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Abstract 

Rationale: Individual differences in brain structure and function are suggested to exist 

prior to the onset of alcohol abuse. Cross-sectional studies have demonstrated 

abnormalities in brain regions underlying affective processes that may form a 

pathway to the emergence of later alcohol abuse and dependence in vulnerable 

individuals. However, no prospective studies have examined whether these 

abnormalities predict later problems with alcohol.  

Objective: To examine whether individual differences in affect and brain volume 

prospectively predict alcohol-related problems in adolescence.   

Method: Adolescent drinkers (n=98) were recruited from an ongoing prospective, 

longitudinal study examining adolescent emotional development. At age 12, 

participants underwent structural magnetic resonance imaging to obtain volumetric 

data on the amygdala, hippocampus, orbitofrontal cortex (OFC), and anterior cingulate 

cortex (ACC), and completed a self-report measure of affective temperament. At age 

16, participants completed a questionnaire measuring alcohol use, with 39% reporting 

alcohol-related problems in the past year. 

Results: Pre-existing differences in the left ACC predicted problem drinking. Alcohol-

related problems were associated with higher levels of temperamental negative 

affectivity, however these were not correlated with anterior cingulate volumes.  

Conclusions: These findings indicate that individual differences in the structural 

morphology of the anterior cingulate, a region implicated in affective processes, self-

control, and drug addiction, predict later alcohol-related problems. Although this 

finding remained significant after controlling for other substance use and 

psychopathology, future research is required to test its specificity for alcohol use 

disorders.  
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Introduction 

Alcohol abuse makes a substantial contribution to preventable mortality and 

morbidity worldwide, particularly amongst adolescents and young adults (Ezzati et al. 

2002; Rhem et al. 2009). The adolescent brain is thought to be particularly vulnerable 

to the effects of alcohol, due to ongoing processes of brain maturation that involve 

substantial remodelling of regions involved in affective, cognitive, and behavioural 

regulation (Crews et al. 2007; Lubman et al. 2007a; Nixon and McClain, 2010). 

Accordingly, there is growing evidence that alcohol abuse and dependence during 

adolescence are associated with structural brain abnormalities, particularly in 

prefrontal and temporal regions (see Bava and Tapert, 2010, for a review). However, 

while these regions may be sensitive to the effects of alcohol during adolescence, it is 

also possible that deficits or developmental delays in the maturation of some 

structures influence risk for problematic alcohol use during this period. As such, it is 

not clear whether abnormalities observed in studies of adolescents with alcohol use 

disorders reflect neurotoxicity associated with heavy alcohol use or premorbid 

vulnerability factors that increase risk for such disorders.  

Few studies have prospectively examined the neuroanatomical predictors of 

problematic alcohol use. Amongst adolescents with minimal use, altered activation in 

regions involved in response inhibition and working memory have been found to 

predict the initiation of heavy drinking (Wetherill et al., 2013; Norman et al., 2011; 

Squeglia et al., 2012). In addition, a recent study by Jacobus and colleagues (2013) 

found differences in white matter integrity between adolescents who went on to 

initiate heavy alcohol use and adolescents who went on to initiate both heavy alcohol 

and cannabis use, although no comparisons were made with non-substance using 



 

 

5 

controls. To our knowledge, no other studies have prospectively examined whether 

structural differences exist before the onset of heavy alcohol use.  However, cross-

sectional research examining the offspring of alcoholics has provided evidence that 

some abnormalities in brain structure and function may exist prior to the onset of 

alcohol abuse or dependence. Relative to healthy controls, individuals considered to 

be at high genetic risk for alcoholism have been found to demonstrate smaller 

volumes of the frontal cortex (Benegal et al. 2006; Hanson et al. 2010; Hill et al. 

2009) and amygdala (Hill et al. 2001; Benegal et al. 2006), both smaller (Benegal et 

al. 2006; Sjoerds et al. 2012) and larger (Hanson et al. 2010) volumes of the 

hippocampus and parahippocampal gyri, as well as altered white matter 

microstructure in tracts connecting prefrontal to cortical, striatal, and cerebellar 

regions (Herting et al. 2011; Herting et al. 2010). In addition, functional imaging 

studies have found altered activity in regions involved in responding to reward, 

including the amygdala (Glahn et al. 2007; Heitzeg et al. 2008), as well as in frontal 

regions implicated in reward processing and cognitive control, including the anterior 

cingulate cortex (ACC) and medial prefrontal regions (Acheson et al. 2009; Spadoni 

et al. 2008; Silveri et al. 2011; Kareken et al., 2010; Hill et al., 2007; Heitzeg et al., 

2008; Heitzeg et al. 2010). While this field is still in its infancy, these studies provide 

evidence that individuals at risk for alcoholism demonstrate abnormalities in brain 

structure and function in the absence of any clinically significant problems with 

alcohol. 

