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ABSTRACT OF THE DISSERTATION
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San Diego State University, 2009

Professor Edward P. Riley, Chair

Prenatal alcohol exposure is associated with a variety of behavioral dysfunctions,

including inattentiveness and impulsivity. Maladaptive behaviors such as these are

associated with negative consequences including delinquency, substance abuse, and poor

social adjustment. Not surprisingly, disruptive behavioral disorders are among the most

frequent psychiatric diagnoses in cases of fetal alcohol exposure. In addition to other

neuropsychological deficits, executive functioning impairments have been described in

this population. Response inhibition is thought to be an important component of the

cognitive control systems that support effective executive function. Accordingly,

response inhibition impairments have been proposed as a potential mechanism underlying

the inattentive and impulsive behaviors that characterize disorders such as attention-

deficit/hyperactivity disorder. Although response inhibition has not been as well studied
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as other neuropsychological functions in individuals with fetal alcohol spectrum disorders

(FASD), there is evidence from both human and preclinical studies linking gestational

alcohol exposure with response inhibition deficits.

This study: i) provides an account of the functional brain abnormalities

underlying the disinhibited behavioral profile commonly observed in individuals with

histories of prenatal alcohol exposure, and ii) investigates whether the frontal-striatal

regions thought to subserve inhibitory control are disrupted by alcohol teratogenesis.

Children and adolescents (ages 8-18) with (n=13) and without (n=9) histories of heavy

prenatal alcohol exposure underwent functional magnetic resonance imaging while

performing a response inhibition (go no-go) task. Despite similar task performance (mean

response latency, accuracy, and signal detection), blood oxygenation level dependent

(BOLD) response patterns differed by group. Region-of-interest analyses revealed that

during task conditions that required response inhibition, alcohol-exposed participants

showed greater BOLD response across several prefrontal gyri, while they showed less

right caudate nucleus activation, compared to control participants.

These data provide an account of response inhibition-related brain functioning in

youth with FASD. Furthermore, results converge with extant literature to suggest that

frontal-striatal regions important for effective inhibitory control are altered by alcohol

teratogenesis.
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Chapter 1

Background Literature

Introduction to Fetal Alcohol Spectrum Disorders

Despite continued debate over “how much is too much?” or “is it safe to drink at

anytime during pregnancy?” prenatal alcohol exposure is recognized as a major public

health issue. Drinking during pregnancy may result in cognitive and/or physical defects,

but it is alcohol’s effect on fetal brain development that leads to the most disruptive and

devastating consequences. Prenatal alcohol exposure is associated with cognitive deficits

across many domains, including decrements in: general intelligence, learning, memory,

visuo-spatial cognition, language, executive functioning and psychomotor skills (Autti-

Rämö, 2000; Mattson & Riley, 1998; Streissguth et al., 2004). In spite of increased public

awareness on the hazards of drinking during pregnancy, over 130,000 women in the

United States per year drink alcohol at levels known to pose a teratogenic risk to their

fetuses (Lupton, Burd, et al., 2004), and 10% of pregnant women continue to drink

alcohol, even after pregnancy recognition (Centers for Disease Control and Prevention,

2004). The worldwide incidence rate of fetal alcohol syndrome (FAS) is estimated at 1-2

cases per 1,000 live births (Abel, 1995). The 10th Special Report to the U.S. Congress on

Alcohol and Health estimated the annual cost of FAS in 1998 to be $2.8 billion (National

Institute on Alcohol Abuse and Alcoholism, 2000), while the lifetime cost for one

individual with FAS was estimated at close to two million dollars, as of 2002 (Lupton, et

al., 2004).

The best known consequence of maternal alcohol consumption during gestation is

the fetal alcohol syndrome. FAS is diagnosed based on a combination of three clusters of
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symptoms in the offspring: (1) a distinct craniofacial appearance, (2) growth deficiency,

and (3) central nervous system (CNS) dysfunction (Jones and Smith, 1973; Jones et al,,

1973; Lemoine et al., 1968). The craniofacial features used to diagnosis FAS include

short palpebral fissures, a smooth philtrum, and a thin vermillion of the upper lip. Though

FAS has been clinically recognized for over three decades, it is now acknowledged that

prenatal alcohol exposure can also be associated with cognitive and behavioral deficits,

even in the absence of the characteristic facial features or growth retardation required to

meet criteria for a diagnosis of FAS (cf., Mattson & Riley, 1998). It is estimated that

these nondysmorphic, alcohol-affected cases may occur at least three times as often as

FAS (Sampson et al., 1997). Therefore, fetal alcohol spectrum disorders (FASD) is

gaining use as a nondiagnostic umbrella term for describing the range of sequelae

attributable to gestational alcohol exposure. FASD includes both dysmorphic (i.e., FAS)

and non-dysmorphic cases of prenatal alcohol exposure, and encompasses older

classifications such as Fetal Alcohol Effects, partial FAS, Alcohol-Related Birth Defects,

static encephalopathy, and Alcohol-Related Neurodevelopmental Disorder. Refining the

criteria that characterize FASD, including determining any specific neurobehavioral

profile or profiles associated with prenatal alcohol exposure, remains a major research

priority (Riley et al., 2003).

Study Rationale

Myriad genetic, environmental, and situational factors likely contribute to any one

individual manifesting impulsive, unregulated behavior. Accordingly, there is significant

heterogeneity within the taxonomy of clinically recognized disruptive behavior disorders.
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In consideration of the pre and perinatal influences on delinquent behavior, Brennan,

Grekin, and Mednick (2003) explain that, “an ongoing transactional process results in an

antisocial lifestyle trajectory, maintained by a combination of preexisting

neuropsychological deficits, the cumulative negative consequences of ongoing antisocial

behavior, and the absence of learned prosocial behavior (p. 320).” As described in detail

below, prenatal alcohol exposure is associated with increased rates of disruptive

behavioral psychopathology, delinquency, substance use, and antisocial behavior.

Research into the nature of disinhibition in individuals with FASD may inform strategies

for remediation and prevention of recidivism in this special-needs population. Though

much research has described the behavioral and cognitive profile of this population, there

has been little investigation of the neural bases of inhibitory control deficits in this

population. Thus, the main purpose of this study is to apply functional neuroimaging

techniques to characterize the neural substrates of inhibitory control in youth with FASD.

The remainder of this chapter will provide a general discussion of specific areas of

concern in FASD that relate to inhibitory control, including disruptive behaviors,

substance abuse, and psychopathology, while the following chapter will cover the

assessment of behavioral inhibition and neuroimaging studies of response inhibition in

relevant populations. First, however, I will briefly overview mechanisms and risk factors

that inform the etiology of FASD, in order to highlight the complexity of gestational and

postnatal environmental factors that influence child outcome.
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Mechanisms of Gestational Alcohol Exposure-Induced CNS Damage

An association between prenatal alcohol exposure and fetal detriment has been

anecdotally observed for centuries, and some contend this relationship is documented in

ancient mythological and religious writings. Despite these historical associations,

throughout most of the twentieth century it was generally believed that alcohol use during

pregnancy was safe. In fact, the first descriptions in the scientific literature of prenatal

alcohol exposure resulting in birth defects in children generated skepticism and

resistance. Rather than draw the conclusion that alcohol was a teratogen, it was instead

posed that the constellation of symptoms identified as FAS stemmed from other causes,

such as inadequate prenatal nutrition, smoking, or genetic factors. Preclinical, animal

model studies were instrumental in establishing the teratogenic role of alcohol and its

effects on both physical and behavioral development. Preclinical models were also

instrumental in uncovering the mechanisms by which alcohol exerts its teratogenic

effects.

Because of the difficulty of controlling for confounding factors such as maternal

nutrition, and timing and pattern of alcohol exposure in humans, research aimed at

elucidating mechanisms of alcohol teratogenesis is typically derived from preclinical

models of FASD and in vitro tissue culture studies. It is unlikely that the variable and

wide ranging effects associated with prenatal alcohol exposure stem from a single

etiology. Rather, the damage associated with FASD is the result of multiple, interactive

determinants. Accordingly, several mechanisms are implicated in causing the structural

and functional CNS changes observed in individuals with FASD. Potential mechanisms
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of alcohol teratogenesis include, but are not limited to: oxidative stress, metabolic

alterations (e.g., in glucose metabolism), mitochondrial damage, neurotrophic factor

dysregulation, abnormal developmental gene expression, atypical cell adhesion,

anomalies in the development and regulation of neurotransmitter systems, and

excitotoxicity (see Goodlett & Horn, 2001, for review). It is thought that the majority of

these potential mechanisms result in CNS damage by inducing brain cell necrosis or

apoptosis, though disruption of normal cell division and maturation is also believed to

occur. However, it should be noted that determination of the exact mechanisms through

which alcohol exerts teratogenic effects in any given individual is complicated by a host

of factors, including: time, dose, and pattern of alcohol exposure, maternal and pregnancy

characteristics (e.g., age, parity), and genetic factors. Further complicating matters,

mechanisms of damage are thought to vary across brain region and cell type (Goodlett et

al., 2005). Despite this complex pathology, mechanistic studies have been useful in

revealing alcohol’s negative effects on the developing fetus. Hopefully such research will

eventually lead to pharmacological methods of ameliorating the CNS effects related to

prenatal alcohol exposure. With regard to behavioral treatment of individuals with FASD,

preclinical studies may inform clinical intervention efforts by refining our understanding

of the structural and functional CNS deficits that likely contribute to the cognitive and

behavioral sequelae observed in this population. Thus, translational research may

augment efforts to develop effective, evidence-based treatments, which are greatly

needed for this population.

Risk Factors
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The Seattle Study on Alcohol and Pregnancy, a large-scale population based

investigation of the effects of prenatal alcohol exposure, has evaluated risk and protective

factors that relate to outcomes in individuals with FASD. Assessment of 482 children

from the prospectively identified Seattle cohort indicated that exposure to one or more

ounces of absolute alcohol per day was associated with a decrease of about a half of one

standard deviation in IQ (Streissguth, Barr, & Sampson, 1990). Environmental factors,

such as paternal IQ and number of young children in the household, interacted with

alcohol exposure to influence general intellectual ability. More specifically, decreased

paternal education and/or increased numbers of children in the household were associated

with lower scores on intelligence testing in children with FASD (Streissguth et al., 1990).

Increased maternal age is another risk factor that increases the likelihood of a child being

diagnosed with FAS (May & Gossage, 2001). There is also evidence that the pattern of

alcohol exposure may impart differential risk to the fetus, as binge drinking appears to be

more harmful to the developing fetus than non-binge exposure. For example, one study

found that binge episodes (defined as five or more alcoholic drinks per occasion) during

pregnancy were a strong indicator of negative neurobehavioral outcome in exposed

children; timing of exposure was also influential, as binge exposure was more harmful

when timed early during pregnancy (Sampson et al, 1989).

