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Abstract

Background—Difficulty with impulse control is heightened in children with a family history of

alcohol use disorders and is a risk factor for later substance problems. Cross-sectional fMRI

studies have shown altered impulse control processing in family history positive adolescents, yet

developmental trajectories have yet to be examined.

Methods—Longitudinal fMRI was conducted in children of alcoholic (FH+; n=43) and control

families (FH−; n=30) starting at ages 7-12yr. Participants performed a go/no-go task during fMRI

at 1- to 2-yr intervals, with 2-4 scans per subject. We implemented a repeated-measures linear

model fit across all subjects to conduct a whole-brain search for developmental differences

between groups.

Results—Performance improved with age in both groups and there were no performance

differences between groups. Significant between-group differences in linear age-related activation

changes were found in the right caudate, middle cingulate, and middle frontal gyrus. Post-hoc

analyses revealed significant activation decreases with age in the caudate and middle frontal gyrus

for FH− subjects, and a significant increase with age in middle cingulate activation for the FH+

group. Group differences were evident as early as age 7-12yr, even in alcohol and drug naïve
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participants, with the FH+ group showing significantly blunted activation compared to FH−

subjects at baseline.

Conclusions—Differences in response inhibition circuitry are visible as early as childhood in

FH+ individuals; this continues into adolescence, displaying trajectories that are inconsistent with

normal response inhibition development. These patterns precede problem drinking and may be a

contributing factor for subsequent substance problems.
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Children of alcoholics are at heightened risk for alcohol-use disorders (AUDs) and alcohol-

related problems later in life (1,2). Emotional and behavioral traits can be identified in these

children prior to the onset of drinking that are early predictors of later problem use. One

such trait is behavioral undercontrol (3-5), or an inability, unwillingness, or failure to inhibit

impulses or responses, even when faced with adverse repercussions.

Poor response inhibition is a key mechanism underlying behavioral undercontrol generally,

and vulnerability to disinhibitory psychopathology, such as substance abuse, more

specifically (6). Response inhibition can be assessed using tasks that require a prepotent

response to be withheld, such as the go/no-go paradigm, where individuals respond to

frequent “go” stimuli while inhibiting responses to infrequent “no-go” stimuli. Imaging

studies have found that a right-hemisphere network, including cortical and subcortical

regions known to be involved in executive and motor control, support response inhibition

during this task (7-13).

Evidence suggests that weaknesses in this network may be a risk factor for substance

problems. Heitzeg et al. (14) found abnormal caudate activation during response inhibition

in 16-22 year-olds with a family history of AUD compared to controls, while Schweinsburg

et al. (15) observed a decrease in left middle frontal gyrus activity during response inhibition

in 12-14 year-old family history positive youth. Silveri and colleagues (16) reported greater

recruitment of frontal regions, including right middle frontal and cingulate gyri, in 8-19

year-olds with parental AUDs. Further studies have used follow-up data to retrospectively

classify participants (who were not recruited based on family history) by whether they began

using substances after fMRI scanning to provide a more definitive connection between

neural activation patterns and risk. Norman et al. (17) examined 12-14 year-olds with

limited substance-use histories and used subsequent interviews to later categorize them into

heavy drinkers or controls. The youth who transitioned into heavy drinking showed blunted

activation during no-go trials at baseline, prior to the onset of use, in the frontal cortices and

striatum; this was the first demonstration of atypical activation patterns predicting future

substance use. More recently, Mahmood et al. (18) investigated whether brain responses

during no-go trials in 16-19 year-olds predicted substance use 18 months later. Decreased

activation in ventromedial prefrontal cortex and increased activation in regions such as the

left angular gyrus was reported in participants who later became high frequency substance

users.
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Although evidence indicates that abnormal response inhibition is a risk factor for later

substance problems, no consistent picture has emerged with respect to over- or under-

reactivity for regions within this network. One reason for this may be the variability in

developmental periods during which subjects were scanned in cross-sectional studies. The