The current study aimed to add to this literature by examining whether 

individual differences in brain volume could prospectively predict the experience of 

alcohol-related problems in a sample of healthy adolescents. In addition, we examined 

the influence of affective temperament on alcohol-related problems in the same 
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sample. There is considerable evidence that individual differences in affective 

functioning (i.e., the processes by which emotions are generated, maintained, and 

managed) are associated with the abuse of alcohol and other substances, regardless of 

whether a positive family history of alcoholism is present (Cheetham et al. 2010). In 

particular, negative affect (NA) has been frequently linked to indices of problematic 

alcohol use in adolescence and young adulthood. This includes evidence supporting a 

relationship between high trait negative affectivity and alcohol-related problems in 

community samples (e.g., Stewart et al. 2001), as well as the co-occurrence of alcohol 

use disorders with affective psychopathology (i.e., mood and anxiety disorders; 

Kushner et al. 2000; Page et al. 1996; Schuckit et al. 1997). Indeed, while drinking in 

response to negative affect does not appear to be a consistent predictor of alcohol use 

itself, it is frequently associated with alcohol-related problems during adolescence 

(e.g., Merrill and Read, 2010; Simons et al. 2005; Kassel et al. 2000; Gaher et al. 

2006). Affect regulation, which can refer to both the regulation of internal affective 

states as well as the control of overt behaviors driven by affective processes 

(Eisenberg et al. 2000), is also likely to be associated with problematic alcohol use 

during this period. Poor regulation of behavior and emotion (operationalized, for 

example, by personality constructs such as impulsivity) has been found to increase 

risk of heavy drinking in adolescence, as well as the experience of alcohol-related 

problems (Simons et al., 2005; Simons et al. 2004; Colder and Chassin, 1999).  

Both negative affect and affect regulation are thought to involve distinct but 

overlapping neural circuits (Whittle et al. 2006), many of which are also critically 

involved in the neurobiological processes that characterise addiction (Goldstein and 

Volkow, 2002; Koob, 2006; Lubman et al. 2004; Volkow et al. 2012). Specifically, 

negative affect is believed to have a basis in limbic regions, in particular the amygdala 
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and hippocampus (Whittle et al. 2006; Aggleton and Young, 2000). Larger 

hippocampal and amygdala volumes have been associated with risk for disorders 

characterised by high levels of negative affect, with these regions decreasing in size 

with duration of illness (Whittle et al. 2006; Frodl et al. 2003; Hanson et al. 2008). In 

contrast, affect regulation is thought to involve the top-down regulation of limbic 

regions by structures implicated in inhibition and executive control, including the 

dorsal region of the ACC and the orbitofrontal cortex (OFC; Whittle et al. 2006;  

Etkin et al. 2011; Shackman et al. 2011; Kringelbach and Rolls, 2004). Smaller 

volumes or damage to these regions is associated with poor control over cognitive and 

affective processes, as well as impulsive, disinhibited, and socially inappropriate 

behaviours (Asami et al. 2008; Vasic et al. 2008; Guiliani et al. 2011; Kringelbach 

and Rolls, 2004). As noted above, the offspring of alcoholics have been found to 

show structural or functional abnormalities in these regions when compared to healthy 

controls. Moreover, a number of studies have provided evidence that these 

abnormalities are related to the processing of negative affective stimuli and the ability 

to regulate affective responses and affect-driven behaviours (e.g., Acheson et al., 

2009; Glahn et al., 2007; Heitzeg et al., 2008). Although the aim of the current study 

was to test the independent contributions of brain structure and temperament, these 

findings provide preliminary evidence that abnormalities in the brain regions that 

underpin affective processes may form a pathway to the emergence of later alcohol 

abuse and dependence in vulnerable individuals (Tessner and Hill, 2010).  

We used a longitudinal design to examine whether differences in brain volume 

and affective temperament (measured at age 12) could predict the subsequent 

emergence of alcohol-related problems (measured at age 16). As multiple studies 

have provided evidence that smaller frontal volumes are associated with risk for 
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alcoholism (Benegal et al., 2006; Hanson et al., 2010; Hill et al., 2009), it was 

expected that risk for alcohol-related problems would be associated with smaller 

volumes of the ACC and OFC. In contrast, it was expected that risk would be 

associated with larger volumes of the amygdala and hippocampus, as although both 

larger (Hanson et al. 2010) and smaller (Hill et al. 2001; Benegal et al. 2006; Sjoerds 

et al. 2012) volumes of subcortical structures have been reported in high-risk 

offspring, there is evidence that risk for disorders characterized by high NA are 

associated with an increase in volume of these regions. In accordance with past 

research, we expected that high levels of negative affectivity and low affect regulation 

would also increase the risk of later problems.  

 

Methods and Materials 

Participants   

The sample consisted of 51 females and 47 males (mean age at baseline 12.7, SD±0.5 

years, range 11.8-13.6; mean age at follow-up 16.5, SD±0.5 years, range 15.4-17.6). 

