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Abstract
Despite considerable data published on cognitive and behavioral disabilities in children with
FASD, relatively little information is available on behavioral or pharmacological interventions for
alcohol affected children. The main goals of this paper, therefore, are to summarize published
intervention studies of FASD and to present a neurodevelopmental framework, based on recent
findings from a number of disciplines, for designing new therapies for alcohol affected children.
This framework assumes a neuroconstructionist view, which posits that reciprocal interactions
between neural activity and the brain's hardware lead to the progressive formation of intra and
inter-regional neural connections. In this view, behavioral interventions can be conceptualized as a
series of guided experiences that are designed to produce neural activation. Based on evidence
from cognitive neuroscience, it is hypothesized that specific interventions targeting executive
attention and self-regulation may produce greater generalizable results than those aimed at domain
specific skills in children with FASD. In view of reciprocal interactions between environmental
effects and neural structures, the proposed framework suggests that the maximum effects of
interventions can eventually be achieved by optimally combining behavioral methods and
cognition enhancing drugs.
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Introduction
It is now known that heavy exposure to alcohol in utero produces a wide spectrum of
morphological and behavioral outcomes in offspring, commonly referred to as fetal alcohol
spectrum disorders (FASD). Terms such as fetal alcohol syndrome [FAS], partial fetal
alcohol syndrome (PFAS), alcohol related birth defects (ARBD), and alcohol related
neurodevelopmental disorder (ARND) have been used to label different clusters of
anomalies along the spectrum. Although not a formal diagnosis, the term fetal alcohol
spectrum disorders will be used in this paper to denote the broad range of morphological and
behavioral anomalies observed in children with prenatal alcohol exposure. Common to all
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children on the spectrum are cognitive and behavioral problems that result from central
nervous system damage.

There exists a large body of literature documenting cognitive deficits and behavioral-
emotional difficulties in children with FASD (Kodituwakku, 2007; Riley and McGee, 2005).
Compared to typically developing age-matched peers, children with FASD display deficits
in intellectual abilities (Mattson et al., 1997), executive functioning (Kodituwakku et al.,
2001a; Rasmussen and Bisanz, 2008), attention and information processing (Burden et al.,
2005b; Coles et al., 1997), language (Becker et al., 1990), visual processing (Mattson et al.,
1996), learning and memory (Uecker and Nadel, 1996), number processing (Kopera-Frye et
al., 1996), and social cognition (McGee et al., 2008; Schonfeld et al., 2005). Researchers
have found that individuals with FASD often experience a range of adverse life outcomes,
called secondary disabilities, which include disrupted school experience, trouble with the
law, confinement, inappropriate sexual behaviors on repeated occasions, and alcohol/drug
problems (Streissguth et al., 2004). A number of researchers have documented that children
with FASD display deficient adaptive behavior (Thomas et al., 1998), with social deficits
becoming pronounced as they grow older (Carmichael Olson et al., 1998; Whaley et al.,
2001).

The lifetime cost for care of one individual with FAS has been estimated at $2 million
(Lupton et al., 2004), whereas the emotional impact of life stressors caused by FASD on
caregivers and the individual is immeasurable. Accordingly, FASD continues to be a grave
public health problem in North America and in countries around the world. Despite the
seriousness of the problem, surprisingly little published information on evidence-based
interventions for FASD is available. Although four decades have elapsed since fetal alcohol
syndrome was first described in the medical literature (Jones and Smith, 1973; Lemoine et
al., 1968), only a few studies using an experimental approach to evaluating the efficacy of
interventions (e.g. random assignment of subjects) for alcohol-affected children had been
published between 1973-2006 (O'Connor et al., 2006; Oesterheld et al., 1998; Premji et al.,
2007; Riley et al., 2003). Less than a dozen of intervention studies have been published
since Premji et al. reported their survey (Adnams et al., 2007; Bertrand, 2009; Coles et al.,
2007; Kable et al., 2007; Paley and O'Connor, 2009). The limited progress in the
development of evidence -based interventions for alcohol-affected children is puzzling,
given that successful animal models of interventions for FASD have been developed
(Hannigan et al., 2007; Klintsova et al., 2000; Klintsova et al., 1997), and that the past 4
decades have witnessed remarkable advances in the treatment of other neurodevelopmental
disorders such as autism and attention-deficit/ hyperactivity disorder.

