the 

Counting Stroop, a task of cognitive interference; and the second study compared users to 

controls on performance of the Go/No-Go, a task of response inhibition.  

Although the results of both studies found no performance differences between groups, 

low-level alcohol users had significantly more brain activation in several regions, including areas 

not typically associated with task processing, compared to irregular or non-drinker controls. This 

difference in neurophysiology may be reflective of compensatory strategies within the brain, 

whereby the recruitment of additional regions may be attempting to compensate for potential 

underlying deficits that occur with increasing cognitive demand.  While further research is 

needed to validate this hypothesis, the present findings highlight the vulnerability of the 

developing brain.  
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Alcohol use in Canada 

 In 2017, alcohol continues to be the most commonly used drug in Canada across the 

population and is often the first substance used among Canadian youth. For instance, according 

to the Canadian Alcohol and Drug Use Monitoring Survey (CADUMS), more than 78.4% of the 

general population reported consuming alcohol over the past year. This includes 70% of youth 

(ages 15-24) and 80% of adults (ages 25 and older), with an average age of initial drinking onset 

of 16.2 years old. However, the majority of adults consuming one to two servings of alcohol per 

day (i.e. a four-ounce glass of wine, a 12-ounce can of beer, of a 1.5-ounce shot of distilled 

spirit) will not experience any detrimental side effects. In fact, some research suggests possible 

health benefits from regularly consuming small amounts of alcohol, such as decreasing the risk 

of cardiovascular disease and lowering the risk of Alzheimer’s disease (Arntzen et al., 2010; 

Hines and Rimm, 2001; Sayed & French, 2016).  

Despite these potential benefits, heavy alcohol use has a significant harmful effect on 

overall health. For example, alcohol abuse is associated with liver damage, increasing the risk of 

cirrhosis. Liver cancer is also one of the fastest rising types of cancer in Canada, increasing 2.3% 

per year for men and 2.4% for women, with alcohol abuse being associated with higher risk of 

occurrence, as well as being a key factor in increasing national prevalence rates (Canadian 

Cancer Statistics, 2015). Other potential negative consequences of alcohol abuse include 

increased risk of alcohol-related dementia, aerodigestive cancers, cardiomyopathy, haemorrhagic 

stroke, as well as acute issues that arise such as vehicular fatalities, violence, and suicide 

(Donovan et al., 2015; Hines and Rimm, 2001; Grune et al., 2017; Ridley, Draper, & Withall, 

2013). According to the CADUMS, 3.6% of Canadians (an estimated 886,000 people) ages 15 

years old and older reported regular alcohol abuse or dependency, making this a significant 
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health concern among our population. According to the literature, alcohol use patterns can be 

broken down into categories of low (1 to 7 drinks/week), moderate (8 to 14 drinks/week), and 

heavy (>15 drinks/week; Paul et al., 2008). 

Impact of alcohol on brain and behaviour 

 The short-term impact of alcohol consumption is associated with a number of changes in 

cognition, such as lowered inhibitions (e.g. more talkative, friendly, flirtatious), and reduced 

attentional processing leading to impairments in judgment, decision-making and problem solving 

skills, and memory impairments (Dougherty, Marsh, Moeller, Chokshi, & Rosen, 2000; Grune et 

al., 2017; Jarosz, Colflesh, & Wiley, 2012; Oscar-Berman & Marinkovic, 2007). Moreover, 

through its impact on cognition, alcohol use can also lead to changes in emotional wellbeing. For 

example, Curtin et al. (2001) found that intoxication caused reduced attentional processing of 

threat related cues, which in turn, led to a significant reduction in fear response, such as 

anticipatory fear, and lower response inhibition. Acute alcohol intoxication may also cause 

increased emotional reactivity and aggressive behaviours through increased vulnerability to 

negative affect and rumination, with reductions in self-awareness and empathy (Giancola, 

Josephs, Parrott, & Duke, 2010).  

 The cognitive and behavioural changes that occur during alcohol intoxication are thought 

to be mediated by its effect on neural processes in the brain. At the cellular level, it is well 

documented that acute alcohol intoxication causes changes in neurochemistry within a number of 

neurotransmitter systems, including excitation of gamma-aminobutyric acid (GABA), dopamine, 

and serotonin, and inhibition of glutamate (Valenzuela, 1997; Volkow et al., 2008). For example, 

increased transmission of the inhibitory neurotransmitter GABA is thought to facilitate the 

anxiolytic effect of alcohol, which leads to the behavioural changes such as lowered inhibitions 
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and increased risk taking (Gilpin, Herman, & Roberto, 2015; Davies, 2003). Moreover, some 

research suggests that there is an inhibitory effect of alcohol on glutamate receptors and 

excitatory response at GABAA receptors within the hippocampus. This change in neural 

transmission may explain alcohol-related memory impairments (e.g. “blackouts”) by preventing 

formation of long-term potentiation, a process fundamental for memory formation (Tokuda, 

Izumi, & Zorumski, 2013; Ziegler et al., 2005). Lastly, acute alcohol consumption also increases 

levels of dopamine and serotonin transmission, which may be responsible for its rewarding and 

reinforcing effect (Clapp, Bheave, & Hoffman, 2008).   

Together, the changes in neural chemistry lead to widespread changes across the brain, 

including the prefrontal cortex (PFC), the limbic system, and the cerebellum (Oscar-Berman & 

Marinkovic, 2007). The PFC is an area of the brain considered to be responsible for higher order 

cognitive processes, executive functions, and regulation of its connections with other brain 

regions (Blair, 2016; Pokhrel et al., 2013; Siddiqui, Chatterjee, Kumar, Siddiqui, &Goyal, 2008). 

The limbic system works to regulate emotions, learning, and memory through the amygdala, 

hypothalamus, and hippocampus (Rajmohan & Mohandas, 2007). The cerebellum is the area of 

the brain primarily responsible for motor control and coordinating movement (Manto et al., 

2012). Thus, many of the behavioural effects of alcohol intoxication, such as impaired decision-

making, emotional reactivity, alcohol-related memory impairments, and clumsiness, are 

attributable to how it selectively impacts these brain regions.  

In adulthood, prolonged alcohol abuse can lead to substantial changes in brain 

functioning, particularly in the white and grey matter of the PFC (Sullivan and Pfefferbaum, 

2005).  For example, Fortier et al. (2014) found that chronic alcohol use (average of 25 years of 

use) caused significant and widespread bilateral reductions in white matter integrity in a number 
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of regions, including the frontal, parietal, temporal, and cerebellar areas compared to non-

alcoholic controls. The most prominent loss occurred within the frontal and superior white matter 

tracts, which included the superior and inferior frontal gyrus, precentral gyrus, and cingulate. 

The amount of reduction in the inferior frontal gyrus also increased with heavier drinking. 

Moreover, the long-term damage of the frontostriatal circuit from long-term alcohol abuse may 

help explain difficulties with sobriety, as inhibitory control is controlled within this circuitry. In 

addition, Paul et al. (2008) found a significant negative linear relationship between total cerebral 

volume and alcohol consumption. More specifically, results indicated that as alcohol use 

increased, cerebral volume decreased, highlighting that alcohol related structural brain damage 

occurs along a dosage continuum.  

 Unsurprisingly, the PFC, parietal lobe, limbic system, and cerebellum have also been 

identified as the brain structures most vulnerable to the negative effects of alcohol following 

prolonged chronic use and abuse (Crews et al., 2005; Jacobus & Tapert, 2014). For example, De 

Bellis et al. (2005) found that male youth (ages 13 to 21) who met criteria for alcohol use 

disorder (AUD) had smaller overall volumes in the PFC compared to healthy controls, with 

smaller volumes found in males than females with AUD. In contrast, Medina et al. (2008) found 

structural abnormalities in the PFC of adolescents (age 15 to 17) with AUD compared to age 

matched healthy controls. However, females with AUD showed smaller PFC volumes relative to 

males with AUD.  Nevertheless, these two studies highlight the vulnerability of the adolescent 

PFC to developmental, and potentially long-lasting changes.  

 Nagel et al. (2005) investigated the impact of adolescent AUD on the hippocampus, an 

important area of the limbic system responsible for new memory formation (Deng, Aimone, & 

Gage, 2010). After controlling for potential comorbid mental health problems, results showed 
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adolescents with AUD had significantly smaller left hippocampal volumes compared to healthy 

controls, which may lead to functional memory impairments later in life.  In a similar study, De 

Bellis et al. (2000) found significantly smaller volumes in both right and left hippocampus 

among youth (ages 13 to 21) with AUD. Moreover, the age of onset was positively correlated 

with total hippocampal volume, meaning that the younger the age of onset, the smaller the 

hippocampal volumes. Results also indicated a negative correlation between hippocampal 

volume and the duration of AUD, suggesting that shorter duration of AUD was associated with 

larger hippocampal volumes.  

 In a more recent study, Heikkinen et al. (2016) conducted a longitudinal investigation of 

alcohol consumption during adolescence, comparing heavy drinkers to light drinking controls. 

Participants were followed over a 10-year period, completing self-report measures at various 

time points and underwent neuroimaging at the final assessment. Grey matter volumes between 

heavy drinkers and light drinkers were compared using Voxel-Based Morphometry (VBM). 

Their findings showed that heavy drinkers had significantly reduced grey matter volumes in a 

number of areas, including the bilateral anterior cingulate cortex, right orbiotofrontal and frontal 

cortex, right superior temporal gyrus, and right insular cortex relative to light drinkers. These 

results suggest that alcohol abuse during adolescence is associated with atypical development of 

grey matter in a number of regions important in cognitive control and executive processes.  

Neurocognitive development in adolescence  

Given the early age of onset of alcohol use among Canadian youth, it is important to 

consider how alcohol may be disruptive to significant developmental processes and increase 

neural vulnerability to damage. During the transition from childhood to adolescence, the brain 

continues to go through significant structural and functional developmental changes, well into 
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young adulthood. Maintaining healthy brain development during childhood and adolescence is 

essential to optimal neurocognitive functioning later in adulthood.  

Among the developmental processes that occur during adolescence, there is a prominent 

reduction in the volume of grey matter that is attributable to the elimination of weak synaptic 

connections (Blakemore & Choudhury, 2006; Jacobus & Tapert, 2013). This pruning optimizes 

the brain for the challenges to come in young adulthood. Similarly, there are important changes 

that occur in white matter, as myelination continues to foster the development of fibre tracts that 

strengthen and increase speed of communication between different brain regions (Arain et al., 

2013; Ladouceur, Peper, Crone, & Dahl, 2012). The prefrontal cortex (PFC) and the parietal 

cortex are two regions of the brain that have been consistently shown to undergo continued 

development during adolescence (Blakemore et al., 2006). In fact, research suggests that the PFC 

is the last cortical structure to reach maturity in the brain, which may continue to develop 

throughout the early 20s (Johnson, Blum, & Giedd, 2010; Rubia et al., 2000; Siddiqui et al., 

2008).  

Even small or subtle changes to typical neural development, including demyelination or 

changes in brain volume, during this critical period can have a long lasting functional impact in 

adulthood. This includes not only maladaptive changes to neural and cognitive function but also 

how these processes translate into important aspects of human behaviour, such as emotional and 

social functioning. This may have important implications for increasing vulnerability to adult 

psychopathology, emotion dysregulation, and risk-taking behaviours (Jacobus & Tapert, 2013). 

Thus, the developmental period of adolescence is a significant window of vulnerability where the 

brain is highly sensitive and susceptible to long-term changes that may arise from substance 

misuse. In terms of the role of alcohol in creating functional and structural changes, in remains 
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unclear whether chronic alcohol use plays a neurotoxic effect on brain development or whether it 

may cause abnormalities in developmental trajectories that ultimately prevent certain regions 

from reaching their full cortical volume or functional capacity (Heikkinen et al., 2016; Lopez-

Larson et al., 2011). According to Silveri et al. (2016), the cortical areas most vulnerable to the 

negative impact of alcohol use during adolescence include the frontal lobe, followed by the 

temporal and parietal lobes. In addition to the structural abnormalities in the brain related to 

learning and memory processes that occur with adolescent drinking, many studies have reported 

that heavy alcohol use is associated with cognitive deficits, as well as poor academic and social 

performance (Guerri & Pascual, 2010).  

 Executive functions 

Given the potential neurophysiological and behavioural implications of alcohol use 

among adolescent drinkers, it is particularly relevant to study how alcohol may impact important 

aspects of executive functioning. Executive functions refer to a set of interrelated higher-level 

cognitive processes responsible for the ability to self-regulate emotion, cognition, and behaviours 

(Blair, 2016; Karoly, 1993; Gyurak et al., 2009; Patrick, Blair, & Maggs, 2008). These processes 

are fundamental for goal-directed and future oriented behaviour, as well as regulating lower-

order brain function, such as motor skills and sensory perception (Pokhrel et al., 2013; Spear, 

2010; Welsh & Pennington, 1988). There are at least five fundamental executive function 

processes that have been identified, which include response inhibition, working memory, 

attention and interference control, cognitive flexibility, and planning and problem solving 

(Diamond, 2013; Duncan, McClelland, & Acock, 2017; Pokhrel et al., 2013; Welsh, Pennington, 

& Grossier, 1991).  
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These processes are called upon when automatic, reflexive responses or behaviours 

would be inadequate in maintaining or achieving goal-directed behaviours. Moreover, they are 

often interrelated and can work in an overlapping, collaborative way to achieve our goals 

(Diamond, 2013; Fuster, 2015; Pokhrel et al., 2013). Many domains of life, such as academics, 

work performance, as well as social and emotional functioning require skills such as 

organization, planning, and flexible thinking in order to achieve optimal performance.  The 

neural processes underlying executive function are largely considered to occur within the PFC, 

with assistance from its connections with other cortical structures, depending on the type of 

processing (Blair, 2016; Pokhrel et al., 2013; Siddiqui et al., 2008). Given that these areas 

continue developing throughout adolescence, are vulnerable to alcohol related damage, and are 

important for higher order processes, examining the interaction between these processes warrants 

further investigation. 

In summary, executive functions play a vital role in adaptive functioning across various 

domains in our day-to-day lives. As illustrated above, deficits in these processes can have a 

major impact on many important areas in life. Understanding how alcohol may fuel impairments 

in various domains of executive functioning, particularly through significant changes that could 

occur in the vulnerable, developing brain that may negatively alter functional trajectories in 

adulthood, is essential.   