Participants were recruited from schools across metropolitan Melbourne, Australia, as 

part of a larger study on adolescent development (see Yap et al. 2010). The selection 

procedure for the larger study involved administering the Early Adolescent 

Temperament Questionnaire – Revised (Ellis & Rothbart, 2001) to participants during 

class time, for the purpose of selecting a smaller sample that represented a broad 

spectrum of risk for later onset of psychopathology. Specifically, we recruited equal 

numbers of male and female participants who had scores that were 0-1, 1-2, 2-2.5, 

and greater than 2.5 standard deviations above and below the mean for the EATQ-R 

temperament dimensions of Negative Affectivity and Effortful Control. This resulted 

in a smaller sample (n=245) that over-represented adolescents with scores in the tails, 
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but retained the range in temperament seen in the larger screening sample 

(temperament scores in the selected sample remained normally distributed).  

At the baseline assessment, 155 of these adolescents underwent structural 

magnetic resonance imaging, and were again administered the EATQ-R. At the 

follow-up assessment, which took place approximately 4 years (3.8±0.5) after the 

baseline assessment, 121 of these participants completed a questionnaire measuring 

substance use.  There were no differences between participants who completed the 

follow-up assessments and participants who did not on measures of affective 

temperament (all p values >.39), or brain volume (all p values >.17). As the aim of 

this study was to examine risk factors for alcohol-related problems amongst 

adolescent drinkers, non-drinkers were excluded, leaving a total of 98 participants. 

Psychopathology was assessed using the Schedule for Affective Disorder and 

Schizophrenia for School-Aged Children: Epidemiologic Version (K-SADS-E 

[Orvaschel and Puig-Antich, 1994]) at the baseline and follow-up assessments. 

Thirty-eight participants met criteria for one or more lifetime psychiatric disorders 

(see Table 1 for detail on specific psychopathology at each time point). Informed 

consent was obtained in accordance with the guidelines of the Human Research and 

Ethics Committee of the University of Melbourne.  
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Table 1. Specific psychopathology at baseline and follow-up assessments. 

Psychopathology (n =38) Baseline assessment  Follow-up assessment 

 Past 

disorder 

Current 

disorder 

 Past 

disorder 

Current 

disorder 

Major depressive disorder (MDD)    10  

Depressive disorder NOS
 a
    2  

Post-traumatic stress disorder (PTSD)    1 1 

Social phobia  5   2 

Specific phobia  6    

Obsessive compulsive disorder (OCD)     1 

Separation anxiety 1   1  

Adjustment disorder with depressed mood    3  

Oppositional defiant disorder (ODD) 1 2  1 2 

Conduct disorder (CD)    4 1 

ADHD
b
  1    

Attention deficit disorder (ADD)  1    

Substance use disorder
 c
    2 1 

Alcohol use disorder
 c
    3 1 

a 
Depressive disorder not otherwise specified. 

b
Attention deficit hyperactivity disorder.

 . 

c
Had not used any substance (tobacco, alcohol, cannabis, or other illicit drug) at baseline assessment. 

 

 

Measures 

MRI image acquisition and morphometric analysis 

Magnetic resonance imaging scans were acquired using a 3-T scanner at the Brain 

Research Institute, Melbourne, Australia. A gradient echo volumetric acquisition 

sequence was used to obtain 124 T1-weighted contiguous 1.5mm thick slices. 

Imaging parameters were as follows: repetition time=36ms; echo time=9ms; flip 

angle=35 degrees, field of view=20cm squared, pixel matrix=410x410; voxel 

dimensions=0.4883x0.4883x1.5mm).  

All regions of interest (ROIs) were defined and quantified based on techniques 

developed and validated by the Melbourne Neuropsychiatry Centre and manually 

traced using ANALYZE software (Mayo Clinic, Rochester, NY; 

http://www.mayo.edu/bir/). An automated segmentation tool (FSL) was used to 

segment grey matter, white matter, and cerebrospinal fluid (Zhang et al. 2001). An 

estimate of whole brain volume (WBV) was obtained by summing grey and white 
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matter pixel counts (i.e. cerebral grey and white matter, the cerebellum, and the 

brainstem). Within the defined ROIs, amygdala and hippocampal estimates were 

based on total voxels, while ACC and OFC estimates were based on grey matter pixel 

counts. Intra- and inter-rater reliabilities (the latter with a second trained rater) were 

calculated for each raw ROI volume on a separate set of ten images. Intraclass 

correlation coefficients (most >0.9 and none <0.8) were deemed acceptable for all 

ROIs. All ROIs were traced prior to the collection of data on alcohol use, and the 

assignment of participants to groups for analysis.  

The methods used to define each ROI were as follows (see Whittle et al., 

2008, for further detail). The amygdala and hippocampus were traced according to an 

adaptation of the guidelines described by Velakoulis and colleagues (1999), and were 

separated according to the protocol of Watson and colleagues (1992). The boundaries 

of the OFC were based on the method used by Riffkin and colleagues (2005). The 

boundaries of the ACC were established according to the protocol outlined by Fornito 

and colleagues (2006), whereby separate limbic and paralimbic regions are defined 

according to individual differences in the morphology of the cingulate, paracingulate, 

and superior rostral sulci. This method further divides the ACC into dorsal, rostral, 

and ventral regions, resulting in six ACC subregions: dorsal limbic, dorsal paralimbic, 

rostral limbic, rostral paralimbic, ventral limbic, and ventral paralimbic (Fig. 1).  
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Fig. 1. Example tracing of the six ACC subregions. Light blue = dorsal paralimbic 

ACC; dark blue = dorsal limbic ACC; light green = rostral paralimbic ACC; dark 

green = rostral limbic ACC; light red = ventral paralimbic ACC; dark red = ventral 

limbic ACC. 