ability to successfully inhibit a response increases throughout youth and continues into early

adulthood (19-24), concomitant with the maturation of inhibitory control (25,26). Cross-

sectional fMRI studies of response inhibition have shown that prefrontal activation is

bilateral in children, but lateralizes to the right hemisphere and becomes more focal in

adults, while striatal activation continues to increase with age (27-30). Other studies have

found greater posterior activation in children compared to adults (31). Therefore, significant

and diverse developmental changes are occurring in response inhibition circuitry during the

time when risk for alcohol/drug initiation is sharply increasing. Because of this, identifying

specific neural abnormalities in this circuitry represents a moving target when viewed from

childhood to early adulthood, as the neural differences representing risk are likely quite

different at ages 12-14 versus 16-19. Furthermore, the use of broad age ranges may mask

important developmental differences.

The present study was designed to identify differences in inhibition circuitry development

from childhood to adolescence in those with and without a family history of alcoholism. A

longitudinal study was conducted, with at least 2 and as many as 4 scans per subject, where

data collection occurred at 1- to 2-yr intervals starting at ages 7-12yr and covered the range

of 7-16.9yr. Additionally, a repeated-measures linear model fit across all subjects to conduct

a whole-brain search for developmental differences between groups was implemented.

Based on prior cross-sectional work investigating familial risk, we expected to find

developmental group differences in the prefrontal cortices and striatum. Based on prior

cross-sectional work investigating development, we tentatively hypothesized that emerging

differences would represent either a delay or failure in the specialization of inhibitory

control in the right prefrontal cortex of those with a family history of alcoholism.

Methods and Materials

Participants

Seventy-three right-handed participants (32) aged 7-12yr were recruited from the Michigan

Longitudinal Study (MLS), an ongoing, prospective study of families with high levels of

parental AUD and a contrast sample of nonalcoholic families (33). Families in which the

target child displayed evidence of fetal alcohol effects were excluded.

Participants performed a go/no-go task during fMRI at 1- to 2-yr intervals. Included

participants had at least two fMRI scans, covering the age range of 7-16.9yr. Participants

were divided into two groups: those with at least one parent who had an AUD diagnosis

during the child’s lifetime (FH+; n=43; scans=113), and those with no parental AUD history

within 2 years of the child’s birth or during the child’s lifetime (FH−; n=30; scans=85).

AUD diagnosis was calculated by a clinical psychologist based on Diagnostic Interview

Schedule – Version 4 (34-36), Health History, and Drinking & Drug Use answers

(Supplementary Information).
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Characteristics of these groups are summarized in Table 1—Exclusionary criteria

were neurological, acute, uncorrected, or chronic medical illness; current/recent (within 6

months) treatment with centrally active medications; and history of psychosis or

schizophrenia in first-degree relatives. Participants were given a multidrug urine screen

before scanning starting at age 15. The presence Axis I psychiatric or developmental

disorders was exclusionary, except for conduct and attention deficit/hyperactivity disorders

or prior substance use disorder, as exclusion of these would preferentially eliminate part of

the phenomena of interest. Diagnosis was determined using the Diagnostic Interview

Schedule– Child (37). Participants who were on medication for ADHD were required to stop

taking them at least 48 hours prior to their scan.

All participants and at least one parent gave written assent, as approved by the local

institutional review board.

Participant Measures

Alcohol or drug use, as well as the number of drinking- and/or drug-related problems, were

assessed using the self-report Drinking and Drug History Form for Children (38,39),

administered yearly between 11-17yr as part of the MLS. At ages 6-10, basic information

about alcohol and drug use was collected in which children were asked if they had ever had

more than a sip of alcohol and/or used marijuana or other drugs. Externalizing behavior was

assessed using the Child Behavior Checklist (CBCL) (40), collected between 7-14yr; the

measure collected closest to the baseline fMRI scan was used to calculate means.

fMRI Task

A go/no-go task was used to probe response inhibition and impulse control, using events and

timing based on Durston et al. (30). Participants were instructed to respond to target stimuli

by pressing a button (go trials; all letters except “X”) but make no response to infrequent

non-target stimuli (no-go trials; letter “X”). Stimulus duration was 500ms, followed by

3500ms of fixation. There were 5 separate runs of 49 trials, each lasting 3.5min with short

breaks in between, for a total of 60 no-go trials out of 245 total trials (details in

Supplementary Information). Before scanning, participants practiced on a desktop computer.