With regard to factors that diminish the risk of FASD, disability service

eligibility, high quality of home environment, IQ less than 70 (Streissguth et al., 1996),

and early identification and treatment of children (Streissguth et al., 2004) are thought to

be protective against some of the negative outcomes associated with gestational alcohol

exposure. For example, children that were reared in more stable home environments were
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3-4 times less likely to have experienced adverse life events such as disrupted schooling,

legal trouble, drug and alcohol abuse and inappropriate sexual behaviors (Streissguth et

al., 2004). Conversely, traumatic experiences in early childhood increased the likelihood

of negative life events. Identification of FASD risk versus protective factors reflects the

important notion that exposure to teratogenic agents is not necessarily the sole or direct

cause of the spectrum of effects observed in affected offspring. Rather, teratogenic

exposures act in combination with other environmental and genetic characteristics.

Therefore, a host of interacting determinants influence the degree to which the underlying

CNS damage impacts the functioning of the affected individual with an FASD. In

summary, increased maternal age, increased number of children in the household, low

parental IQ, and a binge pattern of alcohol exposure are some of the demonstrated risk

factors for determining the severity of the prenatal alcohol effect. On the other hand, a

stable home environment, early identification of FASD, and access to social services

appear to decrease the likelihood of offspring manifesting the negative consequences

associated with prenatal alcohol exposure. Further examination of the risk and protective

factors that influence outcome in the face of prenatal alcohol exposure is warranted to

expand existing knowledge on this important topic.

Fetal Alcohol Exposure and Psychopathology

High rates of psychopathology have been observed in clinical samples of

individuals with prenatal alcohol exposure, in both children (Fryer et al., 2007; O’Connor

et al, 2002) and adults (Famy et al., 1998). Moreover, in an outcome study of negative

consequences associated with FASD, caregivers reported higher rates of mental health
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problems compared to other negative outcomes included in the study (i.e., disrupted

school experience, inappropriate sexual behaviors, and legal trouble) (Streissguth et al.,

1996). Over 400 individuals were included in the study, and 94% of the sample

experienced mental health problems, as reported by caregivers.

Another longitudinal investigation assessed psychopathological behavior in a

German sample of children and adolescents with FAS, and observed an increased rate of

many maladaptive behaviors and psychopathological symptoms (Steinhausen et al., 1982;

Steinhausen et al., 1993; Steinhausen, et al. 1994). Hyperkinetic disorder, a disorder

similar to ADHD that is characterized by inattention, was the leading diagnosis

associated with FAS (Steinhausen & Spohr, 1998). Prenatal alcohol exposure also

appears to be a risk factor for developing depressive features, including negative affect in

infancy (O’Connor, 2001) and high rates of depressive disorders in children (O’Connor

and Kasari, 2000; Fryer, et al., 2007) and adults with FASD (Famy et al., 1998).

More recently, 400 young adults with and without prenatal alcohol exposure were

interviewed with the Structured Clinical Interview for DSM-IV (SCID), Axis I and Axis

II versions (Barr et al., 2006). The study examined whether the high rates of psychiatric

illness observed in clinical samples of individuals with FASD would be replicated in a

non-clinical, prospectively identified community sample. The odds of developing

substance use disorders (SUDs) and Axis II passive-aggressive and antisocial personality

traits were doubled in individuals whose mothers reported one or more binge episodes of

alcohol use during pregnancy; these findings were robust against potentially confounding

factors including: other prenatal drug exposures, sex, family placement, socio-economic

status (SES), maternal nutrition, and family history of psychiatric problems and
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alcoholism. The study authors note that the magnitude of effects observed in this study is

on par with those of other putative predictors of psychopathology (Barr et al., 2006).

In summary, current research supports an association between gestational alcohol

exposure and subsequent development of psychopathology in offspring. It appears that

certain psychopathological features, such as those occurring with disruptive behavior

disorders, antisocial traits, SUDs, and depressive disorders appear to be especially

prevalent in individuals with FASD. Also, studies of psychopathology in this population

generally observe high rates of psychiatric co-morbidities in alcohol-exposed individuals.

Given mounting evidence of a link between prenatal alcohol exposure and mental illness,

healthcare providers of individuals with histories of prenatal alcohol exposure should

consider referring their patients for psychiatric evaluation, if appropriate.

The Disruptive Behavioral Profile of FASD

Because inhibitory deficits are a proposed mechanism underlying inattentive and

impulsive behaviors, an account of disruptive behaviors in FASD is relevant to the

present study. Attention deficits are a hallmark characteristic of this population, and have

been extensively documented in reports investigating the behavioral teratogenicity of

alcohol (Lee et al., 2004; Mattson & Riley, 1998; Streissguth et al., 1995; Streissguth et

al, 1994). Poor attention and hyperactivity have long been noted in offspring following

gestational alcohol exposure, independent of general cognitive impairment (Shaywitz et

al., 1980), and increased rates of disruptive behavior disorders have also been

documented in studies examining FASD-associated psychopathology (Fryer et al., 2007;

Steinhausen et al., 1993). Attention-deficit/hyperactivity disorder (ADHD) is frequently
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diagnosed in children with FASD. For example, in a recent chart review of 2,231 youth

referred for prenatal alcohol exposure evaluation, ADHD occurred more frequently (41%

prevalence rate) than any of the other disorders of problematic behavior examined (i.e.,

more common than learning disorders, oppositional-defiant/conduct disorder, anger

management problems, sleep problems, mood disorders and mental retardation) (Bhatara

et al., 2006). Although other risk factors, such as gestational nicotine exposure, are also

considered important environmental contributors to the development of attention deficits

(Linnet et al., 2003), the association between prenatal alcohol exposure and attention

deficits is well-established.

Individuals with FASD often exhibit increased disruptive or impulsive behaviors

which may contribute to poor adjustment and maladaptive comport in this population. As

previously detailed, FASD is associated with disrupted schooling, legal trouble,

inappropriate sexual conduct, and alcohol and drug abuse (Streissguth et al., 2004).

Increased delinquent behavior has also been reported in youth with FASD (Streissguth et

al., 1996; Streissguth & O'Malley, 2000). It is also likely that environmental factors, such

as the youth’s substance use, reported life stress (Lynch et al., 2003) and home placement

(biological, foster, or adoptive) (Schonfeld et al., 2005) moderate the relationship

between prenatal alcohol exposure and delinquency. In any case, individuals with FASD

appear to be significantly overrepresented within the criminal justice system (Boland et

al., 1998; Fast & Conry, 2004). One of the few FASD screens of an incarcerated sample

was conducted at a Canadian forensic psychiatric facility, and concluded that 23% of

juvenile detainees were thought to be exposed to alcohol at levels that conferred a

teratogenic risk (Fast et al., 1999). Increased research and training for prison staff is
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warranted in order to detail methods for tailoring remediation strategies on behalf of this

special needs population. Currently, FASD screening services are lacking within the

United States corrections system and corrections staff are reportedly largely unaware of

the phenomenon of fetal alcohol effects (Burd et al., 2004).

Substance Use

The relationship between prenatal alcohol exposure and the development of

addictive behaviors in exposed offspring is of relevance to the present study’s focus on

inhibitory deficits. Behavioral disinhibition may underlie the development of early-onset

substance use disorders (Iacono et al., 2008) and disrupted prefrontal circuitry is thought

to be a mechanism that contributes to the development of addictive disorders (for review,

see Hyman et al, 2006). Gestational alcohol exposure has been linked with alcohol and

drug use in exposed adults. In a large prospectively identified community sample,

prenatal alcohol exposure was associated with higher levels of self-reported drug and

alcohol use in young adulthood (Baer et al., 2003). This sample was also assessed with a

psychiatric interview (the SCID), and the odds of developing a SUD were two-fold for

individuals exposed to one or more binge drinking episodes during pregnancy (Barr et al.,

2006). The relationship between prenatal alcohol exposure and development of alcohol

and drug problems in offspring was independent of many other explanatory factors that

are associated with SUD development, including: sex, family history of substance use,

other prenatal exposures to teratogenic agents, and postnatal parental drug use. In an

examination of psychiatric illness in 25 non-mentally retarded, clinically referred young

adults with FASD, a high rate met DSM criteria for an Axis I disorder (92%), and SUDs
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were the most common diagnosis (Famy et al., 1998). Similarly, in a study of adult

adoptees, individuals prenatally exposed to alcohol reported higher substance dependence

symptom counts than non-exposed controls, after controlling for sex, biological parent

diagnosis, birth weight, gestational age, and other environmental variables (Yates et al.,

1998). In short, there is compelling evidence that prenatal alcohol exposure is an

independent risk factor for developing SUDs, and it is possible that inhibitory control

deficits play a role in this propensity.

Adaptive Dysfunction

Some researchers have differentiated the primary disabilities caused by

gestational alcohol exposure (e.g., CNS insult, cognitive deficits) from “secondary

disabilities” (e.g., negative life outcomes such as confinement in treatment or penal

institutions, mental illness, disrupted school experience); these secondary disabilities are

not considered direct consequences of prenatal alcohol exposure, but are thought to result

from primary disabilities (Streissguth et al., 1996). Maladaptive behaviors likely

contribute to the occurrence of secondary disabilities, including delinquency, within the

alcohol-exposed population. Not surprisingly, deficits in adaptive functioning have been

documented in individuals with FASD (Streissguth et al., 1991; Whaley et al., 2001). For

example, the Seattle study found that as alcohol-exposed individuals reached adulthood,

their overall adaptive abilities were equivalent to those of a typically developing seven

year old, with social skills showing the most severe detriment (Streissguth et al., 1991).

Notably, adaptive dysfunction appears to occur above and beyond general intelligence

decrements, such that alcohol-exposed individuals have lower adaptive functioning
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scores than predicted by their IQ (Thomas et al., 1998). Common adaptive impairments

observed in this population related to difficulties with attention, judgment,

comprehension, and abstraction. Interestingly, these observations are consistent with

cognitive impairment in executive functioning.

Executive Dysfunction

Executive functioning (EF) is a heterogeneous neuropsychological concept

describing integrative higher-order cognitive abilities including behavioral inhibition,

working memory, planning, and set shifting (Pennington & Ozonoff, 1996). Anecdotally,

individuals with histories of prenatal alcohol exposure are described as lacking in skills

that rely on EF. For example they may exhibit poor judgment, show impairments in

planning and problem-solving, or fail to comprehend the consequences of their actions.

Neuropsychological assessment has demonstrated skill deficits in children with histories

of prenatal alcohol exposure across various aspects of EF, including cognitive planning

and flexibility (Kodituwakku et al., 1995; Mattson et al., 1999), and it has been suggested

that at least some of the EF deficits associated with prenatal alcohol exposure occur

independently from general intellectual detriment (Connor et al., 2000). Impairment in

response inhibition, an aspect of EF, has been proposed as a potential mechanism

underlying disruptive behavior problems commonly observed in individuals with ADHD

and conduct disorder (Nigg, 2003; Sergeant et al., 2002). This theoretical framework may

bear relevance to individuals with histories of prenatal alcohol exposure, as inattention

and misconduct are frequently observed in this population.