Neuroimaging  

Magnetic resonance imaging (MRI) is a valuable method for exploring and understanding 

the pathology of alcohol use and its functional impact on neural processes. Functional MRI 

(fMRI) is a specific neuroimaging technique that permits researchers to observe how a given 

mental process is occurring in the brain. fMRI quantifies this activity in the brain by detecting 
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the changes that occur in blood flow and oxygenation  in response to neural activation (Toma & 

Nokai, 2002). When an area of the brain has increased neuronal activity, there are increases in 

both oxygen consumption and blood flow in order to meet the increased energy demand 

(Barinaga, 1997).   

When neurons are inactive, oxygenated blood is converted to deoxygenated blood at a 

constant rate within the capillaries of the brain. Oxygenated blood and deoxygenated blood have 

different magnetic properties, with oxygenated blood being diamagnetic and deoxygenated blood 

being paramagnetic. As a neuron fires, there is an increase in oxygenated blood relative to 

deoxygenated blood and thus there is more oxygen than required. This causes a change in the 

magnetic signal that can be quantified through fMRI (Huettel, Song, & McCarthy, 2004). This 

change in magnetic signal is referred to as the blood oxygen level depend (BOLD) signal, which 

has been shown to have good spatial and temporal resolution (Matthews & Jezzard, 2004). 

Consequently, fMRI enables researchers to produce a neural map of brain activation through 

identification of the specific brain regions involved in a given mental process.  

 The most typical fMRI experimental paradigm utilizes a block design. Within this 

paradigm stimuli are presented sequentially through epochs (i.e. “blocks”), typically alternating 

between an experimental block and control block. The demands of both conditions are similar, 

however, the experimental block is what is utilized to examine the process of interest within the 

brain. Following the scan, neural activity during the control block is subtracted from the 

experimental block and the remaining brain activity is what is used to isolate the process of 

interest. Block designs have been shown to have greater statistical power relative to other fMRI 

paradigms, making it a valuable technique to study neural processes of interest (Amaro & 

Barker, 2006; Friston et al., 1999). Two fundamental executive processes that may be negatively 
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influenced by alcohol use during adolescence include response inhibition and cognitive 

interference, an aspect of sustained attention. Within fMRI block design paradigms, response 

inhibition can be measured through a Go/No-Go task and cognitive interference can be measured 

through the Counting Stroop.  

Acute alcohol intoxication has been shown to impair performance on both Stroop and 

Go/No-Go paradigms among healthy social drinkers (Marinkovic, Rickenbacher, Azma, & 

Artsy, 2012). Among young adults, poor performance on the Go/No-Go task has been shown to 

predict impulsivity, as well as escalating alcohol use in the future (Fernie et al., 2013). As a 

result, adolescents with poor capacity for inhibitory responding may be more vulnerable to future 

alcoholism, which has been suggested to be reflective of a reduced capacity for self-regulation 

(Saunders et al., 2008). Moreover, individuals who experience difficulty with interference 

control on the Stroop have been shown to be predictive of both poorer outcomes regarding 

ability to change (i.e. reduce and/or stop drinking) and subsequent relapse in alcohol dependent 

individuals (Cox et al., 2007; Marhe et al., 2013). Ultimately, deficits in cognitive control (i.e. 

response inhibition and interference control) and, by extension, reduced capacity for self-

monitoring and self-regulation have been associated with difficulty maintaining abstinence 

among heavy alcohol users (Saunders et al., 2008; Wilcox et al., 2014).  

The Go/No-Go task 

 The Go/No-Go is a well-known and validated task that taps into response inhibition. The 

task consists of two conditions of stimuli presented one at a time on a screen: the control 

condition, “Press for X”, and the experimental condition, “Press for every letter except X”. Thus, 

participants learn to respond for a specific letter during the control condition and then are 

required to refrain from responding to that same letter during the experimental condition. In 
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healthy control populations, the neural processing required for completion of the Go/No-Go has 

been shown to be reliant on activation of the anterior cingulate, dorsolateral prefrontal cortex, 

inferior frontal cortex, inferior parietal lobule, premotor cortex, thalamus, and the caudate using 

fMRI (Longo et al., 2013; Stevens et al., 2007).  

To date, fMRI investigations of the impact of alcohol on response inhibition using the 

Go/No-Go task have garnered mixed results. In a longitudinal study, Norman et al. (2011) used 

the Go/No-Go task to examine whether abnormalities in response inhibition would predict 

regular heavy alcohol use in a sample of adolescents.  Participants were imaged at baseline only 

and no performance differences were found. However, those who transitioned into heavy alcohol 

users showed a significant reduction in brain activity in a number of areas, which included less 

activity in the right inferior frontal gyrus, left dorsal and medial frontal areas, bilateral motor 

cortex, cingulate gyrus, left putamen, bilateral middle temporal gyri, and bilateral inferior 

parietal lobules. The results of this study highlight the potential of pre-existing vulnerabilities in 

the developing brain, such as being able to effectively use restraint on risk-taking behaviours, 

including alcohol use. 

In another study, Ahmadi et al. (2013) used the Go/No-Go task to compare differences 

between light and heavy chronic alcohol users in a sample of young adults (ages 18 to 20). 

Compared to heavy drinkers, light drinkers (e.g. average of 2.85 drinks per day, 1.08 days per 

week) showed increased brain activity in a number of regions, including the left superior motor 

area, bilateral parietal lobe, right hippocampus, bilateral middle frontal gyrus, left superior 

temporal gyrus, and cingulate gyrus. Performance of heavy drinkers was impaired, showing 

significantly slower reaction times during the control and experimental trials. Together, these 

findings suggest that regular heavy alcohol has a widespread depressant effect on brain 
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functioning, resulting in dysfunction in brain regions that underlie attention and response 

inhibition. This, in turn, may lead to difficulties in resisting proponent responses and impulsive 

decision-making in real life situations.  

Conversely, a recent study by Ames et al. (2014) found different results when comparing 

young adult (ages 18 to 22) regular light and heavy alcohol users on a version of the Go/No-Go 

task using alcohol related cues.  In particular, heavy users showed performance impairments, 

including significantly faster rates of responding and number of errors relative to light users, 

reflecting difficulties with impulsivity. Unlike the findings of Ahmadi et al. (2013), heavy users 

also showed significantly more brain activity in the right dorsolateral prefrontal cortex, medial 

frontal cortex, cingulate, and insula. Interestingly, despite the disparity of results between these 

studies of light and heavy users, both studies show compensatory brain activation. This is evident 

through the increased neural activity in areas associated with task performance, as well as the 

recruitment of additional regions that are not typically associated with the Go/No-Go task, 

including the temporal gyrus, hippocampus, and insula.  

Most recently, Czapla et al. (2017) compared abstinent alcohol-dependent adults to 

healthy controls on a Go/No-Go task with alcohol-associated stimuli using fMRI following 

termination from an alcohol detoxification program. There were no significant differences 

observed between groups in terms of performance measures on the Go/No-Go task though the 

abstinent alcohol-dependent group showed significantly different brain activity during response 

inhibition relative to healthy controls.  In particular, there was significantly more brain activation 

in the medial frontal gyrus, medial orbitofrontal cortex, anterior cingulate gyrus, and the occipital 

areas. The authors postulated that the increase in neural activity in these regions, areas that are 

important for cognitive control, might be attributable to compensatory strategies to mitigate 
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possible deficits in attentional and inhibitory processes.  

Compensatory recruitment refers to instances where structural damage occurs to a given 

brain region and alternative routes of functioning are established through recruitment or 

activation of parallel circuits to meet cognitive demands. Thus, this altered route of neural 

processing allows the brain to ‘compensate’ for the damage that has occurred and continue to 

execute a given cognitive process (Cabeza & Dennis, 2013; Chanraud & Sullivan, 2014; 

Drummond et al., 2005). Evidence of compensatory recruitment of neural resources as a result of 

alcohol related brain damage is well documented in neuroimaging studies (Chanraud & Sullivan, 

2014; Feldstein-Ewing, Sakhardande, & Blakemore, 2014; Silveri et al. 2011; Sullivan, Harris, 

and Pfefferbaum, 2010).  

In particular, chronic alcohol users show alterations in their neural processes compared to 

healthy controls when attempting to complete a task that are likely attributable to alcohol related 

degradation of preferred neural systems. This inefficiency in cortical processing results in 

increased brain activation in the compromised areas, as well as recruitment of additional adjacent 

brain regions not typically associated with the type of processing being measured (Chang et al., 

2008; Drummond et al., 2005; Sullivan, Harris, and Pfefferbaum, 2010). While this may be 

helpful in the interim, as cognitive demands increase the change in brain function and increased 

energy demands that occur through compensatory mechanisms may lead to impeded functioning 

by interfering with simultaneous processes (Chanraud & Sullivan, 2014). Ultimately, this 

taxation on the brain may cause impairments in higher-order cognitive processes that impede 

goal-directed behaviours.  
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The Counting Stroop task 

Bush et al. (1998) developed the Counting Stroop task to use within the fMRI 

environment, as a measure of cognitive interference. Cognitive interference occurs when 

simultaneous processing features of a second, intrusive stimulus obstruct the ability to process 

features of the primary stimulus (Bush et al., 2006). During the task, participants are presented 

with sets of one to four identical words, such as neutral words in the control condition (e.g. cat, 

dog, bird, or mouse) or number words in the interference condition (e.g. one, two, three, four). 

This is followed by indicating the number of words in each set using a four-button response pad, 

regardless of what the words are. Thus, during the interference condition the written numbers are 

meant to interfere with a participant’s ability to respond, or “count”, the amount of stimuli 

presented in each set. In healthy controls, the task has been shown to be dependent on the brain 

regions responsible for attentional circuitry, as well as response selection and motor output. This 

includes the anterior cingulate, dorsolateral PFC (DLPFC), inferior temporal gyrus, superior 

parietal lobule, and left premotor cortex across a number of studies (Bush et al., 1996; Bush et 

al., 2006).  

While the Counting Stroop itself has not been conducted in studies examining the effect 

of adolescent alcohol use, findings from research that has utilized other versions of the Stroop 

task that tap into similar aspects of cognitive interference can be extrapolated for the present 

purposes. Silveri et al. (2011) compared adolescents who were low-risk and high-risk to develop 

alcohol abuse, based on a familial history of alcohol dependence, on the color-word Stroop 

interference task using fMRI. An absence of performance differences was observed between 

groups, however, high-risk adolescents showed significantly more regional brain activation in 

both anticipated and additional brain regions, including the right anterior cingulate cortex, right 
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middle frontal gyrus, left superior frontal gyrus, and right precentral gyrus. Importantly, these 

results highlight that there are pre-existing vulnerabilities in youth at high-risk for substance 

abuse, which, in turn, may translate to the brain attempting to sustain performance as cognitive 

demands rise by increasing activity of compromised and adjacent regions. 

Using fMRI, Banich et al. (2007) compared adolescents (ages 14 to 18) with severe 

substance and conduct problems to healthy controls on the color-word Stroop task. Relative to 

controls, individuals with severe substance and conduct problems performed similarly on 

performance measures of the Stroop but showed significantly different brain activity. More 

specifically, this included increased activation in the superior frontal gyrus, middle and superior 

temporal gyri, caudate, thalamus, and bilateral activation of the parahippocampal gyrus. 

Although it remains unclear whether these findings are primarily attributable to the severe 

substance abuse, conduct problems, or both, these results show a significant attentional 

dysregulation in the brain of the experimental participants. The significant activation of task-

irrelevant regions likely indicates deficits within the prefrontal regions in modulating attentional 

processes.   

Tapert et al. (2004) compared differences between young women (average age 21.44) 

who were alcohol-dependent to light social drinkers using fMRI with a Stroop-like task 

containing alcohol-related words. Relative to neutral words, during presentation of alcohol-

related words alcohol-dependent women showed increased activation in the left anterior 

cingulate, left DLPFC, the left inferior frontal gyrus, and bilateral uncus, insula and precuneus. 

However, there were no performance differences between groups. Together, these results suggest 

that alcohol-dependent women have increased neural reactivity to alcohol related cues shown by 

increased activation of brain regions related to attention and reward, which may contribute to the 
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maintenance of substance abuse problems.  

Although the findings summarized from Banich et al. (2007) and Tapert et al. (2004) are 

pertinent, the results of both studies are limited by the sample population used. In Banich et al. 

(2007), the results are based on male adolescents admitted to treatment programs for substance 

use, which also includes other drugs other than alcohol, in addition to significant conduct 

problems. Comparably, the sample used in Tapert et al. (2004) was based on young adult female 

participants that met criteria for alcohol dependence. As a result, this highlights a significant gap 

in the literature on our current understanding of how alcohol use, whether low, moderate, or 

heavy use, impacts attentional aspects of executive functions in the developing brain.  

Purpose of dissertation  

Currently, there is little research being conducted on what risk is posed to youth by 

consuming low to moderate amounts of alcohol, despite the vulnerability of the developing brain 

and the fact that alcohol related structural damage occurs along a dosage continuum (Paul et al., 

2008). The purpose of this research is to address the consequences of low-level alcohol use on 

two important aspects of executive functioning, response inhibition and cognitive interference, 

and its associated neurophysiology in young adults. Through examining the effect of regular 

consumption of small amounts of alcohol beginning in adolescence, we hope to establish what 

potential risks to youth early drinking may have on the developing brain and functioning later in 

life. Ultimately, we hope that this preliminary research could be of potential use to Canadian 

health care initiatives and policies aimed at substance use, as well as educational resources and 

risk prevention programs to inform youth and their families.   
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The data in the present thesis are based on young adult participants recruited from the 

Ottawa Prenatal Prospective Study (OPPS) – a longitudinal study that has followed a cohort of 

individuals from birth until young adulthood over the past 20 years. This distinct sample of 

research participants has been providing information on important lifestyle variables, such as 

education, intelligence quotient (IQ), and socioeconomic status (SES), as well as important 

developmental variables, like prenatal drug exposure and life course drug use. As such, the 

OPPS is unlike many other research samples used in drug research, as it permits for the control 

of many potentially confounding variables, in terms of both lifestyle and prenatal/adolescent 

drug exposures. 

Due to the neuromaturation that occurs in the late teen years and into early adulthood, the 

OPPS participants were imaged in young adulthood between the ages of 19-21 years. Through 

the use of this unique sample, the current dissertation aims to examine the distinctive 

contribution of low-level alcohol use on the neurophysiology of the PFC and associated areas 

involved in executive functioning. Original data collection included 34 participants who were 

imaged completing the Counting Stroop and the Go/No-Go tasks. All participants also provided 

a urine sample and completed a self-report drug use questionnaire on the day of testing, as well 

as having completed a comprehensive neuropsychological assessment within the past year.  