 

Affective temperament 

Negative affect and affect regulation were measured using the Early Adolescent 

Temperament Questionnaire – Revised (EATQ-R; Ellis and Rothbart, 2001). The 

EATQ is specifically designed to assess trait affective temperament during 

adolescence, and comprises four higher-order factors: Negative Affectivity, 

Affiliation, Surgency, and Effortful Control. Only data regarding Negative Affectivity 

(which measures tendency to experience frustration or anger in response to blocked 

opportunities or goals) and Effortful Control (which measures the capacity to inhibit 

inappropriate responses and focus and shift attention) were used in the current study. 

Cronbach’s alpha values for the school screening and baseline assessments were 0.82 

and 0.78 respectively, for Negative Affectivity, and 0.82 and 0.83 respectively, for 

Effortful Control. Given that correlations between the two self-report measurements 
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were moderately high for all scales (ranging from 0.42 to 0.66), scores from the 

school screening were combined with scores from the baseline assessment, in order to 

obtain an average measure that more accurately reflected trait components of 

temperament.  

 

Substance use 

At follow-up, the Youth Risk Behavior Survey (CDC, 1999) was used to assess 

substance use. Lifetime alcohol use was assessed with the question “During your life, 

on how many days have you had at least one drink of alcohol?” Alcohol-related 

problems were assessed with the question “In the past 12 months, did your use of 

alcohol ever cause you to (a) get so drunk you were sick or passed out; (b) have 

trouble at home, work, or school; (c) get injured or have an accident; (d) become 

violent and get into a fight; (e) have sex with someone which you later regretted; (f) 

get in trouble with the police; (g) be unable to remember what happened the night 

before; (h) be asked to leave a party, pub, or club because you were drunk; (i) feel you 

were not able to stop drinking once you started; (j) feel irritable or depressed when it 

wasn’t available” (Little et al., 2013). Participants were instructed to circle yes or no 

for each of the 10 problems listed.   

 

Socioeconomic Status (SES) 

A measure of SES was derived using data on parental occupation at baseline. 

Occupations were coded according to the ANU_4 scale (Jones and McMillan, 2001), 

a socioeconomic index derived specifically for the Australian context that classifies 

occupation based on social and economic characteristics. For parents with missing 
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occupational data, a measure of education was substituted (total years in school, 

scaled to reflect ANU_4 codes). 

 

Intelligence (IQ) 

The fourth version of the Weschler Intelligence Scale for Children (WISC-IV) was 

used to assess IQ at baseline. Estimated full-scale IQ (FSIQ) scores were derived 

using scores on the verbal comprehension, matrix reasoning, and symbol search 

subtests, in accordance with the methods described in Sattler and Dumont (2004). 

FSIQ scores from a later assessment (conducted approximately 2.5 years after the 

baseline assessment) were used for six participants who had missing data at the 

baseline assessment.  

 

Statistical Analysis 

Given the young age of the sample and the lack of any predefined risk characteristics, 

rates of alcohol-related problems were expected to be low. Therefore, responses were 

collapsed across all 10 items to form two groups (experienced/not experienced 

problems) and data were analyzed using logistic regression. Lifetime alcohol use, 

gender, and age at follow-up were entered into the first block to control for their 

contribution to variance in the experience of alcohol-related problems, with each 

independent variable entered separately in the second block. All brain regions were 

corrected for whole brain volume, separately by gender, using the covariance 

approach outlined by Free and colleagues (1995). 

 

Results 
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At the follow-up assessment, 38 participants reported experiencing at least one 

alcohol-related problem over the past year. The distribution of problems was 

positively skewed, with 14 (37%) reporting one problem, 8 (21%) reporting two 

problems, 7 (18%) reporting three problems, 3 (8%) reporting four problems, 3 (8%) 

reporting five problems, and 3 (8%) reporting six problems. The most common 

problems reported were (a) get so drunk you were sick or passed out, and (g) be 

unable to remember what happened the night before (Table 2). 

Table 2. Alcohol-related problems reported by type.  

 
Problem n (%) 

    (a) Get so drunk you were sick or passed out 27 

    (b) Have trouble at home, work, or school 11 

    (c) Get injured or have an accident 2 

    (d) Become violent and get into a fight 6 

    (e) Have sex with someone which you later regretted 3 

    (f) Get in trouble with the police 6 

    (g) Be unable to remember what happened the night before 25 

    (h) Be asked to leave a party, pub, or club because you were drunk 5 

    (i) Feel you were not able to stop drinking once you started 7 

    (j) Feel irritable or depressed when it wasn’t available 3 

Total problems reported 95 

n = 38 

 