14

Neuroimaging Studies in FASD: Characterization of CNS Anomalies

In vivo examination of brain-behavior relationships offers a unique path of insight

into the underlying anomalies and deficits associated with prenatal alcohol. As such,

uncovering brain structure and function relationships in FASD has been cited as a priority

for the field (Riley et al., 2003). More specifically, in order to advance our knowledge of

the brain-behavior relationships relevant to this population, neuroimaging studies are

warranted that characterize neuroanatomy and neurofunction of FASD in relation to the

cognitive and behavioral presentation observed in individuals with FASD. Moreover,

functional imaging techniques (such as functional magnetic resonance imaging (fMRI)

and magnetic resonance spectroscopy) can provide in vivo characterization of neural

resource allocation during cognition in alcohol-exposed individuals. Thus, in spite of the

complex pathology and wide-ranging, variable presentation associated with FASD,

neuroimaging techniques hold great potential to identify the brain loci underlying the

neurobehavioral abnormalities observed in these individuals, and if wielded thoughtfully

and skillfully, to indirectly inform intervention efforts.

 Previous magnetic resonance imaging (MRI) studies of individuals with FASD

suggest that not all brain regions are equally vulnerable to damage associated with

prenatal alcohol exposure. One lobar analysis observed disproportionate parietal and

basal ganglia hypoplasia, in addition to generalized microcephaly in children with FASD,

compared to typically developing participants (Archibald et al, 2001). Newer studies of

this cohort have localized further anomalies to temporo-parietal areas including brain

shape differences in bilateral inferior parietal and superior temporal cortices (Sowell et

al., 2002a) along with an absence of normal hemispheric asymmetry within these
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perisylvian regions (Sowell et al., 2002b). Grey mater density increases along the sylvian

fissure may reflect an inadequacy in the pruning processes that typically support cortical

maturation in individuals with FASD. However, posterior cortex is not the exclusive

target of alcohol teratogenesis, as reduced brain surface extent or “undergrowth” was also

localized to the ventral frontal lobes in the study by Sowell and colleagues (2002a). In

addition to these cortical regions, certain brain structures, including the corpus callosum,

caudate nucleus, and cerebellum appear to be especially vulnerable to the effects of

gestational alcohol exposure (for review, see Mattson et al., 2008).

In addition to regional vulnerabilities within the brain, there is some evidence that

FASD-related volumetric reductions may vary by tissue type. The same structural MRI

study that observed selective parietal and basal ganglia hypoplasia also found that total

cerebral white matter volumes were decreased more than grey matter (Archibald et al.,

2001). Diffusion tensor imaging (DTI), a neuroimaging technique that is sensitive to

tissue microstructure, is increasingly being applied to study neurological pathology,

particularly of white matter. DTI studies of individuals with FASD have revealed

decreased fiber integrity in the corpus callosum (Ma et al., 2005; Wozniak et al., 2006),

left parieto-temporal (Sowell et al., 2008) and bilateral medial frontal and occipital

regions (Fryer et al., submitted). In summary, research across multiple neuroimaging

modalities has begun to characterize the CNS changes associated with gestational alcohol

exposure. There is also evidence that certain brain regions may be more affected by

FASD than others (e.g., ventral frontal lobes, temporo-parietal cortex, the corpus

callosum, cerebellum, and caudate nucleus) and that white matter may be more affected

than grey matter. Though the remainder of this dissertation will focus on brain structure
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and function related to response inhibition, it is important to underscore that the CNS

damage observed in vivo in individuals with FASD appears to be fairly widespread,

though regional vulnerabilities may exist.



                                                                     17

Chapter 2

Response Inhibition: Construct, Neuroanatomy, and Neurofunction

Response Inhibition: The Construct and its Assessment

The primary purpose of this dissertation is to characterize the neurofunction

underlying inhibitory control deficits in individuals with FASD, so a discussion of the

way in which I have operationalized and assessed inhibition is warranted. Response

inhibition, a function of cognitive control, is commonly conceptualized as the ability to

suppress irrelevant impulses and/or extraneous environmental stimuli in order to facilitate

efficient, goal-directed cognitive processing and behavior. As is the case with many

complex cognitive constructs, there is variation in the research literature as to how

response inhibition is theoretically defined and experimentally operationalized. One

heavily emphasized distinction emerges between behavioral and cognitive aspects of

inhibition, defining behavioral inhibition as the withholding of a prepotent response (e.g.,

motor inhibition, delay of gratification, impulse control) and cognitive inhibition as the

active suppression of cognitions held in working memory (e.g., thought suppression,

directed forgetting) (cf. Kipp, 2005). However, other researchers have suggested that

inhibitory control is better conceptualized as a more general mechanism that operates

distinctly in different cognitive domains. Still, other theories have advanced a distinction

between executive and motivational inhibitory processes, at least within the realm of

behavioral inhibition (Nigg, 2003). The distinction between interference resistance and

inhibition has also been stressed, with inhibition being defined as an active process that

holds irrelevant stimuli at bay in the interest of optimal cognitive processing, while

interference is not necessarily an active process (Kipp, 2005). Yet another distinction can
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be drawn to distinguish controlled from automatic inhibitory processes. Regardless of the

challenges of construct explication, it is clear that refinement of inhibitory control is a

hallmark of healthy brain development, and subserves and optimizes a variety of

cognitive processes, including aspects of attention and memory.

Given the complexity of inhibition as a construct, the discussion of inhibition

assessment described here is limited to a more focused specification: behavioral

inhibition of a motor response. One common way of measuring response inhibition is via

errors of commission (false alarms) on tasks where the goal is to inhibit a prepotent

response, such as required in a go no-go task. The underlying premise of a go no-go task

is to define certain stimuli as “go” stimuli, to which the participant is instructed to

respond (e.g., via a button press), while other stimuli are defined as “no-go” stimuli, to

which the participant is instructed to withhold response. Therefore, if a participant

responds to the presentation of a no-go stimulus, this is considered a false alarm, or

commission error. These types of errors are thought to reflect a failure of inhibitory

mechanisms. In contrast, a failure to respond to a “go” stimulus is often referred to as an

omission error; these types of errors are thought to reflect faulty attention mechanisms.

The go no-go task is designed to present many more go trials, relative to no-go trials,

which builds a tendency in the participant towards responding. Importantly, the trials are

typically presented rapidly, to discourage participant deliberation. The stop-signal

paradigm is another frequently used method of response inhibition assessment, yielding

the stop signal reaction time (SSRT) as its main dependent variable (cf. Logan, 1994).

SSRT measures the time it takes for an individual to inhibit a prepotent motor response,
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after being presented with a predefined “stop signal,” which is frequently, though not

necessarily, an auditory tone.

Response Inhibition:  Neuroanatomy

Research from various disciplines has endeavored to discern the neural loci that

subserve response inhibition abilities. Convergent evidence from theoretical standpoints

along with animal model, human lesion, and neuroimaging studies indicates that the

prefrontal cortex plays a major role in response inhibition (Aron & Poldrack, 2005;

Fuster, 1997; Iversen & Mishkin, 1970), and it has also been argued that cognitive

control processes are the main function of the prefrontal cortex (Miller and Cohen, 2001).

Some researchers have posited that the prefrontal area subserving response inhibition can

be more precisely localized to the inferior frontal gyri, in humans (Aron et al., 2003;

Konishi et al., 1999; Liddle et al., 2001; Menon et al., 2001; Rubia et al., 2001), though

the exact localization of brain activation within the prefrontal cortex is variable across

studies. Given that well-defined “frontal-subcortical loops” functionally and anatomically

link the basal ganglia to prefrontal cortical areas (Lichter & Cummings, 2001; Middleton

& Strick, 2000; Parent & Hazrati, 1995), subcortical involvement is also thought to

contribute to the regulation of response inhibition. One theoretical model, in particular,

has emphasized the role of frontal-striatal connectivity in maintaining inhibitory aspects

of cognitive control (Casey et al., 2002). Interestingly, subcortical lesions (either to the

globus pallidus, substantia nigra, median raphe, or pontine reticular formation) have been

shown to be sufficient to cause response inhibition deficits in the rat (Thompson et al.,

1985). Other researchers have pointed out that functional neuroimaging studies of
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humans reveal more reliable activation in frontal gyri during response inhibition, arguing

against a prominent role for subcortical regulation (Aron & Poldrack, 2005).  However, a

lack of subcortical findings in human neuroimaging studies may also reflect

methodological properties of brain image acquisition and analysis. For instance, the

clustering techniques that are often employed to control type 1 error rate in voxel-wise

image analysis can favor detection of large regions of contiguous activation versus blood

oxygenation level dependent (BOLD) effects stemming from small nuclei like the basal

ganglia (Uludag et al., 2005).  Despite these methodological concerns, it should be

emphasized that there is increasing support for the role of frontal-subcortical connections

in mediating inhibitory control. As an example, a recent symposium entitled,

“Converging Evidence for a Fronto-Basal-Ganglia Network for Inhibitory Control of

Action and Cognition”, was presented at the 2007 Annual Meeting of the Society for

Neuroscience (Aron, et al., 2007). In summary, there is a well-established consensus that

response inhibition relies on prefrontal cortical mediation. In addition, other regions are

thought to contribute to cognitive control processes, including the basal ganglia,

cerebellum, and parietal cortices (cf., Casey & Durston, 2006).

Neuroimaging Studies of Response Inhibition-Healthy Adults

The specific anatomical loci of the BOLD response associated with response

inhibition trials vary by individual functional neuroimaging report. This variability may

be attributable to numerous methodological sources including differences among studies

on cognitive paradigm (e.g., stop signal versus go no-go), task design (e.g., block versus

event-related) and differences in image processing (e.g., acquisition parameters,
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processing software and analytic techniques). Despite heterogeneity among results,

certain brain regions produce activation related to response inhibition consistently across

most studies, including regions of the dorsolateral prefrontal cortex and medial frontal

cortex (including the anterior cingulate gyrus); additionally, more posterior cortical

activation during response inhibition is often observed in parietal regions such as the

inferior parietal lobule (Liddle et al., 2001; Menon et al., 2001; Rubia et al., 2001).

Neuroimaging Studies of Response Inhibition-Typical Development

Response inhibition is a fundamental cognitive capacity that is present in infancy,

honed throughout childhood, and is thought to continue maturing into adolescence (cf.