A total of six participants were excluded from the findings presented in this dissertation: 

one participant was excluded because of structural abnormalities detected from MRI; one 

participant was excluded due to history of an Axis I disorder; and four participants were 

excluded after testing positive for cocaine, opiates, and/or amphetamine over the past month 

through urinalysis and/or self-report drug history questionnaire. More details on the selection 

criteria are available in subsequent sections.  
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The resulting sample of 28 participants consisted of 17 low-level alcohol users (9 male, 8 

female; mean age = 20; range 19-21 years old) and 11 controls users (5 male, 6 female; mean age 

= 20; range 19-21 years old). Low-level alcohol use is defined as consumption of an average of 1 

to 7 drinks per week (Paul et al., 2008). In the current sample, participants in the alcohol users 

group had an average of 4.72 drinks/week (SE = 0.74), 1 to 2 times/week, and the average age of 

their first exposure to alcohol was 14.3 years-old (ages ranging from 12 to 16). Participants of 

the controls group reported sporadic to no alcohol use. More specifically, 3 controls reported 

never drinking and the additional 8 controls reported consuming <4 drinks/month on average and 

had an average age of 15.5 for first alcohol exposure (ages ranging from 13 to 19).  

Manuscripts and hypotheses  

 The present dissertation is comprised of two original manuscripts based on the results of 

performance on the Counting Stroop and the Go/No-Go in the same sample of OPPS participants 

across both tasks. In the first original manuscript, young adult low-level alcohol users were 

compared to controls on the Counting Stroop using fMRI to assess potential differences in 

cognitive interference between groups. It was hypothesized that there would be no performance 

differences observed between groups. However, among alcohol-users significant differences in 

BOLD activity were anticipated for both regions normally associated with the task, as well as 

adjacent task-irrelevant brain regions reflective of compensatory engagement (Banich et al., 

2007; Silervi et al., 2011; Taper et al., 2004).  

 In the second original manuscript, response inhibition was examined using the Go/No-Go 

task with fMRI in the same sample of young adult low-level alcohol users and controls. 

Similarly, it was hypothesized that there would be no performance differences between groups 

with significant differences expected across groups in regional brain activity. In particular, it was 
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anticipated that the activation of areas of the brain typically associated with this task of response 

inhibition would be increased among alcohol users and that they would also show recruitment of 

additional brain regions in order to complete the task (Ahmadi et al., 2013; Ames et al., 2014; 

Czapla et al., 2017). 
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Effects of low-level alcohol use on cognitive interference:  

An fMRI study in young adults 
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Abstract 

 Alcohol consumption is widely known to adversely impact human health. Its 

neuropathology is largely evident in the cerebellum and frontal lobes, particularly in the 

immature brains of adolescents and young adults. It may also have a long-lasting impact on 

executive functioning. The Ottawa Prenatal Prospective Study (OPPS) has followed participants 

over 20 years, from birth to young adulthood, and has collected data on potentially confounding 

lifestyle variables, such as prenatal drug exposure and current drug use. The present study 

investigated the neural activity of 28 young adults from the OPPS using fMRI. The main 

objective was to discover the impact of regular low-level alcohol consumption on the cognitive 

interference of these participants, as they performed a Counting Stroop task. Results indicated 

that, despite a lack of performance differences, young adults who use alcohol on a regular basis 

differ significantly from controls with respect to their neural activity as they perform this task. 

Areas that were significantly more activated in users compared to controls included the: 

cerebellum, thalamus, fusiform gyrus, prefrontal cortex, and precuneus. The observed activity 

suggests a significant impact of early alcohol use on neurophysiology despite relatively low 

levels of alcohol consumption. 
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Introduction 

Despite the fact that alcohol consumption is widely known to adversely impact human 

health, research is only beginning to unveil its ability to disrupt developmental and functional 

processes in the brain (World Health Organization, 2007). Indeed, individuals diagnosed with 

alcoholism show significant decreases in gray and white matter volumes and increases in sulcal 

and ventricular volumes (Pfefferbaum et al., 1992). Both effects worsen for heavy drinkers with 

age when drinking continues and there is also significant and continued axonal and neuronal 

injury over time (Pfefferbaum et al., 1995, 1997; Harper, 2009). This neuropathology of 

alcoholism is particularly evident in the frontal lobes, which are especially vulnerable to damage 

in immature brains of adolescents and young adults (Faden and Goldman, 2005; Meyerhoff et 

al., 2005). These structural and cellular changes are in line with the evidence accumulated 

demonstrating that prolonged use of alcohol has a significant negative impact on adult brain 

function, predominantly with respect to executive functioning (for a review, see Moselhy et al., 

2001).  

It is also now well documented that the deleterious impact of alcohol differs among 

adolescents and adults, with the developing brain of adolescents being more vulnerable to the 

harmful effects of alcohol  (Guerri and Pascual, 2010; Squeglia et al., 2012). However, there 

appears to be a marked skew in the focus of this initial research, which has predominantly 

examined the effects of chronic heavy alcohol use and high level drinking (Pfefferbaum et al., 

2001; Tapert et al., 2001, 2004; De Bellis et al., 2005; Schweinsburg et al., 2005, 2010; 

Sequeglia et al., 2012; Wetherill et al., 2013). Little attention has been paid to the functional 

consequences of light to moderate drinking behaviours despite evidence that structural damage is 

accumulated along a dosage continuum (Paul et al., 2008). Further research on the effects of 
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alcohol on the developing brain as well as a consensus on how to categorize the levels and 

patterns of alcohol consumption among adolescents would assist in understanding these 

functional consequences in the future. 

 Since its inception, the Stroop task (Stroop, 1935) has proven to be a reliable and valid 

measure of executive function, and is considered to be a criterion measure of cognitive 

interference (Lezak, Howieson, & Loring, 2004; Mead et al., 2002). As a measure of executive 

functioning, it has been used to discriminate patients with frontal lobe dysfunction from controls 

(Perret, 1974; Demakis, 2004), and has also been used to demonstrate the extent of neural 

maturation across developmental stages (Adleman et al., 2002; Marsh et al., 2006). Functional 

magnetic resonance imaging (fMRI) has been used to identify regions of the brain involved in 

the Stroop effect. These regions include the cingulate gyrus, prefrontal cortex and parietal 

regions, though activity in these areas differs slightly with different task variations (Peterson et 

al., 2002; Banich et al., 2000a, 2000b; Milham et al., 2003).   

Silveri et al. (2011) used fMRI to examine performance on a Stroop Interference task in 

adolescents at high-risk for alcohol abuse based on a familial history of alcohol dependence. 

Compared to low-risk individuals, high-risk individuals showed greater recruitment of a network 

of frontal lobe regions during performance on this task of inhibition. This greater recruitment of 

frontal brain regions in high-risk individuals is consistent with previous research suggesting the 

brain will attempt to maintain performance on cognitively demanding tasks by increasing 

activation in the compromised and adjacent brain regions (Chang et al., 2008; Drummond et al., 

2005). Moreover, these results reflect the view in the current literature that neural vulnerabilities 

exist in at risk individuals even prior to the initiation of substance use (Everitt et al., 2008; 

Wetherill et al., 2013). 
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Banich and colleagues (2007) used fMRI to compare adolescents with severe substance 

and conduct problems to controls on the color-word Stroop task. Results indicated clear group 

differences with respect to brain activity, with patients demonstrating increased activity, 

compared to controls, in the left hemisphere, including the superior frontal gyrus, middle and 

superior temporal gyri, caudate and thalamus, and bilaterally in the parahippocampal gyrus. 

Another fMRI study by Tapert et al., (2004), examined differences in brain activity in alcohol-

dependent young women versus light social drinkers in response to alcohol stimuli in a Stroop-

like task. Compared to controls, alcohol dependent women had increased neural activity in the 

left anterior cingulate, the left dorsolateral prefrontal cortex (DLPFC), the left inferior frontal 

gyrus, and bilateral uncus, insula and precuneus. Although pertinent, results from both of these 

fMRI studies are confounded by the sample population. For example, the Banich et al (2007) 

patients were all male and were in treatment programs for both substance abuse (of potentially 

more than just alcohol) and conduct disorder. Similarly, Tapert et al., (2004) used only females 

with heavy substance abuse. 

A variant of the original Stroop task, the Counting Stroop, has been developed for use in 

fMRI studies to minimize unfavourable head movements in the scanner that often occur with 

verbal responses (Bush et al., 1998). The primary difference in the task is that participants 

respond using button response pads, and report the number of words in a group of stimulus 

words. Using healthy controls, neural activity during the Counting Stroop was shown to be 

consistent with prior research on the original Stroop, demonstrating activity in the: anterior 

cingulate, middle frontal gyrus, left precentral gyrus, left premotor cortex, inferior temporal 

gyrus, and superior parietal lobule.  
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Given that alcohol use is frequently accompanied by drug use (legal or illicit), especially 

in adolescents and young adults (WHO, 2007), it is of particular importance to control for such 

confounds when assessing performance and brain activity during a task like the Counting Stroop. 

In light of this, the present paper examines data from the Ottawa Prenatal Prospective Study 

(OPPS), a longitudinal project that has followed participants over 20 years, from birth, and has 

collected data on potentially confounding lifestyle and drug exposure variables. This unique 

cohort permits the examination of the neurobehavioural effects on executive functioning 

resulting from alcohol use, while controlling for adolescent/young adult drug use and prenatal 

drug exposure confounds, as well as other lifestyle variables, such as socioeconomic status.  

At present, there has been little fMRI research on the resulting impact of alcohol on 

cognitive development and functioning in young adults, and even fewer studies have controlled 

for other drugs of use and abuse. In the present study, fMRI was used to examine the effects of 

low-level alcohol use on executive functioning, particularly cognitive interference, in a sample of 

OPPS participants.  It was anticipated that there would be no performance differences between 

young adult alcohol users and controls while completing the Counting Stroop. Given the areas 

activated during the Counting Stroop in healthy controls and the development of the PFC at the 

critical time of neurodevelopment when regular alcohol consumption started, it was hypothesized 

that areas of the brain related to executive functioning would be negatively impacted by regular 

alcohol consumption while performing the Counting Stroop. In particular, we anticipated 

increased neural activity in young adult alcohol users compared with controls within the anterior 

cingulate, parietal and prefrontal cortices, although these results would likely be less extreme 

than those observed in chronic heavy drinkers.  
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Methods 

Participants 

Fifty participants from the OPPS were randomly contacted until a sample of thirty-four 

available and suitable youth were recruited. These thirty-four participants provided informed 

consent and were imaged, regardless of sex or drug exposures. Inclusion criteria required that 

participants were at least 19 years of age (i.e. the legal drinking age in Ontario), were right 

handed, had English as their first language, and had completed a recent comprehensive 

neuropsychological test battery. All participants met fMRI compatibility criteria, including no 

metal implants, no pacemaker, no recent surgery, suitable vision for viewing stimuli, and no 

previous metal in eyes. Participants were also excluded if they had previously experienced a 

head injury with loss of consciousness. Participants were excluded if they tested positive for 

cocaine, opiates or amphetamines in their urine, or self-reported regular use of any of these drugs 

(defined as once/month or more; 4 participants). Participants were also excluded if they had a 

history of an Axis I diagnosis based on the DSM-IV-TR (one participant), any structural 

abnormalities were detected in their MRI scan (one participant). No participants included in the 

current study met diagnostic criteria for conduct disorder.  

The purpose of the present investigation was to examine the influence of regular 

consumption of low amounts of alcohol on the neurophysiology of cognitive interference relative 

to individuals who drink irregularly, if at all. Therefore, participants were assigned to the alcohol 

users group if they met the cut-off criteria of consuming an average of >1 drink/week over the 

past year. The remaining participants who reported consuming an average of <1 drink/week and 

<5 drinks/month were assigned to the control group. These criteria resulted in data from 17 

alcohol users (9 male, 8 female, mean age of 20.06 [SE=0.23], range 19-21 years) and 11 
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controls (5 male, 6 female, mean age of 20.09 [SE=0.25], range 19-21 years) being included for 

analyses. Alcohol use was reported as the number of alcoholic drinks consumed per week. Over 

the previous year, users reported consuming an average of 4.72 drinks/week (SE = .74) over 1 to 

2 times/week, with first alcohol exposure ranging from age 12-16 for this group (mean age of 

14.3). The controls reported only sporadic use, if any (3 did not drink alcohol at all while the 

other 9 averaged less than 4 drinks/month), with a first exposure to alcohol ranging from 13-19 

years old (mean age of 15.5). In terms of nicotine use, 7 participants within the alcohol users 

group reported using nicotine within their lifetime, with 6 of them reporting current nicotine use. 

Within the control group, 4 participants reported lifetime nicotine use, with 3 of these 

participants being current nicotine users.  

 Clinical and drug use assessments 

Psychological and neuropsychological measures had been administered to participants at 

most one year prior to testing, which included the Wechsler Adult Intelligence Scale-III (WAIS-

III) (Wechsler, 1997) and the Computerized Diagnostic Interview Schedule for Children (Bacon, 

1997), which assessed for current psychiatric illness based on DSM-IV criteria.  Parents also 

completed the Conners’ Parent Rating Scale (Goyette et al., 1978) and provided information on 

socioeconomic status. No significant differences were observed between current users and 

controls on these scales, and therefore they were not included in the analyses (Table 1). 

Moreover, no significant differences were observed between current alcohol users and controls 

for socioeconomic status (parental education and family income), thus it was not included in the 

analyses (Table 1).  

As a means to control for current drug use, participants provided urine samples upon 

arrival at the MRI scanner. Samples were screened for cannabis, amphetamines, opiates, cocaine, 
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nicotine (via cotinine), crack, heroin, lysergic acid diethylamide, solvents, steroids, and 

mushrooms. The samples were also tested for creatinine, which was used as an indicator of urine 

dilution. All participants also completed a self-report drug questionnaire, requesting information 

on alcohol, marijuana, nicotine, mushrooms, amphetamines, crack, cocaine, tranquilizers, heroin, 

lysergic acid diethylamide, solvents, and steroids.  

Imaging protocol 

Data acquisition. Each participant was involved in one imaging session on a 1.5 Tesla 

Siemens Magnetom Symphony MR scanner. Participants lay supine with their head secured in a 

custom head holder while a conventional T1-weighted spin echo localizer was acquired and used 

to prescribe a subsequent 3D FLASH (TR/TE 11.2/21 ms, flip angle 60°, field of view (FOV) 

26×26 cm2, 256×256 matrix, slice thickness 1.5 mm) volume acquisition. Whole brain blood 

oxygen level dependent (BOLD) fMRI was performed using a T2*-weighted echo planar pulse 

sequence (TR/TE 3000/40 ms, flip angle 90°, FOV 24×24 cm2, 64×64 matrix, slice thickness 5 

mm, 27 axial slices, bandwidth 62.5 kHz). 