False alarms (FA; inhibitory response failure to a no-go trial), hit accuracy (Hit; correct

response to targets), and hit reaction times (HitRT) were calculated as performance

measures.

MRI Data Acquisition

Whole-brain blood oxygenated level-dependent images were acquired on a 3.0 Tesla GE

Signa scanner (Milwaukee, WI) using a T2*-weighted single-shot combined spiral in-out

sequence (41) with the following parameters: TR=2000ms; T=30ms; flip angle=90°;

FOV=200mm; 64×64 matrix; slice thickness=4mm; 29 slices. A high-resolution anatomical

T1 scan was obtained for spatial normalization (three-dimensional spoiled gradient-recalled

echo, TR=25ms; min TE; FOV=25cm; 256×256 matrix; slice thickness=1.4mm).
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Data Analysis

Behavioral Data—Linear mixed model analyses were conducted in SPSS (Version 19.0,

Armonk, NY: IBM Corp) with scan (1st, 2nd, etc) as a repeated measure, subject as a random

factor, family history as a fixed factor, and age and gender as fixed-effect covariates. Main

effects of age, gender, group, and age-by-group interactions were investigated for each

performance measure. Differences in CBCL scores (Table 1) were determined using a

univariate general linear model analysis (n=64; 26 FH−, 38 FH+).

fMRI Data—Functional images were linearly combined and reconstructed using an iterative

algorithm(42,43). Subject head motion was corrected using FSL 5.0.2.2 (FMRIB, Oxford,

UK) (44); runs exceeding 3mm translation or rotation in any direction were excluded (see

Supplemental Information). All remaining statistical analyses were completed using SPM8

(Wellcome Institute of Cognitive Neurology, London, UK). Functional images were

spatially normalized to a standard stereotaxic space as defined by the Montreal Neurological

Institute. A 6mm full-width half-maximum Gaussian spatial smoothing kernel was applied

to improve signal-to-noise ratio and account for anatomical differences.

Individual analyses were completed using a general linear model. Three regressors of

interest (correct no-go, failed no-go, and all go) were convolved with the canonical

hemodynamic response function, with event durations of 4s from stimulus presentation.

Motion parameters and white matter signal intensity were modeled as nuisance regressors to

remove residual motion artifacts and capture non-task-related noise. The main contrast of

interest was correct no-go versus correct go trials, as described previously (14,30,45,46).

Parameter estimates were linearly combined over all runs. Test-retest reliability for the main

contrast is reported in Supplemental Information.

Task effect was determined for all participants across all scans and for each group, using

gender as a covariate. Areas of activation were deemed significant if they reached a cluster-

level FDR-corrected threshold of p<0.05, where a cluster-forming threshold of uncorrected

p<0.001 was used.

Differences in developmental trajectories between groups were tested in SPM using a

second-level multiple regression analysis that accounted for subject age. Contrast images

were entered into the model with the following covariates: group, gender, and age at time of

scan (centered, squared, cubed; polynomials were orthogonalised); subject intercepts were

added to approximately account for repeated-measures correlation. Statistical maps

thresholds were p<0.005; differences between groups for linear, quadratic, and cubic age

effects were deemed significant if activation reached a cluster-level FDR-corrected

statistical threshold of p<0.05. Effect sizes for significant clusters were extracted using

MarsBaR Region of Interest (ROI) toolbox (47).