One possible reason for the limited progress in the development of intervention methods
concerns the failure of neurobehavioral research on FASD to inform practice. Despite
significant advances in the delineation of cognitive functions in children with prenatal
alcohol exposure, there is no consensus among researchers regarding what constitute the
core deficits in these children. Therefore, teachers and clinicians have employed
interventions based on their experience in working with alcohol-affected children rather than
research data. Furthermore, the cross-fertilization of ideas generated in human and animal
research on FASD has not been optimal, partly because of fundamental differences in
methodologies and therefore, successes in animal models have not been readily translated
into the development of interventions for humans. Another possible reason for hampering
the progress in the development of interventions is the prevalence view that FASD is not a
global health problem. Citing the results of a comparative risk analysis conducted by the
World Health Organization, Room (2005) has argued that fetal alcohol syndrome does not
loom large as a global health problem. Accordingly, fewer resources have been allocated to
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the study of FASD compared with those devoted to the study of disorders such as ADHD
and autism.

Although drinking during pregnancy may not be a universal problem because women in
some countries do not consume alcohol because of religious or cultural reasons, FASD
remains a leading preventable cause of mental retardation in the Western World. Sampson et
al. (1997) have estimated the combined prevalence rates for FAS and ARND at 1 per 100
live births. Some communities in South Africa have experienced a devastating effect of fetal
alcohol syndrome, with the prevalence rates estimated at 68.0-89.2 per 1000 live births
(May et al., 2007). Accordingly, the development and testing of evidence-based
interventions for children with FASD is long overdue. Evidence converging from animal
research and a limited number of human studies has shown that those with prenatal alcohol
exposure do indeed respond to interventions. Despite the lack of agreement among
researchers as to a set of core deficits in FASD, there is a consensus that a range of cognitive
skills are deficient in children with FASD. A review of the literature has revealed an
emerging pattern of cognitive performance in these children, namely a generalized deficit in
processing and integration of information (Kodituwakku, 2007, 2009; Kodituwakku, in
press).

The main goals of this paper are to summarize published intervention studies of FASD and
to present a neurodevelopmental framework for the development of behavioral interventions
for children with FASD, based on the evidence from clinical neuroscience, developmental
psychology, and neuropsychology.

Interventions for FASD
As noted above, animal models of FASD have provided evidence for experience-induced
plasticity in rodents (Hannigan et al., 2007; Klintsova et al., 2000). These models have
systematically investigated the effects of neonatal handling, enriched environment and
specific training programs (e.g. motor training) on neural plasticity in alcohol-exposed
rodents. As mentioned above, there also exist a number of human intervention studies of
FASD that have sought to test the efficacy of specific training programs such as social skills
training, and literacy training (Paley and O'Connor, 2009).

Animal Models
It has long been known that early experiences induce alterations in neuronal functions and
behavior in adulthood. Using experimental procedures such as neonatal handling (Levine,
1956; Levine et al., 1957), selective deprivation of sensory input (Hubel and Wiesel, 1963;
Wiesel and Hubel, 1963), environmental enrichment (Rosenzweig, 1966) and training
(Rosenzweig et al., 1962), researchers have obtained evidence for experience-induced
plasticity of the brain. A number of investigators have employed these procedures to
investigate neural plasticity in alcohol-exposed animals (Hannigan et al., 2007).

Neonatal handling (NH)
Since early (neonatal) handling was demonstrated to have an effect on avoidance learning in
rats (Levine, 1956; Levine et al., 1957), this procedure has been widely used in the study of
responses in animals to challenging or stressful situations. There is now substantial evidence
that the effects of NH on adaptive responses to stress can be attributed to an enduring
reduction of fearfulness (Fernandez-Teruel et al., 2002). For example, rats handled during
the neonatal period have been found to show increased exploratory and novelty seeking
behaviors. There is a growing a body of literature showing that the effects of NH are mainly
mediated by altered responses of the hypothalamic pituitary-adrenal axis (HPA) to stressful
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events (Levine, 2005; Weinberg et al., 2008). Researchers have also found that neonatal
handling may enhance cognitive function in adulthood (Pondiki et al., 2006).

Weinberg et al. (1995) found that neonatal handling attenuated adverse effects of prenatal
alcohol exposure, particularly increased hypothermia observed in male rats. Weinberg and
colleagues later investigated the effects of prenatal alcohol exposure on the responsiveness
of the HPA axis to stress and the ability of postnatal handling to mitigate these effects
(Gabriel et al., 2005). Results of these studies showed that prenatal alcohol exposure was
associated with increased responsiveness of the HPA axis to stress, but postnatal handling
was ineffective in normalizing the elevated physiological responses. Lee and Rabe (1999)
investigated the effects of neonatal handling on performance of ethanol-exposed animals in
a T-maze learning task. In this study, Lee and Rabe trained offspring of rats chronically
exposed to alcohol throughout pregnancy and controls in a T-maze to learn a position
response and then to reverse the learned response. As expected, alcohol-exposed animals
were deficient in reversal learning. Neonatal handling during the first 3 weeks, which
involved daily separation from home cages and tactile stimulation, was found to eliminate
this learning deficit. Researchers have failed, however, to eliminate spatial memory deficits
on the Morris Water Maze task through neonatal handling (Gabriel et al., 2002). Thus,
efforts at mitigating alcohol-induced deficits in animals by early handling have produced
inconsistent results.