Eighteen participants reported an age of onset of 12 or under (i.e., at or before 

the baseline assessment). However, these participants were not removed from the 

primary analysis as their levels of alcohol use at age 16 were relatively low (on 

average, they reported drinking on 34 days in their lifetime [SD=36.25, range=3-100 

days], with none meeting criteria for alcohol abuse or dependence), and it was likely 

that the majority of these days occurred during the 4-year period between the baseline 

and follow-up assessments (as heavy or regular drinking is a relatively uncommon 

occurrence in Australia prior to the age of 14; White & Smith, 2009). As the lower 

range at which structural abnormalities have been found in adolescents appears to be 

1-2 years of heavy drinking, with consumption levels of 20 drinks per month (see 
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Squeglia et al., 2009, for a review), it was considered unlikely that pre-baseline use 

would act as a confound within this sample. Nevertheless, as there may not be a linear 

association between consumption and damage (as certain periods may be more critical 

than others), secondary analyses were conducted to determine whether the removal of 

these participants impacted upon any of the main findings. 

Adolescents who had experienced alcohol-related problems in the past year 

reported greater use of alcohol and other substances than those who had not 

experienced problems, as well as an earlier onset of tobacco use (Table 3). There were 

no differences between groups on any demographic variables (age, gender, IQ, 

handedness, or SES). 

 

Table 3. Demographic and substance use characteristics of problem and no-problem 

groups 
 

Participant characteristics Problems 

(n=38) 

No problems 

(n=60) 

P 

value
a
 

Age at follow-up (M, SD) 16.5 (0.5) 16.5 (0.5) .836 

Female (%) 19 (47.3%) 32 (53.3%) .748
b
 

IQ (M, SD)
 
 104.6 (12.4) 105.1 (9.7) .785 

Right handed (%) 34 (89.5%) 54 (90.0%) .933
b
 

Participant SES
 c
 (M, SD) 54.8 (21.0) 59.7 (19.8) .248 

Any psychopathology at follow-up
d
 23 (61.2%) 15 (25.0%) <.001 

Substance use involvement at follow-up    

      Used any alcohol (%) 100% 100%  -----         

      Reported age of onset of alcohol use (M, SD) 13.1 (1.7) 13.7 (1.6) .113 

      Average lifetime days drinking (M, SD) 44.9 (35.1) 15.2 (17.2) <.001 

      Average days drinking over past month (M, SD) 4.5 (4.2) 1.8 (3.4) <.001 

      Used any tobacco (%) 29 (76.3) 17 (28.3) <.001
b
 

      Reported age of onset of tobacco use (M, SD) 14.6 (1.6) 15.6 (1.6) .005 

      Average days tobacco used over past month (M, SD) 8.8 (12.5) 2.4 (7.4) .063 

      Used any cannabis (%) 19 (50.0%) 9 (15.0%) <.001
b
 

      Average age of onset of cannabis use (M, SD) 14.7 (0.9) 15.0 (0.7) .483 

      Average lifetime days using cannabis (M, SD) 9.5 (33.0) 1.8 (11.6) .099 

      Average times cannabis used over past month (M, SD) 2.3 (4.6) 0.4 (1.3) .262 

      Used other illicit drugs
e 

2 (5.0%) 3 (6.6%) .954
b
 

a 
Two-tailed t test unless otherwise stated. 

b
Chi-squared test.

  

c
 Higher score reflects higher SES 

d
 Diagnoses in the problem group included MDD (n=7), Depressive disorder NOS (n=1), 

PTSD (n=1), social phobia (n=3), specific phobia (n=2), OCD (n=1), separation anxiety 

(n=2), adjustment disorder with depressed mood (n=2), ODD (n=3), conduct disorder (n=6), 
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ADD (n=1), alcohol abuse (n=2), alcohol dependence (n=2), substance abuse (n=1), 

substance dependence (n=2). Diagnoses in the no problem group included MDD (n=3), 

Depressive disorder NOS (n=1), PTSD (n=1), social phobia (n=4), specific phobia (n=4), 

adjustment disorder with depressed mood (n=1), ODD (n=3), conduct disorder (n=1), ADHD 

(n=1). 

 

Table 4 presents mean brain volumes for each region. Correlations between 

regional brain volumes, Negative Affectivity, and Effortful Control are presented in 

Table 5. Large positive correlations were evident between related brain regions (e.g., 

between the same structures in different hemispheres). However, there were only a 

small number of weak correlations between brain volumes and behavioural and self-

report variables. Effortful Control was positively correlated with volumes of the left 

and right amygdala, and the left hippocampus, while Negative Affectivity was 

negatively correlated with volumes of the left amygdala. 
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Table 4. Means and standard deviation (s.d.) of regional brain volumes (prior to and following correction for WBV). 
 

 Uncorrected volumes  Corrected volumes 

Brain region Full sample  

M (s.d.) 

 Problems  

M (s.d.) 

 No problems  

M (s.d.) 

 Full sample 

M (s.d.) 

 Problems 

M (s.d.) 

 No problems 

M (s.d.)      