Extracted values were imported into SPSS and linear mixed model analyses were conducted

with scan (1st, 2nd, etc) as a repeated measure, subject as a random factor, and family history

as a fixed factor. Schwarz’s Bayesian information criteria (BIC) (48) were used to determine

the best-fitting variance-covariance structure (scaled identity). To confirm SPM results, age

and gender were entered as fixed-effect covariates and main effects (age, gender, family
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history) and interactions were tested for each ROI. To investigate relationships between

brain activation and performance, separate mixed model analyses were run with each

performance measure as the dependent variable, and extracted ROI values and gender as

fixed-effect covariates. Group activation differences at scan 1 were determined using a

univariate general linear model analysis with brain activation as the dependent variable,

family history as a fixed factor, and gender as a covariate.

To determine whether group differences existed prior to alcohol and drug use, an

independent samples t-test was run on baseline scans for each extracted ROI using only

subjects who had not used alcohol or drugs by scan 1 (n=68). We also removed all

participants who reported alcohol or drug use at any point during the study and reran the

linear mixed model analysis in SPSS with gender as a covariate (n=60).

A supplementary analysis was conducted to investigate whether age-related differences

found across the entire age range of 7-16.9yr in all 73 participants with repeated scans could

be observed within subjects from childhood to adolescence. Individuals with an initial scan

between 7-12.9yr and a follow-up scan between 13-16.9yr were identified (n=46), and a

repeated-measures ANOVA was run with time point (childhood vs. adolescence) as a

within-subjects factor and family history and gender as between-subjects factors.

Results

Subject characteristics

There were no significant differences between groups for IQ (F=0.04, p=0.237), mean age

(F=0.26, p=0.741), drinking/drug use at first scan (Table 1), presence of an ADHD diagnosis

(χ(1)=0.29, p=0.590), or for age at each scan (Table S1). There was a significant difference

between groups for drinking initiation (FH+>FH−; (1)=6.07, p=0.014), and a trend for illicit

drug use (χ(1)=3.62, p=0.057) at follow-up (Table 1).

There was a significant gender difference between groups (χ(1)=11.02, p=0.001), with more

females in the FH+ group (Table 1). Because females are known to be less impulsive than

males (49,50), analyses were run using gender as a covariate.

Significant differences between the FH− and FH+ groups at scan 1 were found for

aggressive (F=11.05, p=0.002), delinquent (F=4.56, p=0.037) and externalizing (F=11.77,

p=0.001) behaviors when using gender as a covariate, where FH+ mean scores were higher

for all three measures (Table 1). There was a main effect of gender for delinquent behavior

(F=5.53, p=0.022); post-hoc analyses revealed this was due to males, who had greater mean

delinquency scores (1.85 ±2.88) compared to females (1.00 ±1.20).

Performance

Linear mixed model analysis revealed a significant effect of age for Hit (F=14.80, p=0.001),

HitRT (F=7.62, p=0.007), and FA (F=41.72, p=0.001) with more correct responses to

targets, decreased reaction times, and less FA with age. A significant effect of gender was

found for FA (F=12.44, p<0.001); post-hoc tests revealed that this was because females

made fewer false alarms than males (females: 32.5% ±1.8sd; males: 46.1% ±1.9sd).
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fMRI results

Task effect—To ensure the task worked effectively, we looked at task effects across all

scans for all participants and within each group (Table 2). These regions are in agreement

with previous studies that have investigated the neural correlates of response inhibition

(7-13). There were no significant differences in activation between groups.

Longitudinal—Significant group differences for linear age effects were found in the right

caudate, middle frontal gyrus, and a cluster centered on the middle cingulate extending into

the supplementary motor area and anterior cingulate (Figure 1; Table 3). No significant

differences were found between groups for quadratic or cubic age-related effects.

SPSS linear mixed model analyses confirmed the group-by-age interaction for each ROI

(Figure 2; Table 3). Post-hoc analyses revealed significant activation increases with age in

the middle cingulate for the FH+ group. In the FH− group, significant decreases with age

were found in the caudate and middle frontal gyrus.