Luna & Sweeney, 2004). The developmental effect of increased response inhibition

ability as children age is detectable across tasks that elicit inhibition in different ways,

such as the Stroop test, the go no-go task, and more basic tests of visual fixation (Luna &

Sweeney, 2004). Previous functional neuroimaging literature using the go no-go task has

corroborated the continued maturation of response inhibition by showing that over the

course of development from childhood to adulthood, the regions of BOLD response in

the prefrontal cortex associated with inhibitory control become more focused (Casey et

al., 1997b; Tamm et al., 2002). Thus, reduced volume of activation, in adults compared to

children, has been interpreted as reflecting increased efficiency in the neural networks

supporting inhibitory control.

These functional neuroimaging findings, which indicate that inhibitory control is

dynamic across child development, dovetail with a well-sampled neuropsychological

assessment of response inhibition using the stop-signal procedure in 275 participants,
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ages 6-81 (Williams et al., 1999). This study demonstrated that the ability to inhibit a

prepotent response improved throughout childhood, as measured by SSRT. Younger

children (6-8 years) were 50 milliseconds slower than older children (9-12 years) in

response to the stop signal, suggesting that response inhibition undergoes refinement

during maturation. However, the study authors point out that response execution (i.e., go

signal reaction time) showed a much larger age-dependent effect, such that general speed

of response increased throughout childhood; this difference in effect size between

response inhibition and execution was interpreted as evidence for both the independence

of the two abilities and the suggestion that distinct trajectories may govern their

development (Williams et al., 1999).

Neuroimaging Studies of Response Inhibition-ADHD

Because of the disinhibited behavioral profile common in individuals with attention

deficits, response inhibition has been an important focus of investigation in studies of

ADHD. In fact, some investigators have proposed that response inhibition is an

endophenotypical marker for ADHD (Barkley, 1997; Aron & Poldrack, 2005). In

couching ADHD imaging findings in terms of theory on self-regulation of behavior,

Casey & Durston (2006) explain:

At first glance findings of multiple regions across several imaging studies
would seem too disparate to be informative; however considering these
findings in the context of cognitive control theory, they paint a clearer
picture….Each of these regions (basal ganglia, cerebellum, and parietal
cortex) is part of unique circuits that project both to and from prefrontal
cortex, thus providing a means for signaling prefrontal regions to help
impose top-down control of behavior.  Ineffective signaling of control
systems by any one of these regions could lead to poor regulation of
behavior….Likewise, intact signaling but inefficient top-down control
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could result in poor regulation of behavior but, presumably, in a more
generalized way (p.958-959).

With regard to behavioral response inhibition, a specific aspect of self-regulation,

disruption of anatomy and function of prefrontal-striatal circuitry has been implicated in

ADHD (cf., Aron, et al., 2007), in addition to involvement of other regions of interest,

including anterior cingulate cortex and cerebellar and parietal regions. Accordingly,

altered BOLD response patterns in frontal and striatal regions of ADHD subjects have

been demonstrated in studies using both the go no-go (Durston et al., 2003; Schulz et al.,

2004; Vaidya et al., 1998) and stop signal response inhibition paradigms (Rubia et al.,

1999). Moreover, right frontostriatal microstructural fiber integrity, response inhibition

performance and BOLD response are associated in parents-child dyads with ADHD

(Casey et. al, 2007), and dopamine transporter gene expression in the striatum has been

shown to affect BOLD response in a male sample with ADHD during go no-go task

performance (Durston et al., 2008). These studies represent a relatively new line of

investigation in ADHD neuroimaging research, aimed at identifying genetic risk factors

in the etiology of the brain-behavior relationships that underlie the disorder. However,

there is variability of results across reports, and some functional neuroimaging response

inhibition studies of the ADHD population have reported divergent findings from those

implicating frontal-striatal network aberrations, most notably finding a lack of striatal

involvement (Schulz et al., 2004). Additionally, both hyperfrontality (Durston et al.,

2003; Schulz et al., 2004; Vaidya et al., 1998) and hypofrontality of the BOLD response

(Rubia et al., 1999; Rubia et al., 2005; Tamm et al., 2004) have been noted, making it

difficult to pinpoint the exact nature of the prefrontal functional abnormality associated
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with the response inhibition deficits observed in ADHD. Variability among results of

existing studies likely stems from myriad factors, including differences across studies in

medication status and age range of participants (see Bush et al., 2005, for review).  As an

example, recently the effects of stimulant medication on BOLD responses in individuals

with ADHD have been shown to differ across brain regions between adult versus

pediatric samples in that a stimulant medication trial increased response-inhibition related

BOLD response in cerebellar and striatal regions in both adults and youth with ADHD,

but prefrontal BOLD response increased only in ADHD youth (Epstein et al., 2008).

Notwithstanding heterogeneity across individual reports, most reviews of the functional

neuroimaging literature present a consensus that frontal-striatal deficits contribute to

impaired response inhibition in ADHD (Bush et al., 2005; Casey & Durston, 2006;

Durston, 2003).

Prenatal Alcohol Exposure and Response Inhibition

Numerous animal studies have demonstrated inhibitory control deficits following

prenatal exposure to alcohol. Across tests of passive avoidance (Riley, Lochry, &

Shapiro, 1979; Abel, 1982) and a punished step-down task (Gallo & Weinberg, 1982),

alcohol-exposed animals require increased time to reach criterion, meaning that exposed

rats exhibited disinhibited behavior that resulted in greater punishment. Response

inhibitory deficits have been replicated in neonatal ethanol exposure studies, which

model third trimester exposure (Barron & Riley, 1990), and it has been suggested that

late gestational exposure may be sufficient to disrupt inhibitory control. Furthermore, it

has been noted that data from animal models of FASD show convergence with human



25

studies across many cognitive findings, including response inhibition deficits (Driscoll,

Streissguth, & Riley, 1990).

Though the development of complex behavioral phenomena, such as response

inhibition, is widely acknowledged to be multifactorial, neuropsychological assessment

suggests that response inhibition ability is sensitive to alcohol teratogenesis. Assessment

with the Delis-Kaplan Executive Function Scale’s (D-KEFS) Color-Word Interference

Test, a modified Stroop task, revealed performance deficits in children with heavy

prenatal alcohol exposure, compared to control participants (Mattson et al., 1999). Task

component analysis revealed that the lower performance of the alcohol-exposed group

was best accounted for by an inhibitory deficit, rather than by deficits in more basic task

components, such as color naming or reading. Similar findings have been demonstrated

in adult populations, both with FAS and non-dysmorphic FASD. Stroop performance was

among the variables within an EF battery most strongly associated with prenatal alcohol

exposure; moreover, the study authors note that this association was independent of IQ

(Connor et al., 2000). The Seattle Longitudinal Study on Alcohol and Pregnancy

undertook assessment of memory and attention functioning in 462 14-year-old

adolescents with histories of relatively low doses of prenatal alcohol exposure

(Streissguth et al., 1994). Based on a Partial Least Squares analysis, false alarm responses

during a sustained attention task (as noted previously, false alarms, otherwise known as

commission errors, are an indication of inhibition failure) formed part of a

neuropsychological latent variable that correlated with a latent variable comprised of

maternal drinking assessment measures. These results manifested a dose-response

relationship that indicated that higher alcohol exposure levels were associated with a
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greater false alarm rate (Streissguth et al., 1994). This longitudinal follow-up supported

earlier findings in the Seattle cohort that showed commission errors on a vigilance task

were sensitive to prenatal alcohol exposure in children at 7 years of age (Streissguth et

al., 1986). These results suggest that for individuals with prenatal alcohol exposure, poor

response inhibition, in addition to sustained attention deficits, contributes to impaired

performance on measures of attention. Thus, from the perspective of behavioral

assessment, it appears that response inhibition is sensitive to alcohol teratogenesis,

although it should be noted that one study assessing EF in children with prenatal alcohol

exposure did not observe performance deficits associated with alcohol exposure in

response inhibition, as measured by a go no-go task (Kodituwakku et al., 1995).

Frontal-Striatal Findings in FASD

Functional neuroimaging studies of response inhibition in clinical populations

with inhibitory deficits, such as fragile X syndrome (Menon et al., 2004), ADHD

(Durston, 2003; Durston et al., 2003; Vaidya et al., 2005) and Williams syndrome

(Mobbs et al., 2007), have revealed abnormalities in frontal-striatal BOLD response.

Though no study to date has used neuroimaging to examine response inhibition in FASD,

prior neuroimaging studies of individuals with FASD have found abnormalities of the

frontal-striatal regions associated with regulation of EF. For instance, structural MRI

analyses from our laboratory have shown caudate nucleus volume reduction (Mattson et

al., 1996), and anterior and orbital frontal cortical shape abnormalities in alcohol-exposed

children (Sowell et al., 2002a). Moreover, there is evidence that the caudate volume

reductions relate to EF deficits in this population. A preliminary study from our
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laboratory found that caudate volume predicted performance on several tests of EF,

including cognitive flexibility as measured by perseverative errors on the Wisconsin Card

Sorting Test (Mattson et al., 2001). Additionally, a PET study of young adults diagnosed

with FAS revealed glucose metabolism decreases in medial subcortical areas, including

thalamic and caudate nuclei (Clark et al., 2000), and data acquired using magnetic

resonance spectroscopy have shown elevated N-acetyl-aspartate (NAA) concentrations in

the caudate nuclei of alcohol-exposed children (Cortese et al., 2006). NAA levels are an

indicator of neuronal integrity, and though the chemical’s exact role in CNS functioning

has yet to be elucidated, increased NAA concentrations in FASD may reflect

neurochemical anomalies in processes important for development, such as dendritic

pruning and myelination.
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Chapter 3

Response Inhibition-Related BOLD Activation Patterns in Individuals with FASD

Hypotheses

The present study used a standard behavioral inhibition task (go no-go) to

examine neural resource allocation underlying putative response inhibition deficits

associated with prenatal alcohol exposure. FMRI was performed while children with and

without histories of prenatal alcohol exposure completed a go no-go task. Compared to

their typically developing peers, we expected alcohol-exposed individuals to have a

greater number of commission errors on aspects of the task that require response

inhibition (no-go stimuli), and it was also expected that between-group BOLD activation

differences would be observed within frontal-striatal brain regions. More specifically,

based on a review of the pediatric clinical neuroimaging response inhibition literature, we

expected to observe between-group BOLD response differences in the lateral prefrontal

cortices, the anterior cingulate gyrus, and the striatum (Aron & Poldrack, 2005; Bush et

al., 2005; Casey et al., 2002; Rubia et al., 1999). Also, we expected to observe group

differences in inferior parietal areas, as there is evidence that these brain regions are a

targets of alcohol teratogenesis (Sowell et al., 2002a; 2002b), and parietal involvement

has been elicited by this task in healthy adults (Rubia et al., 2001). As this is the first

fMRI study of response inhibition in this population, we did not have an a priori

hypothesis about the direction of expected between-group activation differences.