L amygdala 1884.1 (238.4)  1867.1 (220.9)  1894.9 (250.1)  1881.3 (215.0)  1850.0 (191.7)  1901.1 (227.9) 

R amygdala 1831.4 (273.1)  1813.6 (290.2)  1842.7 (263.6)  1828.6 (241.8)  1796.5 (246.6)  1848.9 (238.5) 

L hippocampus 2793.6 (337.7)  2838.8 (374.7)  2765.0 (312.0)  2971.9 (318.5)  2833.6 (345.1)  2765.5 (300.4) 

R hippocampus 2950.9 (345.9)  2974.1 (358.4)  2936.3 (340.0)  2947.5 (318.0)  2963.7 (325.9)  2937.3 (315.3) 

L limbic ACC 4940.7 (1734.8)  5302.1 (1593.0)  4714.1 (1794.2)  4936.7 (1726.8)  5282.5 (1605.9)  4719.8 (1777.4) 

L paralimbic ACC 5420.5 (2113.7)  4807.1 (1776.4)  5798.7 (2227.7)  5418.2 (1973.2)  4813.6 (1549.2)  5791.0 (2121.4) 

R limbic ACC 5887.8 (1844.7)  5939.1 (1943.3)  5855.3 (1795.4)  5881.6 (1800.5)  5936.9 (1869.6)  5846.5 (1770.4) 

R paralimbic ACC 4668.4 (1731.2)  4596.0 (1702.9)  4716.7 (1763.2)  4651.5 (1663.9)  4539.5 (1561.5)  4726.8 (1738.3) 

L OFC 20101.4 (4374.9)  19528.0 (4842.4)  20464.6 (4051.7)  20055.1 (3763.5)  19382.4 (3905.0)  20481.1 (3639.7) 

R OFC 20757.5 (3989.6)  20111.7 (4123.9)  21166.6 (3881.4)  20718.5 (3357.8)  20066.5 (3349.7)  21131.5 (3324.6) 

 

n Full sample = 98; n Problems = 38; n No problems = 60 
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Table 5. Pearson correlations between brain volumes and affective temperament 

 1 2 3 4 5 6 7 8 9 10 11 12 

1.  NA 1            

2.  EC -.59
***

 1           

3. Left amygdala -.21
*
 .24

*
 1          

4. Right amygdala -.14 .21
*
 .63

***
 1         

5. Left hipp. -.13 .22
*
 .14 .16 1        

6. Right hipp. -.12 .15 .12 .06 .82
***

 1       

7. Left lACC .02 .03 .03 .01 .08 .10 1      

8. Left pACC -.08 .17 .03 .03 .03 .01 -.48
***

 1     

9. Right lACC .00 -.01 -.18 -.18 .18 .10 -.25
*
 .34

**
 1    

10. Right pACC -.01 .09 .11 .11 -.04 -.02 .14 .23
*
 -.42

***
 1   

11. Left OFC -.11 .14 .20 -.22
*
 .02 -.05 .16 .10 .05 .20 1  

12. Right OFC .00 .08 .19 .16 .01 -.10 .15 .12 .05 .21
*
 .81

***
 1  

* = <.05, ** = <.01, *** = <.001 

Note. NA = Negative Affectivity, EC = Effortful Control, hipp. = hippocampus; OFC = orbitofrontal cortex, lACC = limbic 

anterior cingulate cortex, pACC = paralimbic anterior cingulate cortex. 

 

Logistic regression results are presented in Table 6. As noted, all analyses controlled 

for gender, age, and lifetime drinking
1
. Gender and age were not significant predictors of 

alcohol-related problems for any analysis (all p values >.45). Lifetime drinking was found to 

violate the assumption of linearity in the log odds of the dependent, and was dichotomised 

using a median split into 1-14 days drinking (n=49) and >14 days drinking (n=49) (Hosmer 

and Lemeshow, 2000). There was a significant association between drinking group and the 

experience of alcohol-related problems (χ
2

 =21.432, p=<.001), and being in the >14 days 

drinking category consistently increased the odds of experiencing alcohol-related problems 

when included as a covariate (ORs between 5.524-26.575, all p values <.001).  

                                                             
1 The effect of ACC volume on alcohol-related problems was significant prior to controlling for all covariates, 

including lifetime drinking. However, as the aim of this study was to identify characteristics that predicted 

problematic use independently of heavy alcohol use, these associations are not reported. 
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Analysis of MRI data showed that alcohol-related problems were predicted by smaller 

volumes of the left paralimbic ACC. There was a trend for problems to be predicted by larger 

volumes of the left limbic ACC, though this did not reach significance. Examination of 

paralimbic subregions showed differences in rostral (OR=.930, CI=.891-.972, p=.001) and 

dorsal (OR=.889, CI=.827-.956, p=.002) regions, but not the ventral region. Analysis of 

affective temperament variables showed that alcohol-related problems were predicted by 

higher levels of Negative Affectivity (OR=2.039, CI=1.083-3.840, p=.027), but were not 

associated with Effortful Control (OR=.516, CI=.229-1.163, p=.110).  
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Table 6: Differences in regional brain volumes between groups.  