When examining whether group differences existed at baseline, a significant difference

between groups was found for all ROIs. In all cases, the group of non-using FH+ had lower

activation means than the FH− group at baseline (Table 4). When repeating the linear mixed

model after removing participants with any reported drug or alcohol use, the findings

remained significant, indicating that the inclusion of these subjects did not drive our results

(Supplementary Information).

The repeated-measures ANOVA (n=46) confirmed longitudinal effects within subjects. All

ROIs showed a significant time by family history interaction (caudate: F=15.33, p<0.001;

middle cingulate: F=10.10, p=0.003; middle frontal gyrus: F=6.77, p=0.013; Figure 2).

Association between brain activation and performance

There was a significant interaction between the middle cingulate response and family history

for FA (F=18.49, p=0.001); post-hoc analysis revealed this was driven by the FH− group,

where decreased middle cingulate activation was associated with fewer FA (F=13.90,

p<0.001). This relationship approached significance in the FH+ group (F=3.75, p=0.056),

where increased middle cingulate activation was associated with better performance. There

was also a significant interaction between the caudate response and HitRT (F=4.25,

p=0.041), where increased caudate activation was associated with slower reaction times in

the FH+ group (F=6.64, p=0.012).

Discussion

The purpose of this study was to identify differences in the neural development of response

inhibition in individuals with and without a parental history of AUD. Here we find that

activation differences are visible as early as childhood in FH+ individuals and continue into

adolescence, displaying patterns of change inconsistent with the FH− group and normal

response inhibition development. These patterns precede problem drinking and may

contribute to later alcohol/drug abuse and dependence.
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Across all participants, performance improved with age, consistent with research illustrating

the ability to quickly and accurately inhibit prepotent responses improves from childhood

into adulthood (20-24,27,28). Additionally, individuals at risk for AUD achieve results that

are similar to controls in simple measures of response inhibition, such as the go/no-go task

(14,17). While there were no performance group differences, there was a significant main

effect of gender for FA. This result, however, was found to be driven by females, who made

less FA than males and are often less impulsive (49,50).

In contrast to performance, there were significant differences in the neural patterns

associated with successful response inhibition between groups, with FH− individuals

displaying significant decreases in activation with increasing age in the right middle frontal

gyrus and caudate. These developmental trajectories differed significantly from the FH+

group, where no considerable variation in activation manifested. The changes observed in

FH− individuals are thought to reflect improvements in response inhibition network

specialization and organization as behavioral control evolves, and are in parallel with

developmental studies highlighting inhibitory control increases that occur with maturation in

healthy children (20,51,52). Younger subjects are thought to use inefficient strategies when

inhibiting a response; thus, brain activity in these individuals differs with respect to

magnitude, location, and distribution compared to adults. Both activation increases (27,29)

and decreases (53) have been reported in key response inhibition regions across

development when comparing adolescents to adults, purportedly due to local differences

within the frontal lobe (i.e. some regions increase their response while others decrease; [28])

or to task-dependent differences between studies (54). Additionally, previous studies

illustrate a greater engagement of prefrontal and parietal regions, and/or shift of activation,

during response inhibition in children compared to adults, thought to indicate the need for

increased executive control to compensate for weak anatomical connections between

inhibition regions (25,30,31,46). During childhood and adolescence, substantial anatomical

maturation occurs (55)—particularly in the frontal lobes—along with heightened anatomical

and functional connectivity between prefrontal and posterior regions, concomitant with

improved response inhibition (56). These studies, however, were conducted in healthy

maturing individuals with no family history of AUD. The present study is the first to

investigate maturational differences in high-risk children and adolescents. The age-related

decreases observed here in FH− individuals are within the limits of normal development and

provide an implicit within-study comparison to the high-risk, FH+ group.