However, increased frontal lobe and decreased striatal BOLD response might be

expected, based on frontal-striatal findings in ADHD samples (Durston et al., 2003;

Vaidya et al., 1998).
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Subject Recruitment and Inclusion

The sample described in this study consists of children and adolescents with

heavy prenatal alcohol exposure (ALC; n=13) and typically developing control peers

(CON; n=9). Participants were drawn from a retrospectively identified cohort of children

with histories of prenatal alcohol exposure who are being followed by the Center for

Behavioral Teratology (CBT), San Diego State University. Most ALC subjects were

recruited through Dr. Kenneth Lyons Jones from the California Teratogen Information

Service (CTIS) and Clinical Research Program, University of California, San Diego

(UCSD). CTIS compiles a list of children who were exposed to teratogens during

gestation or who were born with specific birth defects. In addition, over the last several

years our laboratory has networked with various community resources (e.g., FASD

support groups, the foster care system) and we also receive referrals from caregivers

seeking pediatric FASD evaluation.

Study inclusion criteria required that subjects be between the ages of 8 and 18,

right-handed, and native English language speakers. Potential participants were excluded

if they met one or more of the following criteria: a history of head trauma,

contraindication for MRI scanning (e.g., metallic implants in the body), claustrophobia,

serious medical conditions (e.g., epilepsy), or sensory problems that would interfere with

the subject’s ability to perform the task. Additionally, CON subjects were excluded if

they had a diagnosis of a psychiatric illness or were taking psychoactive medication.

Eight of the thirteen ALC subjects were on routinely prescribed psychoactive medication

at the time of brain scanning. Medication type included atomoxetine, antidepressants
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(e.g., sertraline, desipramine), and antipsychotics (e.g., rispiridone, quetiapine). Based on

caregiver report, there was no indication of clinically significant substance use within our

sample. Of the total potential participants who were screened for this study, 32% were

excluded. The most common reason for exclusion was orthodontic braces or other dental

implants.

All subjects in the ALC group were previously evaluated by a dysmorphologist

with expertise in alcohol teratogenesis (Dr. K. L. Jones). Exams are based on physical

measurements (e.g., pre- and or postnatal growth measures), craniofacial structure

analysis (e.g., evaluation of palpebral fissures, philtrum, vermillion), alcohol exposure

history, and review of available historical records. The ALC group was composed of

children with documented histories of heavy prenatal alcohol exposure, both with (n=6)

and without (n=7) FAS. Mothers of children in the ALC group consumed at least 4 drinks

per occasion at least once per week or 14 drinks per week during pregnancy. Teratogenic

exposure history was determined through collateral report from multiple sources,

including medical, social service, and adoption agency records and maternal report, if

available. Direct maternal report is generally not available in our retrospectively

ascertained cohort, as many children with histories of heavy prenatal alcohol exposure no

longer reside with their biological families. In contrast, the majority of children in the

CON group do reside with their biological mothers. Therefore, screening for teratogenic

exposure in control subjects was determined through direct maternal report. Mothers of

these children reported little (i.e., < 1 ounce absolute alcohol per day prior to pregnancy

recognition), if any, alcohol use during pregnancy. The procedures described for



31

ascertaining alcohol exposure history are in agreement with normative standards for

retrospective assessment of maternal alcohol use within the field of clinical behavioral

teratology.

Participants in the CON group were selected to be demographically similar to

ALC participants on age, socioeconomic status, and sex, but not on presence of

psychiatric symptoms or IQ, as cases of heavy prenatal alcohol exposure often present

with psychopathology and cognitive deficits; additionally, groups differed on family

placement status, as more individuals in the ALC group were in non-biological family

placements, such as foster or adoptive settings, compared to CON youth (see Table 1).

Intelligence testing was conducted using the Wechsler Intelligence Scale for Children, III

(Wechsler, 1991), and the IQ scores of study participants ranged from 73 to 128. Prior to

the neuroimaging session, written informed parental consent and child assent were

obtained via protocols approved by the Institutional Review Boards of San Diego State

University and UCSD. Subjects were provided with a financial incentive for their

participation.

Task Description

180 trials were presented with interspersed baseline rest periods (visual fixation).

The stimuli consisted of large circles (n=64), small circles (n=16), large squares (n=43),

and small squares (n=57). Each stimulus appeared for 200 milliseconds (ms), with an

intertrial interval of 1500 ms, and interspersed rest periods of 0-40 seconds (sec).

Subjects were instructed to press a button each time the large circle, small circle, or large
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square appeared (go stimuli), and not to press the button when the small square was

shown (no-go stimulus). During the fixation trials, subjects were instructed to passively

look at a plus sign that appeared in the center of their visual field. See Figure 1 for

example task stimuli.

Neuroimaging Procedures

Subjects were greeted at the UCSD fMRI Center and acclimated during a tour of

the facility. Before the scan session, the scan operator used verbal and pictorial

instructions to train participants on the go no-go task. Next, participants practiced the task

on a laptop computer under the researcher’s supervision to ensure comprehension of task

instructions. Brain images were acquired on a GE 3 tesla magnet using an 8-channel

gradient head coil. After performing a localizer scan to ensure optimal head placement, a

high-resolution anatomical scan was acquired using a fast spoiled gradient sequence for

co-registration with the functional protocol: TR = 8000 milliseconds (ms), TE = 3.1 ms,

flip angle = 12 degrees, 256 x 192 matrix, 1 millimeter (mm) slice thickness, 24

centimeter (cm) field of view, acquisition time = 7 minutes (min), 24 seconds (sec).

Subjects viewed a movie during anatomical image acquisition.

Task stimuli were displayed using locally developed software, and inversely

projected onto a screen at the subjects’ feet. Stimuli were viewed through a mirror on the

head coil. Behavioral responses were recorded via a fiber-optic LumiTouch response

system (Vancouver, BC). BOLD-weighted functional imaging was collected axially with

the following echo planar (EPI) sequence parameters: TR = 3000 ms, TE = 32 ms, flip
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angle = 90 degrees, in-plane resolution = 3.43 mm x 3.43 mm, 4 mm slice thickness x 30

slices for whole brain coverage, 24 cm field of view, 128 repetitions, and acquisition time

= 6 min, 24 sec. The go no-go task was collected as part of a larger neuroimaging battery,

for which the approximate total scan time was 60 min.

Data Analysis  

Analysts blind to group classification processed fMRI data using Analysis of

Functional NeuroImages (AFNI) software (Cox, 1996; Cox & Hyde, 1997). Image

preprocessing included visual inspection of time series data for gross movement artifacts.

Data were not included in analyses if more than 15% of repetitions were judged by two

independent raters to have excessive, visually discernable, movement (data from 2 ALC

and 5 CON subjects not described in this report were excluded, due to excessive

movement). To correct small movements over time, image repetitions were registered to

a selected base volume using the AFNI 3D volume registration program (Cox &

Jesmanowicz, 1999). This procedure provided 3 rotational (roll, pitch, yaw) and 3

translational (superior-to-inferior, left-to-right, posterior-to-anterior) parameters for each

repetition for each participant, indicating the motion adjustments applied to the time

series data. Data were then deconvolved with a task reference vector while modeling the

degree of motion correction applied (Bandettini et al., 1993). This yielded per-voxel fit

coefficients corresponding to BOLD response specific to task stimulus type. Image data

were normalized to stereotaxic space (Talairach & Tournoux, 1988), resampled to 4 mm3

isotropic voxels, and spatially smoothed with a 5 mm full-width half maximum Gaussian
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filter to mitigate neuroanatomical variation among individuals, improve the data’s signal

to noise ratio, and facilitate group-level analyses.

 Planned between-group comparisons (ALC versus CON) examined BOLD

response differences between no-go trials (small blue square) and go trials (all other

shapes). These group-wise analyses were conducted using independent samples t-tests

with an unpooled error estimate. Two types of between-group analyses were conducted:

1) a hypothesis-driven region-of-interest (ROI) analysis focused on the prefrontal cortex

and the caudate nucleus, and 2) a whole brain analysis. For the ROI-based analyses, the

prefrontal cortex was manually defined to include all brain tissue anterior to the genu of

corpus callosum, while the caudate nucleus was defined using Talairach Daemon

software (Lancaster et al., 2000).

Type I error was controlled at an experiment-wise alpha rate of .05 by setting a

voxel significance threshold (p < .05) and cluster volume threshold based on the size of

the overall area of analysis. The size of the cluster threshold was determined by a Monte-

Carlo simulation based algorithm using a 4 mm connectivity radius to define areas of

contiguous activation (Forman et al., 1995). Neuroanatomical locations of BOLD

response differences surviving this threshold were identified with Talairach Daemon

software (Lancaster et al., 2000), and manually confirmed with a standard neuroanatomy

atlas (Talairach & Tournoux, 1988). The cluster thresholds were 640 microliters (10

contiguous 4 mm3 voxels), 256 microliters (4 contiguous 4 mm3 voxels), and 960

microliters (15 contiguous 4 mm3 voxels), for the analyses focused on the prefrontal

cortex, caudate nucleus, and whole brain, respectively.
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Mean reaction times (RT) to no-go and go task trial types were measured, as were

overall accuracy scores specific to the no-go and go conditions. No-go accuracy was

defined as the overall percentage of no-go trials that were correctly inhibited; thus, lower

accuracy scores reflect commission (false alarm) errors. Go accuracy was defined as the

overall percentage of go trials that were correctly selected, and thus lower accuracy

scores reflect omission errors. In addition, signal detection measures d′ and β were

calculated, which respectively reflect the ability to distinguish go from no-go stimuli and

response bias. RTs were compared between groups using analysis of variance (ANOVA),

while accuracy and signal detection measures were analyzed with the Wilcoxon signed

rank test.

Results

Analyses of accuracy and reaction time data were conducted on 17 of the 22

subjects, as behavioral data from 5 subjects (4 ALC, 1 CON) were lost due to mechanical

failure of the hand-held response device. There were no statistically significant

differences between the ALC and CON groups on reaction times to either go or no-go

stimuli, accuracy scores on either trial type, or signal detection measures, d′ and β

(0.21<p’s<0.50). Response latencies, accuracy percentages, and signal detection

measures are presented in Table 1.  Effect sizes (Cohen’s d) for go no-go task

performance were as follows: d′ = 0.60; β = 0.47; go condition mean reaction time =

0.22; no-go condition mean reaction time = 0.16; go accuracy = 0.75; no-go accuracy =

0.31.
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To assess brain activation patterns during inhibitory control, independent samples

t-tests compared BOLD response between groups on no-go relative to go task conditions.

Based on ROI analyses, ALC individuals (n=13) showed more no-go response (i.e., more

BOLD activation during no-go trials relative to go trials) than CON subjects (n=9) in

prefrontal regions (e.g., right middle frontal gyrus, left superior frontal gyrus), but less

no-go response in the right caudate nucleus. Whole brain analyses revealed an area of the

right parietal lobe, including the inferior parietal lobule, where ALC subjects also

activated more than their peers, while regions of the temporal and occipital lobes showed

greater activation in CON participants (e.g., areas in the right cuneus and middle occipital

gyrus). See Tables 2 and 3 and Figure 2 for a summary of between-group BOLD

response differences.