 Experienced alcohol-related problems
 a
 

 OR
b 

CI (95%)
c 

P 

Amygdala    

    Left .928 .732-1.177 .536 

    Right .943 .773-1.150 .561 

Hippocampus    

    Left 1.092 .924-1.290 .303 

    Right 1.050 .889-1.240 .567 

ACC    

    Left limbic 1.028 .998-1.059 .067 

    Left paralimbic .947 .917-.979 .001 

    Right limbic .756 .969-1.023 .912 

    Right paralimbic .977 .948-1.008 .140 

OFC    

    Left OFC .990 .976-1.004 .169 

    Right OFC .998 .971-1.004 .146 
a
 Reference category: did not experience problems. 

b
 Odds ratio. 

c
 Confidence intervals. 

 

 

To explore whether significant group differences were due to lifetime use of other 

substances, or to early alcohol use, a series of secondary analyses were conducted. First, 

analyses were re-run with lifetime use of tobacco and cannabis included as covariates. For 

both substances, differences in overall left paralimbic, and left dorsal and rostral paralimbic 

ACC volumes remained significant (all p values <.004).  Significant differences between 

groups also remained for Negative Affectivity (p values <.029).  Second, participants who 

reported any alcohol use prior to the MRI assessment (i.e., age 12 or under; 18 participants in 

total) were removed and the analyses re-run. Again, differences in all left paralimbic regions 

remained significant (all p values <.008), however differences in Negative Affectivity 

dropped back to a trend (p=.069). Finally, analyses were run to determine whether group 

differences in ACC volumes could be accounted for by lifetime psychiatric disorder. When 

psychopathology was added as a covariate, the relationship between ACC volume and 

alcohol-related problems remained significant (all p values <.003), while the relationship 

between negative affectivity and alcohol-related problems did not (p=.228). This latter 
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finding is not unexpected, given the evidence that high NA is a risk factor for a range of later 

psychopathologies (Nigg, 2006; Whittle et al., 2006). 

 

Discussion 

Using a prospective design in which measures of brain volume were taken during 

early adolescence (age 12) and used to predict alcohol-related problems four years later (age 

16), we found that smaller volumes of the left dorsal and rostral paralimbic ACC increased 

the odds of experiencing later problems. Alcohol-related problems were also predicted by 

higher rates of temperamental negative affectivity, although this relationship was no longer 

significant after controlling for lifetime psychopathology. All variables were found to be 

significant predictors even after controlling for lifetime alcohol use, suggesting they represent 

characteristics that are specifically conducive to problematic use, even after the propensity to 

engage in heavy drinking is taken into account. To our knowledge, the current study 

represents the first attempt to determine whether structural abnormalities both predate and 

predict the initial stages of problematic alcohol use during adolescence.   

The ACC subserves a range of higher-order executive functions including attention, 

decision-making, error monitoring, and impulse control (Bush et al., 2000). The role of the 

ACC in these functions has led to its inclusion in many major theories of addiction, where it 

is believed to form part of an inhibitory system that exercises control over reward-related 

behaviour (Goldstein and Volkow, 2002; Koob, 2006; Yucel and Lubman, 2007; Volkow et 

al. 2012). Although dysfunction in this system is thought to arise as a result of chronic 

substance abuse, it is possible that some deficits may be pre-existing and contribute to the 

emergence of early problems with alcohol. For example, studies of heroin and cocaine 

dependent individuals have found that hypoactivation in the rostral ACC is associated with 

deficits in response inhibition and impulse control (Li et al. 2009; Forman et al. 2004), while 
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long-term opiate addicts demonstrate metabolic changes in the dorsal ACC that may relate to 

poor inhibitory control over drug-related behavior (Yücel et al. 2007). Hyperactivation in the 

left dorsal ACC has also been found in individuals with a family history of alcoholism during 

a reward-based decision-making task (Acheson et al. 2009). If the volumetric differences 

found in the current study are associated with similar functional impairments, pre-existing 

differences in dorsal and rostral regions could be associated with an increased tendency 

towards risky decision-making or impulsive behaviour in situations where alcohol is 

involved, which may increase the likelihood of experiencing negative consequences 

associated with use.  

It has been suggested that pre-existing neural abnormalities may underlie some of the 

affective processes that have been found to increase risk for problems with alcohol (Tessner 

& Hill, 2010). In line with previous research, we found a direct relationship between negative 

affect and the experience of alcohol-related problems. However, despite evidence that the 

ACC is involved in both the experience and expression of negative affective states as well as 

the cognitive control of affect (Etkin et al. 2011; Shackman et al. 2011), ACC volumes were 

not correlated with either measure of affect used in the current study. Potentially, structural 

differences in this region may not be closely associated with the aspects of affect that are 

associated with vulnerability. However, it is also important to note that another study from 

our research group (which utilized the full sample of 155 participants; Whittle et al. 2008) 

found that smaller left dorsal paralimbic ACC volumes were associated with higher levels of 

temperamental negative affectivity. Further research in this sample is therefore needed to 

determine whether the observed relationship between negative affect and alcohol-related 

problems has a neural basis. As an internalizing (i.e., negative-affect driven) pathway to 

substance use problems may emerge later in adolescence (Zucker et al. 2009), assessing 
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whether temperament mediates the relationship between brain volume and alcohol-related 

problems in this sample at a later age may help clarify this issue. 