While the FH− group follows the expected developmental trajectory, the FH+ group

displays a disparate pattern as there was a significant increase in activation with age in the

right middle cingulate during successful inhibition. Despite these aberrant age-related

response patterns, the FH+ group was still able to match the go/no-go performance of FH−

individuals. Therefore, it is possible that the FH+ group requires the recruitment of this

region to successfully perform the task. The middle cingulate cluster of activation extends

partially into the anterior cingulate and supplementary motor area, which are well-

documented to be involved in response inhibition—more specifically, the implementation of

executive control (57,58), suggesting that for FH+ individuals successful inhibition may

require more effort to effectively override a prepotent response. Further disparities in
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impulse control circuitry are discernible in the regions that show no significant change with

age in the FH+ group: the middle frontal gyrus and caudate. The middle frontal gyrus is a

key part of a prefrontal network responsible for inhibiting a response to inappropriate stimuli

by overriding the motor system’s automatic response tendency (54,57-59). The caudate has

been implicated in task switching and preventing an action from being automatically

executed (13,62); both activations and deactivations of this region have been described

during successful response inhibition (26). A prior study reported blunted caudate

deactivation during response inhibition in FH+ compared with FH− individuals aged 16-21

(14). The present report gives a developmental perspective across earlier ages, illustrating

that the identification of specific neural abnormalities in this circuitry represents a moving

target when viewed from childhood to early adulthood. As can be seen in Figure 2, although

activation in the caudate is greater in FH− than FH+ participants at earlier ages, at later ages,

activation patterns approach those observed in Heitzeg et al. (14). The unique contribution

of each region to successful response inhibition combined with disparate age-related

changes (or absence of change) in the FH+ compared to the FH− group implies a lack of

maturational organization and specialization in these regions individually, and conceivably

in their connections with one another.

Further support for divergent neural response inhibition comes from the interplay between

brain activity and behavioral responses over time. A significant group difference was found

in the relationship between middle cingulate activation and inhibitory failure. In the FH−

group, fewer FAs were significantly associated with less middle cingulate activation. As

these children aged, there was no significant change in middle cingulate response; however,

FA rates significantly decreased. Thus, the middle cingulate appears to be important in the

early development of response inhibition in FH− individuals. Portions of the cingulate

cortex, particularly the anterior cingulate, are involved in error detection and performance

monitoring; heightened activation in FH− children could signify an increased need for

performance monitoring that becomes less essential across development as cognitive control

improves. In contrast, there was no significant relationship between FA and middle

cingulate activation in the FH+ group; however, there was a significant decrease in FA, as

well as a significant increase in middle cingulate response, with age. This suggests that this

region remains “online” well into adolescence and is continually needed for successful

inhibition, perhaps to compensate for weak connectivity between other portions of response

inhibition circuitry that are responsible for top-down executive control (26). However, since

this study did not probe connectivity, future work directly investigating connections between

response inhibition regions in those at risk for AUD is needed.

Differences in group activation are not only evident across development, but also when

analyzing only baseline scans, completed at ages 7-12, where the FH+ group shows less

activation than FH− in all ROIs. Because this analysis did not include subjects using

alcohol/drugs at the time of this scan, it can be concluded that these differences are in place

prior to substance use. This extends previous findings showing activation differences

between at-risk adolescents and young adults despite similar task performance (14,15).

Furthermore, widespread blunted activation during no-go trials at ages 12-14 has been found

in those who later transition into heavy alcohol use, lending evidence to the hypothesis that
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an attenuated inhibitory response early in adolescence is one developmental manifestation in

a trajectory that leads to reduced cognitive control (17). Combined with the current data, this

suggests that attenuated response inhibition manifests quite early in at-risk children and

continues to exacerbate with age.