To explore the nature of the task component by group results described above,

one-sample t-tests (go task condition-baseline and nogo task condition-baseline) were

conducted on the ALC and CON groups separately (see Figure 3). These results suggest

that the ROI-based analyses were driven by the following patterns during trials requiring

response inhibition: increased ALC activation in left prefrontal cortex, CON deactivation

(i.e., less response during the task condition versus baseline fixation) in the right

prefrontal cortex, and CON activation in subcortical regions. More specifically, with

regard to the pattern of one-sample results, upon visual thresholding at the coordinates

corresponding to the left prefrontal cortex cluster, ALC subjects showed no significant

BOLD response during go trials and activated during nogo trials, while there was no

significant BOLD response during either trial type in CON subjects.  Within the right
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prefrontal cluster there was no significant BOLD response during ALC go and nogo task

conditions, while CON subjects activated during go task portions, and deactivated during

nogo task portions.  Within the caudate nucleus cluster, there was subthreshold activation

among ALC subjects to the go condition, no significant BOLD response during the nogo

condition, while CON subjects showed no significant activation to the go portion of the

task, and activation to the nogo portion of the task. Thus, the single-sample follow-up

analyses suggest that the basis of the between-group differences on the no-go versus go

task conditions (i.e., the group by condition interaction) varies by brain region. In

summary, the overall pattern of BOLD response indicates that the observed frontal-

striatal activation differences stem from the ALC group showing higher levels of BOLD

response in prefrontal cortex, and lower levels in the right caudate nucleus during trials

that require response inhibition, as compared to the response pattern of demographically

similar non-exposed youth.  Of note, the more posterior temporal and occipital cortex

CON>ALC activations revealed by whole brain analysis were driven largely by ALC

deactivation in posterior cortical regions.

Evaluation of Age Effects on BOLD Response Pattern

Because cognitive control abilities are expected to develop and consolidate as

children mature, the influence of participant age on BOLD response is of interest to this

study. Three post hoc regression analyses were conducted to explore the effects of patient

age on between-group BOLD response comparisons. Mean BOLD response values were

extracted for each individual from the anatomical regions that emerged as significantly
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different between groups upon ROI analysis. Results regressing mean go versus no-go

BOLD response on age were non-significant for the left superior frontal cluster, right

middle frontal cluster, and right caudate cluster (0.20<p’s<0.91). These results suggest

that participant age did not influence BOLD response, within these primary regions of

interest, though this was not directly tested by adding age as a covariate to the analytic

model. See Figure 4.

Evaluation of FAS Diagnosis on BOLD Response Pattern

Neuropsychological evaluation of heavy cases of prenatal alcohol exposure

suggests that similar behavioral teratogenic effects may occur irrespective of FAS

diagnosis (cf. Mattson et al., 1997); however, this claim has not yet been evaluated with

brain functional activation patterns. ANOVA was used to examine regional BOLD

response across three participant groupings: CON (n=9), and ALC subjects with a FAS

diagnosis (n = 6; ALC-FAS) and without a diagnosis of FAS (n=7; ALC-NOFAS). In

addition to omnibus effects, three contrasts were examined: CON vs. FAS, CON vs.

ALC-NOFAS, and ALC-FAS vs. ALC-NOFAS. The omnibus test was held to an alpha

level of 0.05, while individual contrasts were Bonferroni corrected at alpha/3 (alpha level

= 0.016). As expected based on the original ROI results, omnibus effects were significant

among the three participant groups for the regions revealed by ROI-based analyses

(0.01<p’s<0.02); however, regarding the substantiative question of the analysis, results

were non-significant for individual contrasts comparing the BOLD response of ALC

participants with and without a FAS diagnosis in the three regions examined: left superior
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frontal cluster, right middle frontal cluster, and right caudate cluster (0.14<p’s<0.99).

These results indicate that BOLD response in these regions did not differ between

alcohol-exposed subjects with and without FAS diagnoses. With regard to the remaining

contrasts, 1) CON vs. ALC-FAS and 2) CON vs. ALC-NOFAS, the results varied by

region, as follows. The left superior frontal cluster comparison of BOLD response in

CON vs. ALC-FAS was non-significant (p = 0.09), and BOLD response was significantly

increased in ALC-NOFAS, compared to CON (p = 0.006). For the right middle frontal

cluster, both ALC-FAS (p = 0.01) and ALC-NOFAS (p = 0.01) BOLD responses were

significantly increased, compared to CON. Lastly, for the caudate nucleus, BOLD

response was significantly increased in CON participants, compared to ALC-FAS (p =

0.004), while BOLD response did not differ between CON vs. ALC-NOFAS (p = 0.11).

See Figure 5.

Exploratory Evaluation of Psychiatric Medication within the Alcohol-Exposed

Group

Given the small sample size of the within ALC group medication subgroups (8

ALC subjects on psychiatric medication vs. 5 ALC subjects without medication), these

results are labeled exploratory. For the caudate nucleus (p = 0.33) and right frontal

middle gyral region (p = 0.89), there were no differences in BOLD response between

alcohol-exposed subjects who were medicated, versus not. However, for the left superior

frontal region, BOLD response was greater in non-medicated ALC participants, versus

medicated participants (p = 0.04). As previously described, BOLD response was elevated
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in the ALC group, compared to CON, in this region. Thus, the finding of medication

status differences in the observed direction (i.e., non-medicated ALC participants

showing increased BOLD response) does not suggest the medicated ALC subjects drove

the significance of the ALC vs. CON finding in the left superior frontal region. Taken

together, the results of these 3 analyses provide some evidence that medication status

within the alcohol-exposed group did not unduly influence the results of between-group

(ALC vs. CON) comparisons, within these primary regions of interest.

Correlation of Neuropsychological Performance with Mean BOLD Response

Pearson’s correlation coefficients were used to quantify the relationship between

neuropsychological performance and mean BOLD response in frontal-striatal clusters, in

the ALC and CON groups, separately. In the interest of constraining type I error in this

post-hoc analysis, comparisons were limited to two neuropsychological performances:

one EF-based measure with which correlations with frontal-striatal BOLD response were

expected, and one “control” neuropsychological measure with which correlations were

not expected. The switching component of the Trail Making (TMT) subtest of the D-

KEFS (Delis et al., 2001) was selected as the EF-based measure, given recent evidence

that this may be a useful metric in distinguishing individuals with prenatal alcohol

exposure from those without exposure histories (Mattson et al., 2007). A test of basic

psychomotor processing speed/fine motor coordination, the Grooved Pegboard Test

(PEGS) from the Halstead-Reitan Battery, was selected as the control comparison, as

these functions are not linked specifically to frontal-striatal networks.
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Neuropsychological test scores were scaled to normative standards and performance was

corrected for age (TMT), or age and gender (PEGS).

Given the small sample size of the single group analyses (CON = 9; ALC = 13)

the results ought to be interpreted with caution, due to the diminished statistical power to

detect effects. As expected, all correlations associated with the control comparison

(PEGS) were non-significant. Also, within the CON group correlations for the three

clusters and the TMT Switching were non-significant. Within the ALC group, a positive

correlation emerged between TMT performance and BOLD response in the left prefrontal

cortex cluster, while the right prefrontal and caudate clusters did not show significant

relationships with test performance. See Table 4 for the results from these correlations.

Evaluation of Motion Artifact on BOLD Response Patterns

Because our population of interest is characterized by developmental delay and

hyperactive behavior, the possibility that between-group analyses of BOLD activation

patterns could be confounded by differential motion artifact was of particular concern.

Therefore, a priori analyses investigated the effects of both gross motion during scan

acquisition and motion associated with specific task components. First, the degree of

motion adjustment was examined between groups by creating six bulk motion indices,

averaged across time for each individual (roll, pitch, and yaw rotations, and superior-to-

inferior, left-to-right, and posterior-to-anterior axis displacements). A 2 x 6 repeated

measures ANOVA (group = between-subjects factor; motion parameters = within-

subjects factor) examining bulk motion between ALC and CON groups indicated that

within the whole sample, the amount of motion correction applied to individual images
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varied across the six parameters (F(5,16)=10.98, p <0.01) for the motion main effect), but

that the amount of applied correction did not differ by group (F(1,20)=1.29, p=0.27), nor

was the motion x group interaction statistically significant (F(5,16)=1.72, p =0.14),

indicating that the pattern of motion adjustment did not differ by group. See Table 1 for

mean motion adjustment values by group.

Next, task-associated motion was estimated by correlating each of the six motion

parameters with the task reference vector (i.e., baseline, go, or no-go condition) across

each time point measured during EPI acquisition. Mean correlation values for the CON

group were -.01, .01, -.02 -.06, -.002, -.09 and for the ALC group were -.08, -.07, -.08, -

.05, -.09, -.03 for motion correction related to roll, pitch, yaw, superior-to-inferior, left-

to-right, and posterior-to-anterior axis displacements. Between-group analyses on these

task-correlated motion estimates were conducted via nonparametric Spearman rank-order

correlation. The relationship between group and left-to-right motion correction was

significant (ρ=0.44; p=0.04), indicating that the degree of task-associated left-to-right

displacement varied by group. For the remaining motion parameters, no group

differences were found (0.06<p’s<0.58). Between-group analyses were re-run after

removing one ALC subject, who was discrepant in degree of motion adjustment. The

revised groups showed no statistical differences on task-correlated motion estimates, and

results from this re-analysis were very similar to those from the original analyses, with 9

out of 10 of the clusters reported in Table 3 being replicated to their original coordinates.

One cluster, spanning the left fusiform gyrus and extending into the left cerebellum, was

not replicated upon re-analysis, and an additional cluster of ALC>CON activation was
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identified in the right middle frontal gyrus. ROI-based analyses were replicated

identically.

In summary, results of these a priori analyses suggest that between-group BOLD

response findings were not significantly influenced by gross motion artifact or task-

correlated motion. Caution should be used however, in interpreting the group difference

localized to the left fusiform gyrus, as it was not replicated upon re-analysis. 

Evaluation of Total Brain Volume

Lastly, the potential confound of volumetric brain differences between groups

was considered. The high resolution anatomical image of each participant was processed

with the Oxford Centre for Functional Magnetic Resonance Imaging of the Brain

software library’s (FSL) brain extraction and automated segmentation tools (Smith, 2002;

Zhang et al., 2001) and whole-brain voxel counts were conducted using AFNI’s

3dROIstats function (Cox, 1996; Cox & Hyde, 1997). A post hoc between-group

comparison of total brain volume indicated that brain size did not differ between alcohol-

exposed and comparison subjects (F(1,20)=0.256, p = 0.62). This analysis provides some

indication that the BOLD response patterns observed in this study were not unduly driven

by between-group differences in total brain size. See Figure 6.