Equipment. Stimuli were presented on a screen located at the entrance of the magnet, 

which participants viewed through a mirror mounted on the head coil. To minimize head 

movements in the scanner, participants responded using a 4-button MRI-compatible fibre optic-

response pad (Lightwave Medical, Vancouver, British Columbia, Canada) using their right hand. 

All lighting in the scanning room was off. Visual and Auditory Presentation Package (VAPP) 

was used to present stimuli and record responses.  

Procedure and design. The Counting Stroop task used in this study was the same as that 

used in the original article by Bush and colleagues (1998). Stimuli were number or animal words 
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printed in white on a black background. Words were common words from each of the two 

semantic categories, and were balanced for word length. Participants were presented with 1-4 

identical words, horizontally presented one above another, and asked to report, using the 

appropriate button on the response pad, the number of words observed for each group (index 

finger for one word, middle finger for two words etc.). This task was a block design with two 

conditions. In the congruent trials stimulus words were the names of common animals (i.e., dog, 

cat, bird or mouse). For incongruent trials, stimulus words were number words (i.e. “one”, 

“two”, “three”, or “four”), each trial including a different number of words than the word itself.  

The task consisted of eight 30 s blocks of the congruent words, which were alternated 

with eight incongruent 30 s blocks for a total task time of 8 minutes. Participants completed 20 

trials during each block, which yielded 160 total trials. The interstimulus interval was 1.5 s. 

Block order was counterbalanced across scans. Please see Appendix A, Figure 1 for a diagram of 

the task paradigm. Participants were instructed to respond as quickly and accurately as possible 

and to do their best. Participants were required to view the task outside the scanner and perform 

one block of each condition prior to the imaging to guarantee that each participant was able to 

perform the task accurately.  

Cognitive performance parameters and analyses. Reaction time for each response and 

errors of commission were recorded. Errors of commission included any inaccurate responses. 

Mean reaction times were calculated for both the ‘Animal’ and the ‘Number’ conditions for all 

accurate responses occurring within 900 ms of stimulus presentation. Separate analyses of 

variance were performed on reaction time data, errors of commission, and errors of omission 

using current nicotine, current marijuana, and prenatal alcohol as covariates (Dahlgren, Sagar, 

Racine, Dreman, & Gruber, 2016; Froelinger, Modlin, Wang, Kozink, & McClernon, 2012; 
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Mattson, Crocker, & Nguyen, 2011; Sager et al., 2016; Wignall, & de Wit, 2011). All statistical 

analyses were performed in Statistical Package for Social Sciences (SPSS).  

  Image post-processing. The functional brain images were realigned to correct for motion 

by employing the procedure of Friston and colleagues (1995), using Statistical Parametric 

Mapping (SPM8) software. The motion correction did not exceed 1 mm for any participant. 

Images were spatially normalized to match the echo planar imaging (EPI) template provided in 

SPM8. Images were then smoothed with an 8 mm full-width at half-maximum Gaussian filter. 

The observed time course of image intensity in each voxel was temporally filtered to remove 

frequency components below 0.36 Hz and fitted (using the general linear model) to a model 

hemodynamic response consisting of sequential contributions from sequential epochs. The 

hemodynamic response to each type of epoch was convolved with a 6 s filtered boxcar waveform 

and was subjected to the same high-pass temporal filter as the observed time course. 

Whole brain analyses with SPM8. Fixed effects analyses were performed on all 

participants individually and then statistical parametric maps were obtained for the two groups: 

current alcohol users and controls. Contrast images were calculated for these analyses for the 

contrast of interest: ‘Numbers’ minus ‘Animals’. Subsequently, these images were used for 

second-level random effects analyses, allowing for a comparison between groups. 

Multiple independent samples t-tests were conducted at a set threshold of puncoorr = 0.001, 

with a cluster-wise correction at pFWE = 0.05 to assess group differences in neural activity during 

the Counting Stroop, between current alcohol users and controls, were performed, manipulating 

the covariates that were included in the analysis. The final reported results are those from the 

comparison of current alcohol users and controls using prenatal alcohol, current marijuana and 

current nicotine use as covariates. These covariates were not significantly correlated with current 
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alcohol use so were used as covariates to ensure that no other current or prenatal drug effects 

were responsible for the observed results. Additional analyses were performed without those 

participants who smoked marijuana on the day of testing (n=3, no participant smoked more than 

1 joint or within 6 hours of the scanning). No differences in results were observed with or 

without these participants, suggesting that the obtained results were not due to acute effects of 

marijuana.  

Results 

Participant characteristics 

The two groups were significantly different for weekly current alcohol use (F = 35.49, 

p<0.000), however, there were no significant differences between groups based on other drug 

exposures. Table 2 summarizes the prenatal and current drug exposure of participants for both 

current alcohol users and controls. No participant, from either group, reported consuming alcohol 

on the day of testing, eliminating the possibility of the results representing acute alcohol effects 

rather than regular use effects on neural processing. There were 2 participants from the non-

using alcohol group that were regular marijuana smokers, defined as at least one joint/day, while 

there were 4 alcohol users that met this criterion. Similarly, nicotine use was considered for each 

group with 5 of the alcohol users and 4 of the controls smoking cigarettes on a regular basis 

(everyday). No other illicit drug use was reported or observed in urine for any participant 

included in the results. All analyses were performed with and without these participants to 

eliminate marijuana and nicotine as the reason for the results obtained. No differences were 

observed between these analyses and thus only the results including all participants are reported 

below.  
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Drug questionnaire and urine sample data 

All metabolite concentrations were adjusted for creatinine to control for urine dilution. 

The quantity of drug used over the week prior to testing and over the past month was compared 

with urine sample results for validity of current use. The Pearson correlation between the urine 

samples for cannabis levels and drug questionnaire was 0.97 (p<0.001), while that for nicotine 

(cotinine/creatinine) was 0.91 (p<0.001). This high correspondence validated the use of the drug 

questionnaire for current drug use and history. 

Performance data 

After controlling for prenatal alcohol, current marijuana, and current nicotine exposure, 

there were no significant performance differences between current alcohol users and controls on 

reaction time, errors of commission, or the Stroop effect (i.e. Incongruent - Congruent trials) 

based on ANOVA results (see Table 3).  

fMRI data 

Investigating the within group, first level fixed effects analyses, revealed an expected 

pattern of activity for both groups, including increased activation for the incongruent minus 

congruent contrast in the DLPFC, superior temporal gyrus, superior parietal lobule, anterior 

cingulate and premotor and primary motor cortices. Although both groups showed a similar 

pattern of activity in anticipated areas for the Stroop effect, there were significant differences 

between groups when performing the random effects group comparison.  

The most robust results are presented at threshold pcrit<0.001 uncorrected with pFWE = 

0.05 cluster-wise correction. These results were the significantly increased neural activity 

observed in alcohol users compared to controls in the left precuneus (x, y, z = -24 -51 20, z = 
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3.88, p = 0.025), the left thalamus (x, y, z = -24 -27 5, z = 3.26, p = 0.025), the left fusiform 

gyrus (x, y, z = -21 -75 -5, z = 3.21, p = 0.025) and the left anterior cerebellum (x,y,z = -12 -45 -

25, z = 2.85,  p = 0.025) (Figure 1A-C). These regions made up a cluster of 958 activated voxels. 

Alcohol users also showed significantly more activation than controls in another large cluster of 

1067 voxels including the right precuneus (x,y,z = 9 -51 70, z = 3.23, p = 0.014), and right 

superior parietal lobule (x, y, z = 15 -57 60, z = 3.0, p = 0.014) (Figure 1D-E). All results were 

significant after correcting for multiple comparisons at p = 0.05 and controlling for prenatal 

alcohol exposure, current marijuana, and current nicotine use. These drug exposures were used 

as covariates to ensure the observed results were as representative of alcohol alone, though we 

acknowledge that completely removing the co-occurring impact of these variables is not entirely 

possible.  

In addition, although uncorrected for multiple comparisons at the cluster level (puncorr = 

0.05), alcohol users showed more activity than controls during the Number – Animal contrast in 

the left PFC (x, y, z = -36 30 5, z = 3.5, p = 0.05) and the right precentral gyrus (x, y, z = 45 6 

45, z = 3.13, p = 0.031; Figure 1F), right superior temporal gyrus (x,y,z = 57 -60 15, z = 3.57, p 

= 0.029, in a cluster of 73 voxels), and the right middle frontal gyrus (x, y, z = 48 9 40, z = 3.31, 

p uncorrected = 0.03, in a cluster of 72 voxels). There was also significantly more activity in 

alcohol users than controls in the cingulate gyrus (x,y,z = -24 18 40, z = 3.08, p = 0.023, cluster 

of 294 voxels).  

Discussion 

The present study examined the fMRI BOLD response to a Counting Stroop 

attention/interference task contrasting young adults who consumed alcohol on a regular basis, in 

the form of low-risk drinking, and those who were not regular users. Despite similar task 
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performance, there were brain regions that were significantly more activated in the alcohol users 

than controls when challenged by the cognitive conflict processing of the task.  

Interestingly, despite regularly consuming only low-level amounts of alcohol, the alcohol 

users group still revealed more extensive activation patterns than controls in the cerebellum, 

thalamus, fusiform gyrus, superior parietal lobule, precuneus, as well as significant differences in 

the prefrontal cortex, cingulate gyrus and superior temporal gyrus. These results are unique given 

the amount of information available for these participants from the OPPS, and the ability to 

control for relevant variables, such as previous drug exposure.  

The most substantial difference between groups was observed in the left fusiform gyrus, a 

region not typically associated with performance of the Counting Stroop in healthy controls, 

though some studies have found increased activity in this region in other variants of the Stroop 

effect (Bush et al., 2006; Bush et al., 1998; Kronhaus et al., 2006; Roth et al., 2006). The 

fusiform gyrus is typically considered part of the extrastriate cortex and is associated with visual 

object processing, as well as visual attention. It is possible that the alcohol group in the present 

study required more visual focus to perform the task accurately. This is also perhaps why there 

was increased activity in the precuneus and more lateral superior parietal lobule activity in 

alcohol users compared to controls. With respect to attention, the posterior/parietal system is 

thought to be involved in attending to attributes of task-relevant stimuli (Banich et al., 2000b), 

and research has shown this area to be specifically involved in uncued shifts of spatial and non-

spatial attention (Makino et al., 2004). Thus, it may be that alcohol users require greater 

attention, and thus greater neural activity, than controls to perform this task appropriately. There 

is a spatial component to the Counting Stroop as one word on the screen takes up much less 

space than if 4 words are on the screen. This strategic method of performing the task may have 
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been eliminated by the subtraction of congruent blocks from incongruent blocks but perhaps this 

processing is affected by alcohol consumption.  

These results correspond with results from Tapert et al., (2004) who observed increased 

bilateral parietal and precuneus activity in adolescents with alcohol use disorders during a spatial 

working memory task. Schweinsburg et al., (2010) also observed this type of enhanced activity 

in parietal areas during a verbal learning task in heavy episodic drinking adolescents. Both 

studies observed decreases in activity in the alcohol using groups of adolescents studied in 

certain areas where the present paper observed increases in activity only (including the 

cerebellum) (Tapert et al., 2004; Schweinsburg et al., 2010). Some possible reasons for these 

differences in results are that the participants from the other studies were younger than those in 

the present study, were heavy consumers of alcohol, and were performing different cognitive 

tasks.  

Our findings are supported by Wetherill et al. (2013), who conducted a longitudinal study 

that followed adolescents before and after initiation of heavy drinking. Prior to alcohol use, 

participants showed less recruitment of frontal, parietal, subcortical, and cerebellar regions 

compared to controls and at follow-up there was significantly greater activation of these areas 

while performing a task of response inhibition. This implies that the brains of heavy alcohol 

consumers were attempting to compensate for the cognitive demands of the task during 

performance, which was not observed in controls. These findings parallel the patterns of brain 

activation observed among low-level alcohol consumers in the current study, such as the 

cerebellum, middle frontal gyrus, and parietal cortices, despite differences in task type and level 

of alcohol use. This may also suggest that regular alcohol consumption, whether in low or high 
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quantities, is particularly damaging to these areas of the brain and possibly along a dosage 

continuum.  

Compared to the other fMRI studies that have examined the Stroop task in adolescent 

populations with substance abuse, the results from the present paper are relatively consistent. 

Tapert and colleagues (2004) examined a task of attentional interference using alcohol-related 

stimuli in alcohol dependent young women. The control group was composed of light social 

drinkers, drinking an average of approximately 7 drinks per month. It was not surprising that 

results from our alcohol users more closely resembled this control group, who also showed 

increased activity in the right PFC. Conversely, alcohol-dependent women demonstrated 

increased activity in areas not observed in our sample of drinkers. Given that our sample had not 

met criteria for a substance abuse disorder, this is not surprising. Another study, by Banich and 

colleagues (2007), examined the Stroop task in a group of adolescents with severe substance 

abuse and conduct disorder and reported similar, more extensive parallels with our findings. In 

particular, in both studies performance equivalence was observed between users and controls, but 

users activated a greater range of brain structures for incongruent versus congruent trials. These 

regions were consistent with those typically activated in the Stroop task, although in both studies 

users engaged prefrontal regions outside of the DLPFC, to obtain performance equivalence.   

In addition to the fusiform gyrus and parietal lobe differences in activation between 

groups in the present study, alcohol users also showed increased activation in structures typically 

affected by chronic alcohol use, particularly the cerebellum (Smith and Fein, 2011), thalamus 

(Harding et al., 2000), and prefrontal cortex (Abernathy et al., 2010). Paul et al. (2008) examined 

total cerebral brain volumes in a healthy community sample in low, moderate and high drinkers 

in addition to abstainers and previous drinkers. The researchers found that alcohol consumption 
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was associated with decreased brain volumes even in those who consume low amounts defined 

as 1-7 drinks per week, and despite cardiovascular benefits.  Our study suggests an impact of 

even low amounts of alcohol on neural functioning. Unfortunately, this study did not investigate 

changes to the structural integrity of white matter or volume measures but this will be added to 

the research protocol for further imaging studies with the OPPS, as it is clear that compromised 

frontal-posterior circuitry may well contribute to altered cognitive processes (Bava et al., 2009). 

The prefrontal, thalamic, and cerebellar structures comprise a neural pathway that is 

hypothesized to modulate executive functioning (Herting et al., 2011; Heyder et al., 2004). The 

cognitive and behavioural deficits observed in alcoholics are believed to result from the 

disruption of this frontocerebellar circuit (Sullivan et al., 2003). Initial deficits linked to alcohol 

use are hypothesized to target the cerebellum (Kouzoukas et al., 2013; Parks et al., 2002). 