It is unclear from this study the extent to which these differences reflect genetic versus

environmental risk factors. Based on the definition of FH+ used for the present study, which

included only those who had one or more parents with an AUD during the child’s lifetime,

we expect that environmental factors are more heavily at play. Environmental factors can

certainly increase risk in an individual who is also genetically at risk, or may have little

effect on a person without a genetic risk. Perry et al. (63) demonstrated that a high rate of

positive life events was protective for men with a high-risk GABRA2 genotype, but not for

men with the low-risk genotype. Dick et al. (64) demonstrated how a genetic effect can be

strong in the absence of certain supportive environmental factors such as parental

monitoring, but weak when these factors are present. Such studies that probe the interaction

between genetic risk and environmental stressors with respect to substance abuse are

becoming more prevalent (65) however, it is an area that requires extensive exploration

before definitive conclusions can be made.

There are some limitations worth noting. First, there are more male participants in both

groups. Given that males are known to be more impulsive than females, the developmental

trajectory of response inhibition could differ based on gender, as could its relationship with

risk. Further work is necessary to understand possible gender differences in vulnerability

related to impulse control development. Second, the maximum age here is approximately

17yr; therefore, it is unknown what neural changes occur with respect to both groups as the

prefrontal cortex continues to develop, given that this continues into early adulthood. Third,

pre-scan drug screens were not performed until age 15, so it is unknown whether any

subjects who were scanned prior to 15yrs had drugs in their system at the time of scanning.

However, analyses were also conducted without those reporting any lifetime substance use,

and these results were consistent with those analyses that included all participants. Fourth, at

present there are no neuroimaging analysis tools that can handle unbalanced repeated

measures data: SPM requires an assumption of whole-brain homogeneity of the repeated-

measures correlation, while FSL assumes balanced designs with compound symmetric

correlation. Therefore, we used an SPM model that best approximated subject intercepts to

account for repeated-measures correlation. The post-hoc SPSS linear mixed model tests

support and validate this approach.

In summary, children with a family history of AUD display response inhibition patterns

inconsistent with normal development. Even though FH+ and FH− groups perform similarly

with respect to task behavior, the FH+ group likely relies on increased right middle cingulate

activation to successfully inhibit prepotent responses, possibly to compensate for general

response inhibition network weaknesses. This pattern manifests early in development and

continues with age, indicating that differences precede problem drinking and may contribute

to later substance use problems.
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Figure 1.
Whole-brain longitudinal results. Regions displaying a significant group difference for linear

age changes during response inhibition displayed at a statistical threshold of p<0.005, 500

voxel extent. Three regions of interest passed the criteria of FDR cluster correction of

p<0.05, 35 voxel extent: the right caudate (green), the right middle cingulate (blue), and the

right middle frontal gyrus (red).
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Figure 2.
Regions that showed a significant group difference in the whole-brain longitudinal analysis

(outlined in Figure 1), plotted for FH+ (green) and FH− (blue) groups in the (A) right

caudate, (B) right middle cingulate, and (C) right middle frontal gyrus. Longitudinal linear

age effects are depicted in the scatterplots on the left, illustrating changes in mean fMRI

activation response across time. Bar graphs on the right depict repeated measures ANOVA

analysis between initial scans (ages 7-12.9) and a follow-up scan (ages 13-16.9) that confirm

that the pattern of longitudinal effects are evident within subjects. Error bars represent ±1

standard error; ** indicates p<0.01; * indicates p<0.05; n.s.= non-significant.
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Table 1

Subject characteristics and task performance.

All participants FH− FH+

N 73 30 43

Males/females 51/22* 25/5 26/17

Total scans 198 85 113

N with at least 2 scans 73 30 43

N with at least 3 scans 39 19 20

N with 4 scans 14 6 8

Age range (min/max) 7.58/16.83 7.58/16.83 7.85/16.74

IQ (mean ±sd) 103.60 ±14.45) 105.36 ±13.90 102.46 ±14.86

Family history AUD:
Father/mother/both 23/3/17 0/0/0 23/3/17

ADHD Diagnosis (n) 6 2 4

CD Diagnosis (n) 0 0 0

CBCL at scan 1 (mean ±sd)