Volumes of the amygdala and hippocampus were not associated with experiencing 

alcohol-related problems. Potentially, the abnormalities that have been found in these regions 

in studies examining the offspring of alcoholics may be due to the selection of ultra-high risk 

samples (e.g., Hill et al., 2007, 2009; Benegal et al., 2006). Although familial risk status was 

not assessed in this sample, it is likely to be much lower than these studies. More generally, 

these findings also lend support to the possibility that the abnormalities that have been found 

in temporal regions amongst adolescent heavy drinkers may reflect the neurotoxic effect of 

long-term ethanol exposure, or the sensitivity of these regions to the adverse effects of 

alcohol during adolescence (Bava and Tapert, 2010). Volumes of the OFC were also not 

associated with later alcohol-related problems, although it is interesting to note that smaller 

OFC volumes have been found to predict the initiation of cannabis use within the same 

sample (Cheetham et al. 2012). As both the OFC and ACC undergo extensive remodelling 

during adolescence, these findings could reflect a developmental delay in the maturation of 

frontal regions amongst vulnerable individuals. A delay in reaching age-appropriate frontal 

volumes has been proposed as one means by which the offspring of alcoholics are at 

increased risk of alcohol problems (Hill et al. 2009), and multiple studies have provided 

evidence that ACC and OFC dysfunction are associated with addictive behavior more 

generally (see Dom et al. 2005; Volkow et al, 2012), for reviews). Although it is unclear why 

OFC volumes did not predict alcohol-related problems (and similarly, why ACC volumes 

were not related to cannabis use), it is likely that very different motivations are associated the 

emergence of problems associated with a legal and culturally accepted substance, versus 

initial experimentation with an illegal one. 
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While this study represents one of the first prospective examinations of the 

relationship between brain volume and the initial stages of problematic alcohol use in 

adolescence, there are a number of limitations to consider. First, given the low number of 

problems reported by most participants, we were unable to separate the alcohol-related 

problems group by the type or number of problems experienced. Results may differ when 

types of adverse consequences are compared (e.g., health-related problems versus alcohol-

related violence [Merril et al. 2010]). Examining healthy participants at a developmental 

period in which alcohol use was minimal also precluded the examination of the heavier and 

more problematic patterns of drinking that typically emerge later in adolescence. Thus, while 

these findings provide information about the relationship between ACC volume and early 

problems with alcohol, further research will be needed to understand the potential 

contribution of this region to alcohol abuse or dependence. Second, data on family history of 

drug and alcohol problems was unavailable. Although this does not detract from the 

fundamental conclusions of the study, it is nonetheless important to understand whether the 

findings represent something specific to those at genetic risk, or can be generalised to the 

wider community. In regards to the generalisability of findings, it is also important to note 

that due to the selection procedure of the larger study from which participants were drawn 

from, the subjects included in the current study may not represent a normal range of 

temperamental variation. Third, many of the findings would not survive correction for 

multiple comparisons. However, given the growing cross-sectional evidence that risk for 

alcoholism may be accompanied by abnormalities in multiple neural pathways (Tessner & 

Hill et al. 2010), it was considered to be of more scientific importance to include all relevant 

variables than to narrow the focus simply to avoid an increased risk of Type 1 error. While 

the risk of Type 1 error remains a limitation of this study, the consequences of this should be 

weighed against the importance of obtaining data on relationships that, if replicated, could 
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have important consequences for how risk for problematic alcohol use is conferred during 

adolescence.  

A final limitation involves the potentially confounding influences of psychopathology 

and other substance use. In total, only four participants experienced alcohol-related problems 

without also meeting criteria for one or more psychiatric disorders, or reporting use of 

tobacco and/or cannabis. While high rates of other substance use and psychopathology are 

arguably normative amongst adolescent problem drinkers (e.g., Lubman et al., 2007b; 

Kuntche et al., 2004; Rohde, Lewinsohn, & Seeley, 1996), this finding nonetheless 

complicates the interpretation of results as reflecting risk factors for alcohol-related problems 

specifically. Potentially, the issue of confounding variables could be dealt with in the study 

design by separating participants into groups (e.g., with/without psychiatric comorbidity, 

with/without other substance use), however this would require a far larger sample size than 

could be reasonably expected by a longitudinal imaging study. Thus, while we have 

established that the relationship between ACC volume and alcohol-related problems survives 

the inclusion of lifetime psychiatric disorder and lifetime tobacco and cannabis use as 

covariates, we cannot conclude that smaller ACC volumes are exclusively related to 

problems with alcohol. Indeed, given the research indicating that ACC abnormalities play a 

role in addiction more generally, it is likely that smaller volumes in this region would also 

confer risk for other aspects of problematic substance use, which, due to the young age of this 

particular sample, are yet to emerge. 

By examining the relationship between brain volume and alcohol-related problems 

prospectively, this study provides some of the first evidence that brain abnormalities both 

predate and predict problematic alcohol use. This finding has important implications for how 

we conceptualise the neurobiological sequelae of alcoholism, as it suggests that at least some 

of the structural alterations found in heavy, long-term drinkers may be premorbid.  
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