Therefore, the activity observed in this study, in this neural circuit, may reflect the early stages of 

neurocognitive dysfunction in young alcohol users. Moreover, since the cerebellum and frontal 

cortices mature relatively late in the course of neuronal development (Diamond, 2001), young 

adults may be particularly at risk for developmental and functional changes related to alcohol 

consumption. Although a variation of the Stroop task was used in this study, the interference is 

comparable, especially since the process of counting is required in addition to reading in 

incongruent conditions. Thus, the increased activation in frontal regions (Schweinsburg et al., 

2005) and the cerebellum (Diamond, 2001) could also suggest a greater difficulty with general 

task demands and a resulting need for increased concentration in users compared to controls. It 

would be interesting to investigate whether these regions could compensate with further 

increases in task difficulty. 
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This study provides support for previous findings of the effects of early regular use of 

alcohol on interference/attentional neural processing. The strength of the paper is the use of the 

OPPS sample and thus the ability to control for lifestyle variables, including drug use over the 

lifespan. This unique methodology strengthens the validity of the results and provides outcomes 

that are able to shed light on select contributions of alcohol on neural processing. The results 

encourage the importance of further research on the potentially damaging effects of low levels of 

alcohol consumption in adolescents on future neural development that may lead to possible long-

term detrimental effects.  

There are several important limitations inherent in this study relating to sample size and 

the task design itself. In terms of size, the number of participants in each group was relatively 

small and replication would be essential. Due to the low quality of the structural scans acquired, 

brain volume could not be assessed, which makes it unclear whether differences observed in 

patterns of brain activation were related to structural differences between alcohol users and 

controls. It may have also been helpful to have some rest blocks between incongruent and 

congruent conditions as the hemodynamic response may not have had enough time to equilibrate 

in the interim. However, the ability to detect such changes is the benefit of block design fMRI 

experiments as opposed to event-related ones. 

Another limitation of the study is the use of the Counting Stroop itself. There is an 

additional working memory component of mapping the number of words to the finger 

representing each number. Additionally, the semantic content of the words (i.e. animals or 

numbers) differs across the two experimental conditions, and therefore the subtraction will 

contain not only the effects of cognitive interference (number of words vs. the written numbers) 
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but also word meaning and semantics. As such, group differences in brain activation may be 

driven by differences in semantic processing and not attentional processing.  

Conclusions 

This study provides support for a significant neural impact of small amounts of regular 

alcohol use in young adulthood.  Despite this low-level of alcohol consumption, significant 

alterations in brain activity were observed during a task requiring self-regulatory control to 

inhibit responses, even when no performance deficits were present. Further levels of difficulty 

for the attentional circuitry required to perform the task may not be able to compensate for the 

altered activation pattern. Further fMRI studies using the unique OPPS sample, that allowed for 

the control of prenatal and current exposure to drugs, among other lifestyle variables, will be 

important to further isolate the impact of alcohol use in young adults.  

Disclaimer 

Please note that the article presented in the present dissertation has been adapted since its 

original publication in 2015. This was done in order to improve the quality of the manuscript and 

make it consistent with the methods used in the subsequent Go/No-Go manuscript. In particular, 

the covariates used in the performance measures of the Counting Stroop were changed to current 

alcohol, current nicotine, and prenatal alcohol only for consistency with the covariates used in 

the functional imaging analyses. Moreover, in the original manuscript the control group was 

previously labeled as non-users.  
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Table 1. Environmental and IQ variables for alcohol users and controls.  

Variable Users n = 17 

Mean (SE) 

Controls n = 11 

Mean (SE) 

Results 

Family income 31769 (14606) 35179 (18875) F(1,28) = 0.25,  

p< 0.62 

Average parental education* 2.62 (0.92) 2.72 (0.93) F(1,28) = 0.09,  

p< 0.77 

Number of years of schooling 11.23 (1.17) 11.36 (0.50) F(1,28) = 0.12,  

p< 0.73 

WAIS full scale IQ 111.00 (13.55) 117.46 (11.92) F(1,28) = 1.51,  

p< 0.23 

Connors (conduct problems) 0.34 (0.79) 0.31 (0.83) F(1,28) = 0.01,  

p< 0.93 

Connors (learning problems) 0.42 (0.95) 0.28 (1.26) F(1,28) = 0.10,  

p< 0.76 

Connors (impulsivity-hyperactivity) -0.07 (1.22) 0.14 (0.75) F(1,28) = 0.25,  

p< 0.62 

Connors (anxiety) 0.18  (1.14) 0.45 (1.28) F(1,28) = 0.31,  

p< 0.59 

Connors (psychosomatic problems) 0.59 (1.37) 0.45 (1.50) F(1,28) = 0.05,  

p< 0.82 

No significant differences were observed between the groups for any variable. 

*Education was coded as 1 – did not finish high school, 2- graduated from high school, 3 – 

graduated from college or university, 4- obtained a post graduate degree 
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Table 2. Drug exposure based on current alcohol use grouping.  

Drug exposure Users n = 17a 

Mean (SE) 

Controls n = 11 

Mean (SE) 

Results 

Current marijuana 
(joints/week) 

5.16 (10.63) 2.00 (4.26) F(1,28) = 0.95,  

p< 0.34 

Current nicotine 

(cigarettes/day) 

3.38 (5.87) 2.13 (3.89) F(1,28) = 0.42,  

p< 0.52 

Prenatal alcohol 
(AA/day)b 

0.26 (0.29) 0.13 (0.21) F(1,28) = 1.75,  

p< 0.20 

Prenatal caffeine 
(mg/day) 

86.71 (100.22) 97.17 (117.09) F(1,28) = 0.67,  

p< 0.80 

Prenatal marijuana 
(joints/week) 

2.71 (4.32) 6.78 (15.40) F(1,28) = 1.08,  

p< 0.31 

Prenatal nicotine 
(cigarettes/day) 

6.05 (9.22) 7.13 (11.74) F(1,28) = 0.08,  

p< 0.78 
a Current alcohol user (mean 4.72 [SE 0.73] drinks/week) 
b Ounces of absolute alcohol per day. 
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Table 3. Performance data for the two Stroop conditions based on alcohol use. 

Performance measure Users n = 17 

Mean (SE) 

Controls n = 11 

Mean (SE) 

Results 

Errors of commission 

(Animals) 

4.12 (3.19) 5.67 (5.69) F (4, 23) = 0.21,  

p < 0.93 

Errors of commission 

(Numbers) 

10.65 (8.26) 10.58 (8.66) F (4, 23) = 0.13,  

p < 0.97 

Reaction time 

(Animals) 

0.68 (0.07) 0.69 (0.10) F (4, 23) = 0.83,  

p < 0.371 

Reaction time 

(Numbers) 

0.75 (0.11) 0.74 (0.10) F (4, 23) = 0.60,  

p < 0.66 

Stroop Effect  

(Incongruent – 
Congruent) 

0.66 (0.06) 0.47 (0.03) F (4, 23) = 1.78,  
p < 0.17 
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Fig.1. Blue cross hairs highlight areas where there was significantly more activity in current 

users compared to controls in the ‘Numbers minus Animals’ condition. Areas of activity are 

represented as follows: (A) left thalamus (x, y, z = -24 -27 5), (B) left fusiform gyrus (x, y, z = -

21 -75 -5), (C) left anterior cerebellum (x, y, z = -12 -45 -25), (D) right precuneus (x, y, z = 9 -51 

70), (E) right superior parietal lobe (x, y, z = 9 -51 70) and (F) right precentral gyrus (x, y, z = 45 

6 45). 
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Abstract 

It is widely known that alcohol consumption adversely affects human health, particularly 

in the immature developing brains of adolescents and young adults, which may also have a long-

lasting impact on executive functioning. The present study investigated the neural activity of 28 

young adults from the Ottawa Prenatal Prospective Study (OPPS) using functional magnetic 

resonance imaging (fMRI). The purpose of this study was to discover the impact of regular low-

level alcohol consumption on response inhibition as the participants performed a Go/No-Go task. 

Results indicated that, despite a lack of performance differences, young adults who use alcohol 

on a regular basis differ significantly from those who do not use alcohol regularly (if at all) with 

respect to their neural activity as the circuitry engaged in response inhibition is being challenged. 

Specifically, areas that showed significantly more activation in users compared to controls 

included the left hippocampus, parahippocampal gyrus, superior frontal gyrus, precentral gyrus, 

right superior parietal lobule, and the cerebellum. These results suggest that even in low 

amounts, regular consumption of alcohol may have a significant impact on neurophysiological 

functioning during response inhibition in the developing brain of youth.  
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Introduction 

While alcohol consumption is widely known to have adverse effects on human health 

(Feldstein et al., 2014; Petit et al., 2013), research is still in the early stages of understanding the 

full extent of its detrimental impact on developmental and functional processes in the brain. For 

example, alcoholism has consistently been shown to cause significant decreases in both grey and 

white matter volumes, as well as increases in sulcal and ventricular volumes, with the amount of 

loss accelerated with age (Pfefferbaum et al., 1992; Pfefferbaum et al., 1997; Verbaten, 2009). 

Chronic alcohol use may also preferentially impact the integrity of frontal white matter tracts, 

which are particularly important in executive functioning (Fortier et al. 2014; Pfefferbaum et al., 

2009).  

Importantly, it is now well established that the impact of alcohol use differs among 

adolescents and adults, with younger individuals being particularly vulnerable to the deleterious 

effects of alcohol on the developing brain (Guerri and Pascual, 2010; Squeglia et al., 2012; 

Welch, Carson, & Lawrie, 2013). However, the majority of research in adolescents has focused 

on the functional consequences of chronic, heavy alcohol use, with little attention focused on the 

impact of regular light to moderate drinking on the developing brain. This is particularly 

concerning, as evidence suggests that alcohol related structural brain damage accumulates along 

a dosage continuum (Paul et al., 2008), highlighting a gap in our current understanding and a 

need for further research in this area.  

Adolescence is a critical period in neurocognitive development, with the brain still 

undergoing several key neuromaturational processes (Pokhrel et al., 2013). This includes 

maturation of the prefrontal cortex (PFC), the cortical area responsible for our highest order 

cognitive processes, which continues developing until the latter part of young adulthood (Lopez-
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Caneda et al., 2014). One of the hallmarks of executive control required for day-to-day 

functioning is response inhibition, which refers to the ability to withhold inappropriate responses 

or interrupt a cued response (Tamm et al., 2002). This may interfere with goal-directed 

behaviours when presented with new, corrective information (Crews et al., 2009; Smith et al., 

2011).  

Poor response inhibition has been shown to be predictive of impulsivity and sensation 

seeking (Castellanos-Ryan, Rubia & Conrod, 2011), which is particularly concerning when 

considering the possibility of future substance dependence, as this may be a critical factor in 

being able to achieve and maintain subsequent abstinence (Pokhrel et al., 2013). The results of 

the Fortier et al. (2014) study showed that neural areas most impacted by alcohol are those that 

underlie inhibitory control in the brain, including frontostriatal circuits, superior and cerebellar 

tracts. In light of this and the importance of response inhibition in our every day functioning, 

understanding how alcohol impacts this aspect of executive functioning in the developing brain 

warrants investigation. Given that other parts of the world have different legal drinking ages and 

the suggestion that underage illegal drinking may be more strongly associated with impulsivity 

than legal drinking, it is important to mention that all participants in the current study were of 

legal drinking age for this province/country. 

The Go/No-Go task is a well-established fMRI compatible measure of response 

inhibition in which participants are initially required to respond to a stimulus, thus creating a 

strong cued tendency to respond, which is followed by withholding response to the conditioned 

stimulus (Wright et al., 2014). In healthy adult controls, the Go/No-Go task has been shown to be 

dependent on activation of the anterior cingulate, dorsolateral prefrontal cortex, inferior frontal 
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cortex, inferior parietal lobule, premotor cortex, thalamus, and the caudate using fMRI 

(Anderson et al., 2011; Longo et al., 2013; Stevens et al., 2007; Stevens et al., 2009).  

Norman et al. (2011) conducted a longitudinal study using the Go/No-Go task to 

investigate whether abnormalities in response inhibition was predictive of heavy alcohol use in 

an adolescent sample. Participants were scanned using fMRI at baseline only. Although there 

were no performance differences across groups, those who later transitioned to heavy alcohol use 

showed significantly less activity in a number of brain regions compared to those who did not go 

on to use heavily. This included less activation of the right inferior frontal gyrus, left dorsal and 

medial frontal areas, bilateral motor cortex, cingulate gyrus, left putamen, bilateral middle 

temporal gyri, and bilateral inferior parietal lobules. These findings indicated there may be 

important pre-existing neural vulnerabilities in the ability to adequately impose restraint on risk-

taking behaviours, such as substance abuse, and this may be exacerbated in more complex 

situations requiring more difficult decision-making.  

Admadi et al. (2013) compared light and heavy alcohol users using a Go/No-Go task and 

fMRI. Results indicated that light drinkers had greater functional activation in the left superior 

motor area, bilateral parietal lobe, right hippocampus, bilateral middle frontal gyrus, left superior 

temporal gyrus, and cingulate gyrus relative to heavy users. Moreover, heavy users also showed 

performance deficits during the task having significantly slower reaction times for both 

experimental and control trials. These results reflect that heavy drinking has a pervasive 

depressant effect on the neural areas associated with response inhibition, as well as actual ability 

to suppress cued responses during task performance. In support of the Norman et al. (2011) 

results, these findings may translate to real-life difficulties with overcoming impulsive 

tendencies that ultimately lead to substance abuse and poor behavioural outcomes.  
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In contrast, Ames et al. (2014) conducted another fMRI study comparing young adult 

light and heavy alcohol users on the Go/No-Go task using alcohol cues. They found that heavy 

users showed significantly more functional activity in the right dorsolateral prefrontal cortex, 

medial frontal cortex, cingulate, and insula. Heavy drinkers also had impaired performance, with 

faster response rates and fewer correct responses compared to light users. These results reflect 

that heavy alcohol use results in impulsive responding leading to performance deficits. It is also 

possible that the regions associated with task performance are working harder, as well as areas 

such as the hippocampus not typically associated with the Go/No-Go, in order to complete the 

task.  