44

Chapter 4

Discussion

The main result of this investigation is that despite equivalent task performance,

individuals with FASD compared to typically developing peers showed increased BOLD

response in the prefrontal cortex and decreased response in the caudate nucleus during

trials that require the inhibition of action. These results are consistent with our hypothesis

that prenatal alcohol exposure would be associated with altered frontal-striatal activation

patterns during response inhibition. More specifically, FASD individuals showed

increased activation in regions of the right middle frontal gyrus and left middle, medial,

and superior frontal gyri and decreased activation in the right caudate nucleus when

comparing the difference between the no-go and go trials of the ALC and CON groups. If

one assumes that increased activation is a consequence of appropriating greater cognitive

resources to process the task at hand, one possible conclusion is that ALC subjects,

relative to healthy comparison subjects, allocate more cortical effort to inhibit action. The

greater prefrontal activation observed in individuals with prenatal alcohol exposure may

indicate increased recruitment of these regions in order to mitigate decreased frontal-

striatal network efficiency induced by alcohol teratogenesis. Future studies focused on

functional connectivity would be useful in extending the present study’s results by more

directly exploring the possibility that frontal-striatal network abnormalities underlie

response inhibition deficits in FASD. If the increased prefrontal activation is indeed

compensatory, one possible interpretation of the positive correlation observed within the
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ALC group between BOLD response in the left prefrontal cortex and TMT performance

is that individuals with stronger EF skills were better able to compensate during task

performance. Alternatively, it appears that over the course of typical development from

childhood to adulthood, the prefrontal cortical activation associated with inhibitory

control becomes more focused (Casey et al., 1997b; Tamm et al., 2002). Thus, increased

activation of individuals with prenatal alcohol exposure may reflect an immature pattern

of prefrontal cortical engagement.

Interestingly, a within-group analysis of the no-go portion of the task indicated

that while the ALC group increased activation in some of the regions that showed

between-group differences (e.g., left frontal gyri), large-scale deactivation was still

evident, especially in posterior midline regions. This means that, throughout many brain

regions, the ALC group was showing less activation to the task condition, compared to

baseline. Diminished BOLD responses during task conditions are thought to be reflective

of decreases in neuronal activation (Shmuel et al., 2006; Stefanovic et al., 2004), and so

these results suggest that the ALC individuals were largely decreasing neuronal activity

from baseline during task performance. This raises the possibility that spontaneous neural

activity levels may differ between the groups. In support of this speculation, preclinical

models have observed decreased glucose utilization in the neocortex of alcohol-exposed

animals, suggesting decreased metabolic activity in the brain (Miller & Dow-Edwards,

1988; Vingan et al., 1995), and a human PET study localized CNS metabolic decreases to

subcortex in a sample of children with FAS (Clark et al., 2000). It is also possible that the
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decreased levels of ALC BOLD response in temporal and occipital cortices may reflect

between-group differences on aspects of visual perception and object recognition.

To our knowledge, this is the first fMRI investigation of response inhibition in the

FASD population. Thus, there is no extant literature examining the effects of prenatal

alcohol exposure on BOLD response during inhibitory control with which to compare our

data. However, our findings show concordance with several investigations of response

inhibition in individuals with ADHD, a diagnosis that is commonly made in individuals

with FASD (Bhatara et al., 2006). Consistent with our results, two previous fMRI studies

using go no-go response inhibition tasks have observed frontal-striatal BOLD response

abnormalities in children with ADHD (Durston et al., 2003; Vaidya et al., 1998). More

specifically, both studies described activation patterns in the same direction as the present

study, with ADHD children showing decreased striatal activation, and increased frontal

cortical activation, compared to healthy peers. These findings from the ADHD literature

converge with volumetric MRI data that correlate structural abnormalities in the

prefrontal cortex and caudate nucleus with response inhibition performance deficits of

individuals with ADHD (Casey et al., 1997a). However, there is some variability of

results within the current literature, and other response inhibition studies of the ADHD

population report findings that are divergent with those observed in the present study,

such as hypofrontality of BOLD response (Rubia et al., 1999; Rubia et al., 2005; Tamm

et al., 2004). As described previously, variability among results of existing ADHD

studies likely arises from many methodological sources, including aspects of subject
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ascertainment.

Previous MR studies have revealed morphometric alterations in brains of

individuals with FASD in comparison to typically developing individuals. In addition to

overall reduction in brain size, certain brain regions such as the corpus callosum, basal

ganglia, and cerebellum appear to be especially vulnerable to the effects of alcohol

teratogenesis (see Riley et al., 2004). Analyses of cortical shape have suggested that

anterior and orbital frontal regions show changes in the form of reduced surface extent,

with relative sparing of the dorsal aspects of the frontal lobe (Sowell et al., 2002). In

addition, more posterior lobar abnormalities were indicated by a narrowing of inferior

parietal and perisylvian regions. Along with these structural MRI findings, the results of

the current study provide convergent evidence that alcohol teratogenesis produces

disruptions to both the structure and function of specific brain regions. In particular, the

frontal shape anomalies are interesting to consider, given the putative association of the

orbitofrontal cortex with response inhibition. It may be that individuals with prenatal

alcohol exposure hyperactivate prefrontal cortical regions when engaging inhibitory

control in order to offset the effects of structural damage to orbitofrontal regions.

Although such a relationship is merely speculative at this point, the prospect that the

functional activation patterns observed in individuals with FASD may relate to regional

structural anomalies is intriguing and warrants further investigation in future studies of

this population. Although the finding that total brain volume did not differ between

groups in this study is surprising, this discrepancy is potentially explained by sample



48

differences, given that the alcohol-exposed participants in the present study were higher

functioning, as measured by IQ estimates, than previously reported samples of structural

MR studies.

Inconsistent with our hypothesis of increased commission error rate in the ALC

group, between-group task performance was statistically equivalent for both trial types.

The ALC group did perform more poorly than controls (76% vs. 81% no-go accuracy), so

it is possible that with larger group sizes, response inhibition performance differences

may emerge. Consideration of level of task difficulty, subject engagement, and

behavioral performance equivalence is especially important in studies of pediatric clinical

populations, as between-group performance differences can complicate interpretation of

fMRI data (cf. Bookheimer & Sowell, 2005). A relatively easy go no-go task was

purposefully chosen for this initial response inhibition study in order to facilitate

interpretation, but future work employing a parametric task design would be useful in

characterizing FASD BOLD response in the face of increasing inhibitory demands.

Study Limitations

Due to the small sample size (n=22) these data should be considered a preliminary

indication of brain response associated with inhibitory control following prenatal alcohol

exposure. In particular, the behavioral analyses of task performance were underpowered,

due to loss of data from 5 participants (thus, sample size for these analyses = 17). Post

hoc power analyses revealed that for a two-group ANOVA, our sample size yielded

minimal power (1-ß=.34) to detect a large effect size of f = 40 at alpha =.05 (Cohen,
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1992).  Moreover, the observed effect size of between-group differences on certain

measures of response inhibition performance, such as signal detection, were sizeable

(Cohen’s d = 0.60), suggesting that if sample size was increased statistically significant

group performance differences would emerge, at least on certain metrics.  Thus, negative

findings of a lack of behavioral performance differences between groups should be

interpreted cautiously until they are replicated in a larger sample, though the performance

differences observed in this study are not on the scope of those that would threaten the

internal validity of BOLD response pattern interpretation. In the interest of planning

future studies, an a priori power analysis suggests that a sample of 52 participants would

be necessary to generate adequate power (1-ß=.80) to detect a large effect size of f = 40 at

alpha =.05. Of course, power considerations are specific to the cognitive task at hand, and

a well-advised course of action in planning future fMRI studies would be to first conduct

a pilot behavioral study administering the task outside of the scanner environment, and

then use these pilot data to conduct power analyses and plan fMRI sample needs

accordingly.

Also, the large age range (8-18 years) of the individuals included in these analyses

poses a limitation in interpreting these data, as developmental studies indicate that

response inhibition continues to mature into adolescence (cf. Luna & Sweeney, 2004;

Williams et al., 1999); thus, we likely sampled a variable range of response inhibition

ability. However, we attempted to mitigate this limitation by using age as a matching

variable, and by ensuring that the number of younger subjects (<12 years) was similar
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across groups (2 ALC subjects, 3 CON subjects). Additionally, results of post-hoc

regression analyses do not suggest a significant age effect on BOLD response within this

sample.

Another limitation rests on a lack of assessment of other prenatal and early

postnatal environmental factors that may potentially influence CNS development. The

between-group difference between the samples on biological family placement, suggests

that early family environmental factors may differ between the groups reported in this

sample. At the CBT, alcohol-exposure and child development histories are largely

determined through historical multi-source collateral report, including review of available

medical, social services, and adoption agency records.  In many of the cases we study, the

alcohol-exposed child no longer resides in the custody of their biological family and the

caregivers who report to us were not necessarily present at or around the time of the

child’s birth. Thus, it is not possible to control for many other potentially significant

differences between the groups (other teratogenic exposures, early abuse and neglect

history), which could also contribute to between-group CNS differences.

A further limitation to the current study is that psychoactive medication status

differed between groups. Although, ideally participants would be tested medication-free,

given the high rates of psychiatric symptoms commonly experienced by children with

heavy prenatal alcohol exposure, we did not believe ALC subjects would tolerate the

scanning procedure without routine medication. Exclusion of potential ALC subjects with

psychiatric medication prescriptions is an alternative approach to address this issue but
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was not considered optimal in the interest of maximizing generalizability of study results

to the FASD population at large. Exploratory analyses provided some evidence that

medication status within the alcohol-exposed group did not influence between-group

(ALC vs. CON) comparisons, within the primary regions of interest, the prefrontal cortex

and caudate nucleus. However, interpretation of these analyses is limited by small sample

size and the likelihood that drug status is confounded with symptom severity.

Future Research Directions

This dissertation provides preliminary evidence that the BOLD response patterns

associated with response inhibition differ between individuals with histories of prenatal

alcohol exposure and their demographically matched peers. In order to extend these

findings, a number of research directions are indicated. Foremost, our results pertain to a

sample of adolescents and pre-adolescents, and replication of these findings in adults and

younger children with prenatal alcohol exposure would be a useful step in increasing the

generalizability of the present study’s findings. A longitudinal study design would also be

useful, which could directly evaluate the BOLD response pattern trajectories associated

with the development of response inhibition in the context of prenatal alcohol exposure,

compared to typical development. With regard to task selection, this study used a go no-

go task, which is a well known response inhibition paradigm widely employed in the

fMRI literature. Future studies with other well-validated inhibition tasks, such as the Stop

Signal Paradigm, are warranted to determine the degree to which the present findings are
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specific to response inhibition as elicited by go no-go. Some researchers have argued that

the Stop task provides a more sensitive measure of inhibition than go no-go, and it would

be interesting to see if this claim bears relevance to examining the neural underpinnings

of response inhibition in this population. Also, motivational aspects of inhibitory control

will be important to evaluate, as there is recent evidence that DSM-defined ADHD

subtypes (combined vs. inattentive) may share a cognitive weakness in motor inhibition,

but show differential response to manipulations of reward contingency (Huang-Pollock et

al., 2007).