Enriched environment
Since Hebb (1947) introduced ‘environmental enrichment’ as an experimental concept,
researchers have devoted considerable attention to the study of the effects of environmental
manipulation on neural plasticity (Greenough, 1976; van Praag et al., 2000). Environmental
enrichment procedures typically include systematically changing physical environment (e.g.
large cages, toys, running wheels for voluntary physical activity etc.) and social environment
(e.g. larger group with increased opportunity for social interaction). Enriched environments
have been shown to enhance learning and memory, increase the number of neurons in some
regions of the brain (e.g. dentate gyrus of the hippocampus), and enhance synaptogenesis
(Renner and Rosenzweig, 1987). Researchers have obtained evidence that animals with
bilateral cerebral lesions showed improved performance on learning tasks following
enriched experiences (Will et al., 1977).

A number of investigators have demonstrated that postnatal enriched experiences mitigate
the effects of prenatal alcohol exposure on behavior and learning in rats (Hannigan et al.,
1993; Mothes et al., 1996). Hannigan et al. (1993) found that rats exposed to alcohol and
reared in isolation exhibited ataxic gait and impairments of spatial learning. These
investigators succeeded in eliminating these motor and learning deficits by placing the
animals in socially and physically enriched environments.

As shown above, there exist some data showing that behavioral gains resulting from
environmental enrichment are associated with changes in specific neural processes (e.g.
enhanced synaptogenesis). Researchers have failed, however, to observe such changes in the
structures that play a critical role in learning such as the hippocampus in alcohol-exposed
animals placed in enriched environments (Berman et al., 1996). Thus, the neural
mechanisms underlying the observed behavioral improvements associated with
environmental enrichment are yet to be delineated.

Domain-specific training
A third approach to the study of the effects of behavioral interventions in alcohol-exposed
animals involves the provision of training targeted at a specific area of function. For

Kodituwakku Page 4

Alcohol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



example, Klintsova and colleagues have investigated the effects of a complex motor training
program, in which alcohol-exposed and control animals were urged to perform a series of
tasks (Klintsova et al., 2004; Klintsova et al., 2000; Klintsova et al., 1997; Klintsova et al.,
2002). In one of their initial studies, these investigators (Klintsova et al., 1997) assigned
alcohol-exposed and control groups (gastrostomy controls that received maltose/dextrin and
suckle controls) to one of two conditions: Inactive (IC) or Rehabilitative (RC). RC rats
received 5 trials of training per day for 10 days on an elevated obstacle course, which
included narrow rods, ropes, rope ladders etc. Animals were urged to perform the motor task
by gently squeezing the hindquarters. Results showed that at the end of the training period
the alcohol-exposed and control groups all performed the tasks at a comparable level.
Furthermore, the RC rats from the alcohol-exposed group showed significantly more parallel
fiber synapses per Purkinje neuron than did animals from the same group in an inactive
home cage condition. Subsequent studies by these investigators have provided further
evidence for experience-induced plasticity in the cerebellum in alcohol-exposed rats
(Klintsova et al., 2000; Klintsova et al., 2002).

Human studies
As mentioned above, a few outcome studies of behavioral interventions for children with
FASD have been published (Bertrand, 2009; Paley and O'Connor, 2009). While there are no
human studies that are direct parallels of animal models of environmental enrichment, it has
been documented that children with FASD placed in good stable environments had better
life outcomes than those placed in unstable environments (Streissguth et al., 2004). Whereas
most FASD intervention studies have involved the provision of training targeted at
improving skills within a specific domain, e.g. social skills, math skills, safety skills, literacy
etc. some have focused on training general processes such as working memory and cognitive
control.

Social skills
In view of the reports that children with FASD show decreased social competence
(Carmichael Olson et al., 1998) and difficulty in social communication and that their
deficient social skills become more pronounced as they grow older (Whaley et al., 2001),
O'Connor et al. (2006) evaluated the efficacy of social skills training for children with
prenatal alcohol exposure. Using a longitudinal design, these investigators assigned 100
children with FASD, aged 6-12, into two groups: treatment and delayed treatment control.
The treatment group received a child friendship training (CFT) program over 12 sessions of
90 minutes in duration. The CFT is an empirically tested program (Frankel, 2005), which is
designed to teach critical friendship skills through the instruction of simple rules of social
behavior, modeling, homework assignments etc. Results showed that at the end of the
program, the CFT group had improved social knowledge of appropriate social behavior and
fewer problem behaviors than the control group. Results also showed that these gains were
maintained at 3 month follow-up. Improvements in social skills did not however generalize
to improved academic performance in children with FASD.