Given the disparity of results and that the majority of research on the effects of alcohol on 

response inhibition in young adults has consisted of comparisons of light to heavy drinkers or 

non-drinkers to heavy drinkers, further research on the functional consequences of lower levels 

of regular alcohol use in adolescence is warranted.  Alcohol use, particularly in young adults, is 

also commonly associated with the use of other illicit drugs (WHO, 2007) and, as such, it is 

essential to control for these confounds in neuroimaging investigations to have a true 

understanding of how alcohol impacts brain functioning. Although there are currently few fMRI 

studies that have examined the impact of adolescent alcohol use on neurocognitive development 

and functioning (Feldstein et al., 2014; Petit et al., 2013; Squeglia et al., 2012, etc.), with even 

fewer studies that have controlled for additional illicit substances, further study is needed.  

To account for this, the present study uses data collected from the Ottawa Prenatal 

Prospective Study (OPPS), a longitudinal investigation that has followed a cohort of individuals 

from in utero for over 20 years, acting as a source of rich information on potentially confounding 

lifestyle and drug exposure variables. Unlike many other samples used in drug research, this 
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unique group of individuals allows us to investigate the neurobehavioural effects of alcohol use 

on executive functioning while controlling for other prenatal and adolescent/young adult drug 

exposures, as well as other lifestyle variables such as education or socioeconomic status. 

In a previous study conducted in our laboratory using the OPPS sample, Hatchard et al. 

(2015) used the Counting Stroop, a task that measures cognitive interference, to study the effects 

of low-level alcohol use on this aspect of executive functioning. Our results showed that, despite 

a lack of performance difference between low-level alcohol users and controls, regular use was 

correlated with a significant change in neural activity. This included greater functional activation 

of the cerebellum, thalamus, fusiform gyrus, prefrontal cortex, and precuneus. It is noteworthy 

that many of these regions are not typically activated during performance of the Counting 

Stroop. This may reflect that, despite using small amounts of alcohol, the brains of users were 

engaging in compensatory strategies through recruitment of additional regions and this may 

possibly underlie deficits within the attention circuitry. These findings are paralleled with 

previous studies that have also found that alcohol users show the recruitment of additional brain 

regions, possibly to compensate for cognitive demands during task performance (Sullivan, 

Harris, & Pfefferbaum, 2010; Wetherill et al., 2013).  

Using the same sample of participants recruited from the OPPS for the Counting Stroop 

study, the present study used fMRI during a Go/No-Go task, to investigate the impact of 

adolescent onset low-level alcohol use on response inhibition in young adulthood. It was 

predicted that no performance differences would be observed between alcohol users and controls 

while completing the task. However, based on the areas of the brain required for response 

inhibition and the critical changes that occur in the PFC during this period of neurocognitive 

development, when the onset of alcohol use often begins, neurophysiological differences were 
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anticipated between groups. It was hypothesized that regular alcohol consumption would 

negatively impact areas of the brain related to response inhibition, including the prefrontal cortex 

and cerebellum. It was anticipated that this would be observed as increased activation and that it 

would be accompanied by increased activity in other regions, not typically associated with 

performance of a Go/No-Go task, namely the hippocampus. 

 

Methods 

Participants 

Participants consisted of a random sample of 34 individuals recruited from the OPPS. All 

participants provided informed consent and were imaged regardless of sex or drug exposures. 

The inclusion criteria for participation required that participants were at least 19 years old (legal 

drinking age in Ontario), right-handed, native English speakers, and had recently completed a 

comprehensive neuropsychological assessment. Participants were also required to meet fMRI 

compatibility criteria, which included no metal implants, no pacemaker, no recent surgery, 

suitable or corrected vision for viewing stimuli, and no previous metal in their eyes.  Also, 

participants who had acquired a head injury with a loss of consciousness were not included in the 

study. Participants were excluded from the present study if they tested positive for 

amphetamines, opiates, cocaine, crack, heroin, lysergic acid diethylamide, solvents, steroids, 

and/or mushrooms during urinalysis or self-reported regular use of any of these drugs (once or 

more per month; 4 participants), had a history of an Axis I diagnosis based on the DSM-IV-TR 

(1 participant), or had any structural abnormalities detected during the MRI scan (1 participant).  

The purpose of the investigation was to determine if consumption of low, but 

regular, amounts of alcohol has an impact on the neurophysiology of response inhibition relative 
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to individuals who sporadically consume alcohol, if at all. As such, a cut-off of  >1 drink per 

week, for more than a year, was used to determine the alcohol users group. Participants who 

consumed <1 drink/week and <5 drinks/month, on average, were assigned to the control group. 

Based on these criteria, 17 alcohol users (9 male, 8 female; mean age = 20.06 [SE=0.23]; range 

19-21 years old) and 11 controls (5 male, 6 female; mean age = 20.09 [SE=0.25]; range 19-21 

years old) were included in the present analyses. Alcohol use was based on the number of 

alcoholic drinks consumed per week, with users reporting an average of 4.72 drinks/week (SE = 

0.74), 1 to 2 times/week, over the previous year, with an average of 14.3 years for the mean age 

of first exposure (ranging from ages 12 to 16). Only sporadic alcohol consumption, if any, was 

reported within the controls group; 3 participants did not drink at all and the other 9 reported an 

average of <4 drinks/month, with a mean age of 15.5 years for first alcohol exposure (ranging 

from ages 13 to 19). Among alcohol users, 7 participants had used nicotine within their lifetime, 

with 6 being current nicotine users, whereas within the control group there were 4 lifetime 

nicotine users, with 3 of them being current nicotine users. 

Clinical and drug use assessments 

Both psychological and neuropsychological assessments had been performed within 1 

year of imaging. This included the Wechsler Adult Intelligence Scale-III (WAIS-III) (Wechsler, 

1997) and the Computerized Diagnostic Interview Schedule for Children (Bacon, 1997), used to 

assess current mental health conditions based on DSM-IV-TR criteria. Parents of participants 

were asked to complete the Conners’ Parent Rating Scale (Goyette, Conners, & Ulrich, 1978) 

and provide information related to socioeconomic status (i.e. parental education and family 

income). There were no significant differences found between current alcohol users and controls 

on any of these measures or in terms of socioeconomic status. As a result, they were not included 
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in the analyses (Table 1). In order to control for current drug use, participants were asked to 

provide a urine sample and complete a self-report drug questionnaire upon arrival for MRI 

scanning. Specifically, participants were screened for cannabis, amphetamines, opiates, cocaine, 

nicotine (with cotinine), crack, heroin, lysergic acid diethylamide, solvents, steroids, and 

mushrooms. The samples were tested for creatinine as an indicator of urine dilution. 

Imaging protocol 

Data acquisition. All participants were imaged on a 1.5 Tesla Siemens Magnetom 

Symphony MR scanner. Participants were required to lay supine, with their heads secured in a 

custom head holder while a conventional T1-weighted spin echo localizer was acquired and used 

to prescribe a subsequent 3D FLASH (TR/TE 11.2/21 ms, flip angle 60°, field of view (FOV) 

26 × 26 cm, 256 × 256 matrix, slice thickness 1.5 mm) volume acquisition. Whole-brain blood 

oxygen level-dependent (BOLD) fMRI was performed using a T2*-weighted echo planar pulse 

sequence (TR/TE 3000/40 ms, flip angle 90°, FOV 24 × 24 cm, 64 × 64 matrix, slice thickness 

5 mm, 27 axial slices, bandwidth 62.5 kHz). 

Equipment. Participants were presented with stimuli as white letters on a black 

background on a screen located at the entrance of the magnet, which was viewed through a 

mirror mounted on the head coil. Participants provided responses using an MRI-compatible fiber 

optic response pad (Lightwave Medical, Vancouver, British Columbia, Canada). The Visual and 

Auditory Presentation Package (VAPP) was used to present and record responses to stimuli. All 

lighting was turned off during the imaging.  

Go/No-Go task. Participants were required to press as quickly and correctly as possible 

with their right index finger. If they made a mistake, they were instructed to continue without 
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thinking about the mistake. The scanning session started with an initial resting epoch of 9-sec, 

which allowed longitudinal magnetic relaxation (T1 effects) to stabilize. The images that were 

collected over this initial rest epoch were not included in the data analysis.  

The task was conducted as a block design, which involved presentation of letters one at a 

time in the middle of the screen for a period of 75 ms and included an interstimulus interval of 

925 ms. Fifty percent of the stimuli were ‘X’ and the other 50% were other capital letters 

selected randomly from the remainder of the alphabet, which has been previously shown to 

consistently activate the “Go bias” of response inhibition (Donkers & van Boxtel, 2004; Menon 

et al., 2001; Shenoy & Yu, 2012). All letters were presented in a random order but ensured that 

the ‘X’ was presented 50% of the time, building up a prepotent response to ‘X’. All letters were 

presented in a random order. The task included two conditions. In the control condition, “Press 

for X”, participants were instructed to press a button using their right index finger whenever an 

X appeared on the screen and refrain from pressing for all other letters. During the experimental 

condition, “Press for all letters except X”, participants were required to refrain from pressing for 

X and rather press for all other letters (see Appendix A, Figure 2 for diagram of the task).  

Prior to imaging, participants performed a practice session of 10 trials of each condition 

of the Go/No-Go task outside of the scanning room. During the scanning sessions, there were 4 

experimental blocks and 4 control blocks, with 24 stimuli in each block. The session began with 

two ‘Press for X’ control blocks to ensure the prepotent response to the ‘X’. Both conditions 

were presented in epochs of 27-sec duration, with each epoch preceded by a 3-sec instruction 

epoch, followed by a 24-sec rest epoch.  In the instructional epochs, participants were directed to 

“Press for X” or “Press for all letters except X”. In the rest epochs, “REST” was presented on the 

screen and participants were not required to make any motor responses. This task design has 
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been successfully used previously in several populations (Longo et al., 2013; Scherling et al., 

2012; Smith et al., 2011, 2009). 

Performance parameters and analyses. Errors of commission were recorded for any 

response following a No-Go stimulus (i.e. pressing stimulus ‘T’ for the ‘Press for X’ condition or 

pressing X for the ‘Press for all letters except X’ condition) within 900 ms of stimulus 

presentation. Errors of omission were recorded each time a participant failed to respond to the 

target stimulus within the allotted time frame. Separate ANCOVAS were performed on reaction 

time data, errors of commission, and errors of omission using current nicotine, current marijuana, 

and prenatal alcohol as covariates, which were selected given that these variables have been 

shown to impact performance on inhibitory responding tasks, such as the Go/No-Go (Burden et 

al., 2010; Ettinger et al., 2017; Hatchard et al., 2015; Luijten, Little, & Franken, 2011; Smith et 

al., 2011; Wrege et al., 2014; Zhao et al., 2016). As such, the use of the selected covariates adds 

another level of certainty that the results are based on the unique contribution of alcohol to 

performance.  

Image post-processing. Using Statistical Parametric Mapping (SPM8) software, 

functional brain images were realigned to correct for motion by employing the procedure of 

Friston et al. (1995). For all participants, the motion correction did not exceed 1 mm. This was 

followed by spatially normalizing images to match the echo planar imaging (EPI) template 

provided in SPM8. All images were subsequently smoothed with an 8-mm full-width at half-

maximum Gaussian filter. To remove frequency components below 0.36 Hz, the observed time 

course of image intensity within each voxel was temporally filtered and, using the general linear 

model, fitted to a hemodynamic response model consisting of sequential contributions from 

sequential epochs. For each type of epoch, the hemodynamic response was convolved with a 6-
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sec filtered boxcar waveform and subjected to the same high-pass temporal filter as the observed 

time course.  

Whole brain analyses with SPM8. Separate first-level fixed effects analyses were 

performed on all participants individually and then statistical parametric maps were obtained for 

the two groups: current alcohol users and controls. Contrast images were calculated for these 

analyses using the comparison of ‘Press for all letters except X’ – ‘Press for X’. These contrast 

images were subsequently used for the second-level random-effects analyses, which allowed for 

a comparison between alcohol users and controls. 

Using a set threshold of puncorr = 0.001, multiple independent samples t-tests were 

performed. A cluster-wise correction was performed at pFWE = 0.05, which allowed for the 

assessment of differences in neural activity between users and controls during the ‘Press for all 

letters except X’ – ‘Press for X’ contrast, while manipulating the covariates included in the 

analysis. The reported results are those comparing current alcohol users and controls using 

prenatal alcohol, current marijuana, and current nicotine as covariates. Although these variables 

were not significantly different between groups, given the small sample size and previous 

literature suggesting an impact of these drugs on response inhibition, they were used as 

covariates in the present analyses. This was an attempt to ensure that observed results were not 

attributable to any other prenatal or current drug effects. 

Results 

Participant characteristics 

Weekly current alcohol use was significantly different between the two groups (F = 33.5; 

p<0.001). Notably, there were no significant differences observed between users and controls 

based on other drug exposures (Table 2). No participants from either group reported alcohol 
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consumption on the day of testing, which eliminates the possibility that the results represent 

acute alcohol effects rather than the effects of regular consumption on neural processing. Four 

alcohol users and 2 controls regularly used marijuana, defined as at least 1 joint/day. 

Additionally, 5 alcohol users and 4 of the controls reported nicotine use on a regular basis (i.e. 

smoking every day). There was no other illicit drug use self-reported or observed in urinalysis. 

All analyses were performed with and without these individuals to eliminate current nicotine or 

marijuana use in order to eliminate these as possibilities for the results obtained. There were no 

differences observed between these analyses and, as such, only the results that included all 

participants are reported below.  

Drug questionnaire and urine sample data 

To control for urine dilution, all metabolite concentrations were adjusted for creatinine. 

For the validity of current use, the quantity of drug used over the weeks prior to testing and over 

the past month was compared.  The Pearson correlation between the urine samples for cannabis 

levels and the drug questionnaire was 0.97 (p<0.001) and nicotine (cotinine/creatinine) was 0.91 

(p<0.001). In light of the high correspondence, this validated the use of the drug questionnaire 

for current drug use and user history.  

Performance data 

There were no significant differences found between current alcohol users and controls 

for errors of commission, errors of omission, reaction time for the ‘Press for X’, or reaction time 

for ‘Press for all letters except X” based on the ANCOVA results (see Table 3).  

fMRI data 

The within-group, first-level fixed-effects analyses showed an expected pattern of 

activity for both groups, which included increased neural activity for the ‘Press for all letters 
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except X’ – ‘Press for X’ contrast in the dorsolateral prefrontal cortex (DLPFC). Despite this 

similar pattern of anticipated brain activity across groups, significant differences were revealed 

when performing the second-level random-effects comparison.  