Another area to direct future research is to determine if the observed differences

in BOLD response patterns are specific to prenatal alcohol exposure or might be

mediated by factors influencing the development of response inhibition. Clearly,

inhibitory control deficits are not pathognomonic markers of prenatal alcohol exposure,

and individuals with FASD may be at risk for developing inhibition deficits from

etiological sources other than (or in addition to) gestational alcohol exposure. A typically

developing comparison group was chosen for this first study in order to provide a

benchmark for how neurofunction of response inhibition differs in individuals with

histories of heavy prenatal alcohol exposure from that of typically developing youth.

However, it is possible that uncontrolled factors in this study, such as IQ differences, or

unassessed factors as described in the study limitations section, contribute to the BOLD

response pattern differences observed between groups. Future fMRI studies could begin

to address these issues through addition of appropriate clinical comparison groups, which
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might include individuals with non-specific developmental delay, ADHD, family history

of alcoholism or trauma histories.

Lastly, it will be important to consider the present study’s findings along with

emerging data regarding brain-behavior relationships in the face of prenatal alcohol

exposure, as fMRI and other neuroimaging techniques are increasingly applied to study

this population. To date, there are few published fMRI studies characterizing

neurofunction in individuals with prenatal alcohol exposure. An initial study used fMRI

to evaluate spatial working memory in children and adults, and reported increased BOLD

response in inferior and middle frontal cortical regions in conjunction with low-load

working memory (Malisza et al., 2005). These findings were based on qualitative

comparisons of the within-group (i.e., single-sample) maps of alcohol-exposed

participants with those of comparison subjects. Though this study is notable for the first

application of fMRI in this population, an accompanying commentary (Bookheimer &

Sowell, 2005) pointed out several methodological weaknesses of the study. These flaws

included a failure to account for between-group differences in performance on the spatial

working memory task and a failure to conduct between-group statistical comparisons.

Thus, the results of this first fMRI study in FASD must be interpreted in light of these

methodological problems. A more recent fMRI study of spatial working memory from

the same cohort of children included in this dissertation also showed increased frontal

activation (including portions of the bilateral superior, middle, and inferior frontal gyri),

in addition to numerous other regions in alcohol-exposed subjects, compared to typically
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developing peers; these between-group differences were observed, despite alcohol-

exposed and comparisons subjects showing equivalent task performance and reaction

time (Spadoni et al., submitted). Lastly, fMRI revealed decreased BOLD response in the

left medial and posterior temporal cortex and increased BOLD response in the left dorsal

prefrontal cortex during a test of verbal learning and memory in alcohol-exposed subjects

compared to controls; the study authors suggest that increased frontal activation in the

context of verbal learning may reflect a compensatory mechanism that serves to mitigate

dysfunctional medial temporal memory systems in individuals with FASD (Sowell et al.,

2007). One caveat that should be considered in interpretation of these data is that upon

additional analysis using posttest memory performance as a regressor, the left temporal

lobe finding of decreased FASD BOLD response was replicated, while the prefrontal

finding of increased BOLD response was not. While the lack of replication of this frontal

finding could stem from diminished statistical power due to the addition of the regressor

variable, it is also possible that frontal increases in BOLD response result from

performance-mediated functional changes (e.g., such as those related to effort and task

engagement), and, thus, are less specific to learning and memory.

Of note, all of the fMRI studies discussed above suggest increased prefrontal

activation in FASD in the context of cognition, compared to controls. Increased

prefrontal BOLD response was also observed in the present study. Although task-related

BOLD increases are not necessarily in the same exact loci within the prefrontal cortex, it

is striking that results from various studies converge to suggest that alcohol-exposed
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subjects show increased prefrontal BOLD response across several different cognitive

demands (e.g., response inhibition, associative learning, and spatial working memory). It

is possible that the observed increases in BOLD response represent a compensatory

mechanism at an executive level to ameliorate dysfunction in other task-related regions,

such as the decreased striatal activation in the context of response inhibition reported in

the present study, and the decreased left temporal activity during verbal learning and

memory reported in the study by Sowell and colleagues (2007). Alternatively, increased

prefrontal BOLD response may be reflective of less mature or efficient executive

functioning in individuals with prenatal alcohol exposure, an interpretation which is

consistent with neuropsychological assessment of executive functions in individuals with

FASD. Regardless of whether either speculation is borne out as future research directly

assesses the relationship between performance on neuropsychological tests of executive

functioning and BOLD activation patterns during fMRI, these other fMRI studies

underscore the fact that inhibitory deficits are but one of many cognitive effects that may

present in association with alcohol teratogenesis. Thus, the data presented in the current

study should not be interpreted in isolation. Ultimately, a neural systems perspective may

best aid efforts to characterize the neurofunctional profile associated with FASD, given

the myriad deficits and variable neurobehavioral presentation of deficit associated with

gestational alcohol exposure.
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Table 1.
Sample demographics for children in the alcohol-exposed (ALC) or non-exposed
control (CON) groups

ALC [M±SD] CON [M±SD] p

N 13 9

Age (years) 14.45±3.28 14.53±2.74  n.s.*

Sex (% female) 38 56 n.s.

Race (% Caucasian) 69 67 n.s.

Family Placement (% living with one

or more biological parents) 15 89 <0.01

SES 48.38±7.23 49.39±13.57 n.s.

FSIQ 90.67±7.04 105.89±16.70 0.01

D-prime 2.66±0.93 3.17±0.75 n.s.

Response bias (Beta) 0.35±0.25 0.25±0.17 n.s.

Go Mean Reaction Time (ms) 706.79±166.23 673.86±136.68 n.s.

Go Accuracy (%) 94.89±5.88 98.25±2.25 n.s.

No-go Mean Reaction Time (ms) 699.69±151.00 676.15±146.85 n.s.

No-go Accuracy (%) 76.33±14.41 81.13±16.93 n.s.
ΦMotion-Roll 0.08±0.06 0.08±0.06 n.s.

Motion-Pitch 0.22±0.16 0.18±0.14 n.s.

Motion-Yaw 0.09±0.07 0.12±0.06 n.s.

Motion-Superior/Inferior 0.28±0.22 0.16±0.07 n.s.

Motion-Left/Right 0.06±0.05 0.06±0.03 n.s.

Motion-Posterior/Anterior 0.13±0.05 0.08±0.03 n.s.

*n.s. = non-significant (p > 0.05)
Φbulk motion values refer to the mean amount of motion correction applied along a
given axis, in millimeters
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Table 2.
Region of Interest Analyses: Areas of significant BOLD response differences
between ALC and CON on no-go condition relative to go condition (n=22, p<0.05,
corrected)

*Talairach coordinates and effect size calculations correspond to between-group
maximum signal intensity difference within each cluster; coordinates are presented in LPI
order (-x = left, -y = posterior, -z = inferior)

Anatomical Location Direction Talairach

coordinates*

   x        y         z

Cohen’s d*

(Effect size r)

Brodmann’s

Areas

R Middle Frontal Gyrus ALC>CON 42 27 36 5.91 (0.95) 9

L Superior, Medial, &

Middle Frontal Gyri

ALC>CON -18 35  -12 7.56 (0.97) 11

R Caudate Nucleus CON>ALC 6 -5 20 5.50 (0.94)
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Table 3. Whole Brain Analyses:  Areas of significant BOLD response differences
between ALC and CON on no-go condition relative to go condition (n=22, p<0.05,
corrected)

*Talairach coordinates and effect size calculations correspond to between-group
maximum signal intensity difference within each cluster; coordinates are presented in LPI
order (-x = left, -y = posterior, -z = inferior)

Anatomical Location Direction Talairach

coordinates*

   x        y         z

Cohen’s d*

(Effect size r)

Brodmann’s

Areas

R Middle Frontal Gyrus ALC>CON 46 27 36 1.57 (0.62) 9

L Superior, Medial, &
Middle Frontal Gyri

ALC>CON -14 47 -12 1.26 (0.53) 11

R Inferior Parietal Lobule
& R Supramarginal Gyrus

ALC>CON 54 -61 40 1.22 (0.52) 39, 40

L Middle Temporal Gyrus ALC>CON -70 -57 0 1.57 (0.62) 21
L Lingual Gyrus CON>ALC -14 -97 -4 1.56 (0.62) 17
L Fusiform & Inferior
Occipital Gyri, extending
into L Cerebellum

CON>ALC -30 -89 -16 1.30 (0.54) 18

R Middle Temporal Gyrus CON>ALC 58 -49 4 1.58 (0.62) 21, 22
R Middle & Inferior
Occipital & Lingual Gyri

CON>ALC 30 -93 0 1.30 (0.54) 18

R Cuneus & Middle
Occipital Gyrus

CON>ALC 18 -93 20 1.69 (0.64) 18, 19

R Inferior & Middle
Occipital Gyri

CON>ALC 46 -81 -4 1.38 (0.57) 18, 19
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Table 4.
Correlation between mean BOLD response in region of interest analyses and
neuropsychological performance (NP): within groups

 Correlation with NP variable

 Trail Making Test Grooved Pegboard

BOLD cluster location r       p r p

CON-Left Prefrontal Cortex .116     ns* .226 ns
CON-Right Prefrontal Cortex -.323 ns .578 ns
CON-Right Caudate Nucleus .129 ns .234 ns
ALC-Left Prefrontal Cortex .582 0.037 -.172 ns
ALC-Right Prefrontal Cortex -.239  ns .050 ns
ALC-Right Caudate Nucleus .107 ns .429 ns

*ns= non-significant (p< .05)
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Figure 1. Response inhibition task instructions.
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Figure 2. 3-dimensional depiction of frontal-striatal regions group differences in go
no-go BOLD response (a=.05, corrected). Regions shown include ALC>CON
activation in the right middle frontal and left superior frontal gyri (blue, top views)
and CON>ALC right caudate nucleus (orange, bottom views).
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Figure 3. Results from single sample task component t-tests (a=.05, corrected)
overlaid on group anatomical brain image average for go relative to baseline
condition, and no-go relative to baseline condition for CON and ALC groups.
Colored areas indicate activation on task component of interest, as noted in key.
Sagittal view (bottom left) depicts extent of axial montage coverage.
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Figure 4. Participant age does not affect nogo-go BOLD signal in region of interest
analyses.
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Figure 5. Mean BOLD signal in region of interest analyses for participants
classified as non-dysmorphic FASD (ALC-NOFAS), dysmorphic FASD
(ALC-FAS), or controls (CON): Left prefrontal cluster, right prefrontal
cluster, and caudate nucleus cluster.
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Figure 6. Total brain volume does not differ between group (ALC vs. CON).
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