Aggressive behavior 5.13 ±9.12 * † 3.06 ±6.01 6.90 ±10.97

Delinquent behavior 1.07 ±1.90 † 0.53 ±0.90 1.52 ±2.38

Externalizing total 6.19 ±10.86 * † 3.59 ±6.73 8.43 ±13.20

Alcohol/drug use

  Baseline (scan 1)

Alcohol use 4 0 4

Marijuana use 2 0 2

Illicit drug use 1 0 1

Total subjects reporting any use 5 0 5

  Follow-up (scans 2, 3, or 4) a

Alcohol use 8* 1 7

Marijuana use 8 3 5

Illicit drug use 5 0 5

Total subjects reporting any use 13 3 10

AUD: alcohol use disorder; ADHD: attention deficit/hyperactivity disorder; CD: conduct disorder; CBCL: child behavior checklist

a
Follow-up use was the report of alcohol/drug use at any time after the first scan was completed.

*
indicates p<0.05.

†
indicates p<0.05 with gender as a covariate.

Biol Psychiatry. Author manuscript; available in PMC 2015 November 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hardee et al. Page 18

Table 2

Task activation for correct reject across scans for all participants at a cluster-corrected threshold of p=0.05

(FDR), 35 voxels.

Location

All scans
(n=198)

FH− scans
(n=85)

FH+ scans
(n=113)

x y z t x y z t x y z t

R Inferior Frontal
Gyrus 50 22 0 8.92

L Middle Frontal
Gyrus −26 44 22 4.69 −30 42 24 4.77

R Insula 44 16 −2 12.37 44 16 −2 9.27

L Insula −40 18 −6 8.96 −40 18 −6 8.30 −34 22 6

R Angular Gyrus 46 −54 36 9.38

R Supramarginal
Gyrus 56 −46 26 11.97 56 −44 24 10.18

L Supramarginal
Gyrus −62 −54 32 8.90 −60 −54 30 7.35

R Precuneus 10 −68 38 7.60 10 −68 38 5.94

L Inferior Parietal
Gyrus −48 −54 36 6.21

L Putamen −28 10 −4 5.65

L Caudate −10 8 8 4.27

L Pallidum −16 2 −4 3.35

R Middle
Temporal Gyrus 58 −26 −8 11.59 64 −34 −2 9.61

R Inferior
Temporal Gyrus 46 2 −40 7.68 46 0 −40 5.13

L Superior
Temporal Gyrus −64 52 22 7.01

L Middle
Temporal Gyrus −58 −28 −6 5.72 −70 −28 −6 5.77

R Fusiform 32 2 −36 3.81

R=right hemisphere; L=left hemisphere
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Table 3

Significant ROIs that showed linear age-related changes in activation from (A) SPM whole brain analysis at

FDR cluster correction of p<0.05, and (B) SPSS linear model analysis. Interaction column denotes significant

interaction between family history and age-centered. P-values for SPSS analysis are for age-centered changes

in each group.

ROI

(A) SPM
(n=198) (B) SPSS

x y z k t Interaction

FH−
(n=85)

FH+
(n=113)

F p F p

R Caudate 10 0 6 603 3.96 0.001* 16.45 0.001* 1.43 0.236

R Middle
Cingulate/SMA 2 4 42 526 4.01 0.004* 2.36 0.131 6.96 0.010*

R Middle
Frontal Gyrus 40 46 16 1022 4.62 0.001* 12.74 0.001* 1.60 0.210

R = right hemisphere

Biol Psychiatry. Author manuscript; available in PMC 2015 November 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hardee et al. Page 20

Table 4

Mean activation at scan 1 in regions that showed a significant longitudinal group difference.

ROI F p

FH−
(n=30)

FH+
(n=43)

Mean ±sd Mean ±sd

R Caudate 9.35 0.003* 0.78 (1.03) 0.13 (0.71)

R Middle Cingulate/SMA 16.21 0.001* 0.78 (0.94) −0.07 (0.85)

R Middle Frontal Gyrus 17.15 0.001* 1.28 (1.06) 0.23 (0.89)

R=right hemisphere.

*
indicates p<0.05
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