The most prominent results are presented at threshold pcrit< 0.001 uncorrected 

with pFWE = 0.05 cluster-wise correction (see Figure 1). Current alcohol users showed 

significantly increased neural activity compared to controls in the left superior frontal gyrus (x, 

y, z = -30, 51, 30) and the left precentral gyrus (x, y, z = -39, -18, 65), which made up a cluster 

of 1115 voxels (p<0.001). In a second cluster of 595 voxels (p<0.005), there was significantly 

more brain activation in the right superior parietal lobule (x, y, z = 18, -51, 75) and the right 

cerebellum (x, y, z = 15, -39, -20).  Lastly, in a third cluster of 248 voxels (p<0.05), alcohol users 

showed significantly more activation than controls in the left hippocampus (x, y, z = -30, -36, -5) 

and parahippocampal gyrus (x, y, z = -24, -54, 0).   

Supplemental analyses were performed excluding the participants who smoked marijuana 

on the day of testing (n = 3, no participant smoked more than 1 joint or within 6-hr of scanning). 

No differences were observed in the results with or without these participants, which suggests 

that the results obtained were not directly attributable to acute effects of marijuana use. 

Discussion  

 The current study compared the fMRI BOLD response on a Go/No-Go task in young 

adults that regularly consumed low-levels of alcohol with individuals who did not drink 

regularly, if at all. Although there were no differences observed in performance on this task of 

response inhibition, there were differences in regional brain activation between alcohol users and 
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controls when challenged by the inhibitory processing of the task. Despite only regular 

consumption of low amounts of alcohol, compared to controls these individuals showed an 

extensive pattern of increased neural activity in the superior frontal gyrus, precentral gyrus, 

hippocampus, parahippocampal gyrus, cerebellum, and superior parietal lobe.  

 The most prominent differences between groups were observed in the left superior frontal 

gyrus and precentral gyrus, regions typically involved in response competition and the 

preparatory process leading to correct initiation or suppression of movement (Yamaguchi et al., 

2008). There were no differences in performance to account for this difference and thus the 

increased activity in these regions during response inhibition could be interpreted as a need to 

work harder in alcohol users compared to controls. This is a common interpretation of fMRI 

results of increased brain activity (Gevins and Smith, 2000) and highlights the sensitivity of 

fMRI to provide valuable information about differences in brain activity that could not be 

identified with performance data alone. There could be other interpretations of the results, 

however, confirmation is not possible without further investigation. Most fMRI results of 

increased activity with similar performance is taken to reflect compensatory mechanisms. 

Recruitment of different pathways, a reallocation of neural resources, all suggests some form of 

reorganization of neurophysiological mechanisms to successfully perform the task (Han et al., 

2009). This explanation is also supported by the increased activity in the superior parietal lobe of 

the users compared to controls. The Go/No-Go task typically activates the superior parietal lobe 

for regulation and self-monitoring of responses. This processing appears to be influenced by 

regular alcohol consumption in the young adult. 
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The cerebellum is another region necessary for completion of the Go/No-Go task, given 

the motor component within the task itself and this regions role in motor functioning. Similarly, 

as this region was significantly more active compared to controls, it may indicate the brain is 

working harder to complete the task adequately.  The pattern of activity observed in the superior 

frontal gyrus and the cerebellum may be explained by alcohol related changes to the fronto-

cerebellar pathway. These connections are thought to underlie higher order cognitive functioning 

and have been shown to be negatively impacted by chronic alcohol use. This may underlie the 

cognitive deficits observed in chronic alcoholics. In particular, alcohol abuse causes dissociation 

within this brain circuit as communication between frontal areas and the cerebellum is 

interrupted. Using fMRI, Rogers et al. (2012) compared recently abstinent alcoholics to healthy 

controls on a finger-tapping task, where participants were instructed to tap in response to visual 

cues. Their results showed that alcohol dependent adults had a significant reduction in fronto-

cerebellar connectivity compared to controls, which may be the result of neuronal injury within 

these regions as a result of alcoholism. This damage may underlie some of the common 

neuropsychological deficits associated with alcohol-induced neural injury and may be 

particularly vulnerable within the developing brain. In another study, Herting, Fair, and Nagel 

(2011) examined fronto-cerebellar connectivity in a sample of at-risk alcohol naïve youth based 

on familial history of alcoholism. Compared to controls, the at-risk group had lower white matter 

integrity within the regions associated with the fronto-cerebellar circuit, as well as reduced 

functional connectivity in this network based on completion of number of tasks (e.g. Counting 

Stroop, reward based decision making task, etc). It would be of interest to perform diffusion 

tensor imaging (DTI) in the OPPS sample to investigate further the connectivity within the white 

matter tracts.   
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In addition to the characteristic regions activated during response inhibition, the current 

study also found recruitment of additional brain areas that are not typically involved in 

performing the Go/No-Go task. This included the left hippocampus and parahippocampal gyrus. 

These areas of the brain are located in the medial temporal lobe and have a specific role in 

memory processing. Although there is a working memory component involved in task 

completion (i.e. remembering when to Press for X or Press for all letters except X), significant 

activation of these areas is possibly attributable to these resources being strained. Again, this 

could potentially reflect compensation recruitment of additional areas in order to be able to 

complete the task. Alternatively, it could also point to different strategies for performing the task. 

The hippocampus has been shown to be both vulnerable and negatively impacted by chronic 

alcohol use. Previous research has found that chronic heavy alcohol use causes significant 

reductions in hippocampal volume, which in turn, contributes to impairments in memory and 

cognitive difficulties (Beresford et al., 2006). The hippocampus may be particularly vulnerable 

during young adulthood. These results present a potential precursor of further detrimental 

changes that may occur, even with low amounts of chronic alcohol use, if use continues. Further 

research could help elucidate exactly how alcohol influences hippocampal function over time 

and whether this occurs across the alcohol dosage continuum. 

The findings of this study support and parallel the results of Hatchard et al. (2015), which 

examined how low-level alcohol consumption impedes cognitive interference. In that study, 

participants from the OPPS completed the Counting Stroop task, which is a commonly used 

measure of cognitive interference. Similar to the current study, results showed no performance 

differences between groups but increased neural activity was observed in several regions in 

current alcohol users compared to controls. This included significantly more activity in the 
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fusiform gyrus, superior parietal lobule, precuneus, and cerebellum, as well as the differences in 

the prefrontal cortex, cingulate gyrus, and superior temporal gyrus. Importantly, many of these 

regions are not typically involved in neural processing during Counting Stroop performance.  

Both studies are suggestive of different neurophysiological recruitment among regular 

alcohol users to complete the tasks. Should further levels of difficulty be added to either task, the 

attentional circuitry required for adequate performance may not be able to adequately 

compensate for the neural changes observed across current users. This may also occur in real-

world situations, such as daily work activities, which would require more sustained attention. 

Further studies using the OPPS, perhaps using more complex tasks, could be beneficial in further 

isolating the impact that adolescent onset alcohol use has on attention and concentration. This 

would also help clarify whether the differences in neurophysiology are related to potential future 

deficits in response inhibition that could not be targeted with such a basic Go/No-Go task or 

simply differences in information processing and strategy to perform the task. It would also be 

valuable to conduct a follow-up study using the same participants, as this would provide insight 

into whether the differences observed between users and controls are long-lasting, as well as 

whether they become more detrimental in cognitive functioning over time.  

Our findings are consistent with those of Ames et al. (2014), which found that light 

drinking in young adults showed patterns of neural activity suggestive of compensatory 

recruitment while performing the Go/No-Go. However, there were a number of differences in the 

regions showing significantly more activity. While both studies found more activity in frontal, 

parietal, and hippocampal regions, their study also showed activation in the superior motor area, 

superior temporal gyrus, and cingulate, whereas our study found more activity in the precentral 
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gyrus, cerebellum, and parahippocampal gyrus. One of the reasons for these differences may be 

attributable to differences in the samples used, as the current study compared irregular/no use 

controls to low-level users, whereas their study compared low-level drinkers to heavy drinkers. 

Moreover, the Ames et al. study did not control for additional substance use in their analysis, 

which may also help explain some of the differences observed. Despite these differences, the 

overall findings across both studies are similar in that both are suggestive of altered brain activity 

to complete the task in youth using alcohol. 

Limitations 

Importantly, however, it is necessary to consider that the reason and interpretation for 

differences observed in neurophysiology between groups during the Go/No-Go task remains 

unclear. While it is possible that the neurophysiological differences observed in the present 

results are related to compensatory recruitment, this is simply a hypothesis of what may be 

occurring and other possibilities remain. For example, it may be the case that the differences in 

regional brain activation between alcohol users and controls are simply reflective of differences 

in processing information while engaging in response inhibition as opposed to potential neural 

impairments. Similarly, it could be a result of different neural strategies being implemented 

between groups. Moreover, due to the lack of research on how low to moderate drinking impacts 

neurophysiology and response inhibition, much of the comparison made in the present study to 

previous research relied on research conducted in heavy drinkers. This highlights a gap in the 

current research literature and further research on regular low alcohol consumption is required to 

elucidate whether the hypothesis of compensatory recruitment presented in the current findings 

can explain differences in neural activation.   
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The present study has a number of other limitations that are also important to consider. 

For example, the sample size was relatively small and primarily a Caucasian, middle-class 

population. As a result, replication of these findings is essential, as well as recruiting more 

diverse ethnic and socioeconomic populations in order to further understand similarities and 

differences across low and high-risk populations. Similarly, the disproportionate sample size of 

the groups should be mentioned. This was a result of the random collection of data ie. 

participants were contacted and imaged until the financial limit for scanner time was met. This 

small sample size also makes the comparison of results with and without the marijuana/nicotine 

users included less informative and requiring further study. In light of the low quality of 

structural scans acquired during imaging, it was not possible to assess whether differences in 

activation between users and controls could be related to structural differences. In addition, the 

experimental paradigm used was a block design rather than an event related design. One of the 

limitations of using block designs is the inability to separate the Go from the No-Go trials. As 

such, an event-related design may have been useful in separating response inhibition from other 

cognitive processes. 

Conclusion 

The results of the current study show that regular consumption of alcohol, even in low 

amounts, has an impact on neurophysiology in the developing brain. The validity of these results 

is strengthened by the use of the unique OPPS sample that permitted control over important 

lifestyle variables, such as drug exposure across the lifespan. This further allows for the current 

results to elucidate the selective contributions of alcohol on neural processing during response 

inhibition. Consequently, the present study provides preliminary insight into the potential 

vulnerability of the developing brain to alcohol. In particular, these findings increase our 
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understanding that alcohol use in young adulthood changes neurophysiology during response 

inhibition when performing a Go/No-Go task.  

Despite a lack of performance deficits when performing this task of response inhibition, 

there was significantly increased neural activity in several brain regions in alcohol users 

compared to controls. This may reflect the brain recruiting additional brain regions to 

compensate for possible underlying deficits that require increased cognitive demand. However, 

this interpretation remains unclear and further research is required to clarify whether the 

differences observed between groups is related to neural compensation or simply differences in 

information processing and strategic approach to the task. Nevertheless, these results show that 

even in low amounts, alcohol has a significant impact on neurophysiology in the developing 

brain of youth. 
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Table 1. Environmental and IQ variables for alcohol users and controls.  

Variable Users n = 17 

Mean (SE) 

Controls n = 11 

Mean (SE) 

Results 

Family income 31769 (14606) 35179 (18875) F(1,28) = 0.25,  

p< 0.62 

Average parental education* 2.62 (0.92) 2.72 (0.93) F(1,28) = 0.09,  

p< 0.77 

Number of years of schooling 11.23 (1.17) 11.36 (0.50) F(1,28) = 0.12,  

p< 0.73 

WAIS full scale IQ 111.00 (13.55) 117.46 (11.92) F(1,28) = 1.51,  

p< 0.23 

Connors (conduct problems) 0.34 (0.79) 0.31 (0.83) F(1,28) = 0.01,  

p< 0.93 

Connors (learning problems) 0.42 (0.95) 0.28 (1.26) F(1,28) = 0.10,  

p< 0.76 

Connors (impulsivity-hyperactivity) -0.07 (1.22) 0.14 (0.75) F(1,28) = 0.25,  

p< 0.62 

Connors (anxiety) 0.18  (1.14) 0.45 (1.28) F(1,28) = 0.31,  

p< 0.59 

Connors (psychosomatic problems) 0.59 (1.37) 0.45 (1.50) F(1,28) = 0.05,  

p< 0.82 

No significant differences were observed between the groups for any variable. 
*Education was coded as 1 – did not finish high school, 2- graduated from high school, 3 – 
graduated from college or university, 4- obtained a post graduate degree 
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Table 2. Drug exposure based on current alcohol use grouping.  

Drug exposure Users n = 17a 

Mean (SE) 

Controls n = 11 

Mean (SE) 

Results 

Current marijuana 
(joints/week) 

5.16 (10.63) 2.00 (4.26) F(1,28) = 0.95,  

p< 0.34 

Current nicotine 

(cigarettes/day) 

3.38 (5.87) 2.13 (3.89) F(1,28) = 0.42,  

p< 0.52 

Prenatal alcohol 
(AA/day)b 

0.26 (0.29) 0.13 (0.21) F(1,28) = 1.75,  

p< 0.20 

Prenatal caffeine 
(mg/day) 

86.71 (100.22) 97.17 (117.09) F(1,28) = 0.67,  

p< 0.80 

Prenatal marijuana 
(joints/week) 

2.71 (4.32) 6.78 (15.40) F(1,28) = 1.08,  

p< 0.31 

Prenatal nicotine 
(cigarettes/day) 

6.05 (9.22) 7.13 (11.74) F(1,28) = 0.08,  

p< 0.78 
a Current alcohol user (mean 4.72 [SE 0.73] drinks/week) 
b Ounces of absolute alcohol per day. 
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Table 3. Performance data for the two conditions based on alcohol use. 

Performance measure Users n = 17 

Mean (SE) 

 
 

Controls n = 11 

Mean (SE) 

 

 

Results 

Errors of commission 

‘Press for X’ 

0.81 (0.22) 0.63 (0.20) F(4, 24) = 0.71, 
p=0.59 

 

Errors of commission 

‘Press for all letters 
except X’ 

4.56 (0.99) 3.36 (1.07) F(4, 24) = 0.49, p= 
0.74 

Errors of omission 

‘Press for X’ 

0.13 (0.09) 0.00 (0.00) F(4, 24) = 1.40, p= 
0.269 

 

Errors of omission 

‘Press for all letters 
except X’ 

0.19 (0.10) 0.18 (0.12) F(4, 24) = 0.98, p= 
0.44 

Reaction time 

‘Press for X’ 

0.38 ms (0.01) 0.41 ms (0.02) F(4, 24) = 1.91, 
p=0.15 

 

Reaction time 

‘Press for all letters 
except X’ 

0.39 ms (0.01) 0.43 ms (0.02)  F(4, 24) = 1.89, p= 
0.14 
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Figure 1. Blue cross hairs highlight areas where there was significantly more activity in current 

alcohol users compared to controls in the response inhibition ‘Press for all letters except X’ 

condition – ‘Press for X’ condition contrast. 1) Cluster 1: 1115 voxels, (P<.000): Superior 

Frontal Gyrus (-30, 51, 30), Precentral Gyrus (-39, -18, 65) & (-39, -27, 60); 2) Cluster 2: 595 

voxels, (P<.005): Right Superior Parietal Lobe (18, -51, 75): Right Cerebellum (15, -39, -20); 3) 

Cluster 3: 248 voxels, (P<.05): Left Hippocampus (-30, -36, -5), Parahippocampal Gyrus (-24, -

54, 0).  

 

 

 

 

 

 

 

 

 

 

 

 

 



LOW-LEVEL ALCOHOL USE 88 

 

 

 

 

Chapter 4: 

General Discussion 

 

 

 

 

 

 

 

 

 

 

 

 



LOW-LEVEL ALCOHOL USE 89 

Given the high prevalence of adolescent substance use in Canada (Canadian Alcohol and 

Drug Use Monitoring Survey, 2012), typically beginning with alcohol, it is important to broaden 

our understanding of the risks and implications of regular alcohol use on neurophysiological 

functioning in the developing brain. Of particular interest is that the prefrontal cortex (PFC) 

continues to mature well into early adulthood, after regular alcohol use has been initiated for 

many teens (Baarendse, Counotte, O’Donnell, & Vanderschuren, 2013; Casey et al., 2005; Paus 

et al., 2008). This development includes changes in white matter, such as increased myelination 

to increase speed of neural communication (Arain et al., 2013; Ladouceur, Peper, Crone, & Dahl, 

2012), as well as elimination of weak connections through synaptic pruning to optimize function 

(Blakemore & Choudhury, 2006; Jacobus & Tapert, 2013). Importantly, even minor disruption to 

these critical developmental processes can result in long-term functional changes, in terms of 

both cognition and neurophysiology. The PFC, with its connections to other brain regions, is 

thought to underlie essential higher order cognitive processes, including executive functions (e.g. 

decision-making, impulse control, attentional resources) (Pokhrel et al., 2013; Robins and 

Arnsten, 2009; Siddiqui, Chatterjee, Kumar, Siddiqui, & Goyal, 2008). This may, in turn, also 

have significant implications for social and emotional functioning (Jacobus & Tapert, 2013).  

The majority of current research on alcohol’s influence on executive functions and 

associated neurophysiology has focused on the effects of moderate to heavy alcohol 

consumption, despite knowledge that alcohol related brain damage occurs along a dosage 

continuum (Paul et al. 2008). Moreover, much of the literature has had inadequate control of 

potentially confounding lifestyle variables, such as prenatal drug exposures, intellectual 

functioning, and socioeconomic status, making it difficult to definitively isolate the effect of 

alcohol on executive functions. In light of our limited understanding of and the general lack of 
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research examining the effect of low quantities of alcohol, the purpose of the research presented 

in this dissertation was to address these important gaps in the literature. Through the use of a 

highly controlled sample of participants, the present research provides preliminary insight into 

the unique effects of regular consumption of low amounts of alcohol on executive functions and 

associated brain processes. Findings were presented in two manuscripts examining cognitive 

interference and response inhibition, respectively.   

The first study examined the impact of regular low-level alcohol use on the 

neurophysiology of cognitive interference. Brain activity for low-level alcohol users and controls 

was measured using fMRI during completion of the Counting Stroop task. The major findings of 

this study were that, although there were no significant performance differences between groups 

observed on cognitive interference, low-level alcohol users showed significantly more regional 

brain activation while completing the task. This included increased activation in the cerebellum, 

thalamus, fusiform gyrus, superior parietal lobule, precuneus, as well as significant differences in 

the PFC, cingulate gyrus and superior temporal gyrus. Importantly, this includes brain areas that 

are not typically associated with neural processes underlying cognitive interference. This 

noteworthy difference in neurophysiology between groups may be reflective of compensatory 

strategies in the brain, in which the brain is recruiting additional brain regions in order to 

potentially compensate for underlying neural deficits that may be attributable to alcohol use.  

 The second study investigated how the neurophysiology of response inhibition in young 

adults may be affected by low-level alcohol use. Using fMRI, low-level alcohol users and 

controls completed a Go/No-Go task. Similar to the results of the first study, there were no 

significant performance differences between groups during the performance of the Go/No-Go 

task. However, the primary findings found significantly more brain activity in the left 
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hippocampus, parahippocampal gyrus, superior frontal gyrus, precentral gyrus, right superior 

parietal lobule, and the cerebellum in users compared to controls. These results showed that 

despite only low amounts of regular alcohol use, there was still a significant impact on the 

neurophysiology of response inhibition of young adults. Together, these two studies suggest that 

regular low-level alcohol use does have a significant impact on the neurophysiological 

functioning of the brain in young adults, which may be reflective of underlying deficits that are 

compensated for by recruitment of additional brain regions to perform the tasks.  

 Together, both studies showed a pattern of increased neurophysiology in regions of the 

brain that are normally required in cognitive interference and inhibitory control. In addition, 

there was also significant activity in other areas of the brain that are not typically associated with 

these distinct processes. These additional areas may be reflective of compensatory mechanisms 

as a result of neural changes related to regular alcohol use during a critical period of 

neurocognitive development (Chanraud & Sullivan, 2014; Silveri et al., 2011).  For example, in 

the Counting Stroop, the largest differences in brain activity occurred in the fusiform gyrus, a 

region related to visual object processing and attention, as well as the precuneus, which is 

involved in visual information processing (Cavanna, & Trimble, 2006; Tallon-Beaudry et al., 

2005). This may reflect a greater need for attentional resources, reflected by increased neural 

activity, among the alcohol users in order to adequately complete this type of processing. In the 

Go/No-Go task, additional activity was observed primarily in the hippocampus and 

parahippocampal gyrus, which are primarily related to memory related functions (Hicklin et al., 

2011). As there is a working memory component to the task itself (remembering instructions), it 

may be the case that there was strain on these resources while performing the task resulting in 

the increased neurophysiological response. Importantly, all three regions have been shown to be 
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sensitive to the effects of alcohol (Beresford et al., 2006; Feldstein-Ewing, Sakhardande, & 

Blakemore, 2014).  

However, in contrasting the two studies, it may be expected that both studies would show 

more consistency among the additional areas activated during performance of the tasks. This 

raises the question of whether regular consumption of low-amounts of alcohol has a global 

impact on neural functioning, or whether it results in a more subtle, process specific effect. The 

results of the current two studies seem to suggest the latter. For example, while there is some 

degree of overlap between the two tasks, such as both containing an element of inhibitory 

control, both tasks are tapping into two distinct constructs that require different types of 

information processing. More specifically, in the Go/No-Go task, this occurs through inhibiting a 

prepotent response (i.e. learning to press for ‘X’), whereas the Counting Stroop task requires 

response interference control in the face of distracting stimuli (i.e. counting the number of 

stimuli in the face of distracting/potentially incongruent written number words) (Bush et al., 

2006; Wright et al., 2014).   

As a result, it may be the case that distinct executive processes require distinct routes of 

neural compensation depending on the nature of the demands. Moreover, because executive 

functions normally involve the PFC as well as its connections with secondary support areas, it 

may also be the case that certain types of executive processes are more vulnerable or sensitive to 

alcohol related damage. Ultimately, this raises more questions than answers that can be provided 

by the preliminary nature of the current studies and further research into the effects of low-level 

alcohol use and the neural compensation hypothesis is clearly required. 
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Limitations and future directions 

 The studies included in this dissertation involved several limitations that are important to 

acknowledge when considering the present findings. Given the small number of participants used 

in the alcohol users and controls groups, replication of the results in future research is critical. 

Moreover, as with many research samples, the lack of diversity in the OPPS sample used in the 

present studies limits generalizability of these findings. For example, the current participants are 

primarily Caucasian, middle class socioeconomic status and do not represent a higher risk 

potential for substance misuse.  

As such, they may not be fully representative of the broader Canadian society, 

particularly as many vulnerability factors could have a significant impact on brain functioning. 

For example, although children of alcoholics have a higher relative risk of future substance 

abuse, depending on their affective circuitry, some children may be more resilient than others. 

This has been shown with altered activity in the orbitofrontal cortex and the insula during 

emotional monitoring between more vulnerable and more resistant individuals (Heitzeg, Nigg, 

Yau, Zubieta, & Zucker, 2008).   

 The strength of the tasks used in the present studies is that both are well-established 

measures of response inhibition and cognitive interference, respectively. However, the relative 

simplicity of these constructs has certain limitations to fully determine the definitive cause of the 

differences between low-level alcohol users and controls. While the observed differences in 

neurophysiology between groups are likely attributable to compensatory mechanisms (Chanraud 

& Sullivan, 2014; Silveri et al. 2011; Sullivan, Harris, and Pfefferbaum, 2010), the use of tasks 

with greater levels of complexity may have helped clarify this, such as the Multisource 

Interference Task for cognitive interference or the Stop Signal Task for response inhibition 
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(Bush & Shin, 2006; Li, Huang, Constable, & Sinha, 2006; Roberston et al., 2014).  For 

example, this increased complexity could help determine if there is a certain level of difficulty 

where the brain is no longer able to compensate and performance declines. In addition, it would 

have been helpful to rule out potential structural differences that may account for differences in 

neural processing, though this was not possible in the present study given the low-quality of the 

structural scans acquired.   

 Consequently, future studies involving the OPPS sample can build upon the limitations of 

the present study in a number of ways.  For example, reimaging the participants using the same 

tasks, as well as the addition of a more complex form of inhibitory control and cognitive 

interference, will help clarify: 1) whether the observed differences between alcohol users and 

controls is long-lasting and/or worse over time; and 2) whether alcohol users’ performance will 

plateau with increased difficulty. This will provide a more in depth understanding of whether 

differences in neurophysiology between alcohol users and non-drinkers are truly related to 

compensatory mechanisms. Imaging the same participants again would also allow for further 

MRI techniques to be added to the protocol, including diffusion tensor imaging and higher 

quality anatomical scans. These results would help to understand whether potential differences in 

functional results are related to structural differences in terms of brain volume or white matter 

integrity.  

Given the limitations of the OPPS sample itself, future longitudinal studies could further 

elucidate the relationship between executive functions and alcohol use by recruitment of a much 

larger, more diverse sample of individuals in order to test the neural compensation hypothesis 

more accurately. For example, recruiting individuals from different socioeconomic statuses, as 

well as ethnic and racial backgrounds would provide a broader context and also allow 
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researchers to evaluate whether particular risk factors are linked to potential differences in 

neurophysiology. In an ideal study, similar to the OPPS, participants would be followed 

longitudinally, but would be imaged on a 3 Tesla scanner, in adolescence, prior to initiation of 

substance use, and re-imagined in young adulthood using both functional imaging during 

executive functioning and structural imaging to examine brain volume and white matter 

integrity.  

Ideally, the sample would be large enough to compare non-drinkers to low, moderate, and 

heavy drinkers. This would allow researchers to establish whether: 1) there are pre-existing 

differences in functional brain activity or structural integrity; 2) what effect low-level alcohol use 

has relative to moderate and heavy consumption; 3) if neural compensatory strategies are being 

used and if so, whether at a certain level of task difficulty or amount of drinking performance is 

impacted relative to controls; 4) if the effect of alcohol use at different levels of drinking is 

pervasive across individuals or whether it is amplified by other vulnerability factors. Conducting 

a follow-up study later in adulthood would also be beneficial as drinking at different severity 

levels during adolescence and young adulthood may have a long-lasting impact on the brain and 

neural processing. More specifically, it could help clarify whether these differences are 

maintained or worsen with continued drinking, as well as whether there is a “return to baseline” 

or improved functioning among alcohol users whose drinking becomes irregular or discontinued 

with age.  

In addition, it would be helpful to have a sample large enough to study whether there are 

gender differences that contribute to the changes observed in response to regular alcohol use, 

given the differences in blood concentration and metabolism of alcohol between males and 

females. Moreover, it would be helpful to quantify the pattern of alcohol use (e.g. drinking one 
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drink every day versus 7 drinks one day per week), as well as the type of alcohol (e.g. beer, wine, 

spirits) as different types of alcoholic beverages have different concentrations of alcohol content 

(e.g. 5% versus 40%), which may have important implications for its effect on the brain. 

Ultimately, this would allow us to understand the true vulnerability of the developing brain and 

the potential damage of alcohol related use along a dosage continuum.  

Implications of present findings  

 The findings of the present studies provide preliminary insight for future public 

awareness and interventions aimed at youth in order to foster a greater understanding of the risks 

and potential consequences of alcohol use during neurocognitive development once further 

research has been conducted. Awareness of the influence that alcohol has on the brain, even in 

low quantities, is important in allowing individuals to make more informed decisions regarding 

their substance use and the potential perils associated with it. In particular, this may be most 

beneficial for youth at higher risk for initiation of alcohol use and progression to dependence, 

such as individuals with a family history of alcohol dependence, conduct disorder, attention 

deficit hyperactivity disorder, anxiety issues, parental divorce, nicotine dependence, and 

marijuana use (Sartor et al., 2007). Preventative initiatives through education should be 

implemented early and on an ongoing basis.  

Conclusions  

 The purpose of the present dissertation was to provide a preliminary understanding of the 

potential risks associated with regular low-level alcohol use on the neurophysiology of important 

aspects of executive functions in young adults. Using fMRI in a sample of young adults recruited 

from the longitudinal OPPS sample permitted examination of the unique contribution of low 
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amounts of alcohol on brain functioning by controlling for a number of potentially confounding 

lifestyle variables, unlike previous research in this area. Taken together, the findings of both 

manuscripts found that regular alcohol use, even in small quantities, has a significant impact on 

neurophysiological functioning during cognitive interference and response inhibition.  
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Appendix A 

 

Figure 1. Examples of Counting Stroop single trials for the types of stimuli presented in the incongruent 
and control blocks. During trials for the control condition, common animal names (e.g. cat, dog, bird, or 
mouse) were presented, whereas in the incongruent blocks, stimuli presented were number names (e.g. 
one, two, three, or four). In both of the examples below the correct answer would be to indicate a 
response of 4.  

 

Control condition    Incongruent condition 

 

 

 

 

Figure 2. Examples of Go/No-Go single trials for the types of stimuli presented in the experimental (i.e. 
“Press for all letters except X”) and the control condition (i.e. “Press for X”).  

 

Control condition   Experimental condition 

	  