Math skills
Numerous studies have documented that children with FASD have greater difficulty with
math than other with other academic subjects. Therefore, Kable et al. (2007) developed and
tested a program aimed at teaching math skills to children with FASD. The authors
randomly assigned 61 children with FASD, ages 3 to 12, to either the math intervention or
standard psychoeducational care groups. The math intervention group received instruction
through a specially designed program that incorporated compensatory strategies for
cognitive deficits in children with FASD (e.g. use of tangible objects and tools to
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compensate for visual spatial deficits; and the presentation of materials at a slow pace to
accommodate for information processing deficits). Additionally, given that life stressors and
behavioral problems often interfere with academic functioning in children with FASD,
supports for learning readiness were provided through case management services,
psychiatric consultations etc. All parents received instructions on topics such as FAS,
behavior regulation, and advocacy through workshops. After 5 months, while both groups of
children demonstrated gains in math knowledge, the math instruction group had gained
significantly more than the control group, suggesting the efficacy of direct math training.

Literacy skills
Adnams et al.(2001) found that children with FASD from an impoverished community in
South Africa were notably more deficient in language skills than their peers without FASD.
Therefore, the efficacy of a literacy training program was piloted as a part of a larger
behavioral intervention study of FASD in South Africa. Forty children with FASD, 9 years
of age, were randomly assigned to either the literacy or language training (LLT) or control
groups. Twenty non-FASD children were also recruited to serve as an additional control
group. After completion of pretests, the LLT group received 19 hours of language therapy
alternating with 19 hours of literacy and phonological awareness training over a period of 9
school-term months. Results showed that the LLT group had gained more than the FASD
control group in specific categories of language and literacy. The LLT group did not show
however notable gains compared to the FASD control group in general scholastic skills,
suggesting that the benefits of the intervention was domain specific.

Safety skills
Coles et al. (2007) have reported a study designed to test the effectiveness of using computer
games to teach children with FASD fire and street safety. Participants were 32 children, ages
6-12 years, who were diagnosed with FAS or partial FAS. These children were randomly
assigned to either fire or street safety training conditions. Using 3D game engine software
and Java programming the two learning environments were created, in which an animated
dog named Buddy conducted safety training in incremental steps providing appropriate
feedback. Following the mastery of this game, children were able to verbally respond to the
questions on safety procedures and the majority (72%) of them was successful in
generalizing the newly acquired safety knowledge to more “real life” situations.

Working Memory
Loomes et al. (2008) evaluated the effect of rehearsal training on working memory in
children with FASD. In this study, the investigators administered a digit memory task, in
which children were required to repeat aurally presented digit sequences of increasing length
(2-7) under a 10-second delay recall condition. After completion of pretests, 32 children
with FASD were randomly assigned either to experimental or control groups. The
experimental group received instructions in rehearsal of digits whereas the control group did
not receive any instructions on strategy. The two groups completed posttests twice, one on
the same day and the other on average 10 days after pretest. Results showed that the
experimental group performed better in digit recall than the control group, particularly on
posttest 2.

Behavioral Consultation
In view of the fact that an overwhelming number of children with FASD display behavioral
problems, Carmichael Olson et al. (see Bertrand, 2009) have developed and tested a
behavioral consultation program, called Families Moving Forward (FMF). The chief aim of
this program was to reduce clinically concerning behavioral problems (e.g. disruptive
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behaviors) in children through changing specific parenting attitudes and behaviors. In a
recently completed randomized trial that utilized this positive support approach, 52 children
(7.7% FAS), ages 5 through 11, and their parents participated. Twenty six of these children
and families were assigned to the FMF program and the remainder to a community standard
of care group. The FMF group received supportive behavioral consultation in 90-minute
long, every-other- week sessions over a period of 9 to 11 months. Results showed that
compared to the control group, the FMF group had achieved desirable outcomes in a number
of areas, including reduction of problem behaviors in children and improved sense of self-
efficacy in parents.

Neurocognitive Habilitation
On behalf of the Interventions for Children with Fetal Alcohol Spectrum Disorders Research
Consortium, Bertrand (2009) recently summarized the findings from a number of novel
interventions, including neurocognitive habilitation and parent-child interaction therapy. The
main objective of the neurocognitive habilitation program (Chasnoff, Wells & Bailey at
Children's Research Circle, Chicago, Illinois) was to address behavioral issues in children
with FASDs through the provision of training in self-regulation skills. A total of 78 children,
6 to 11 years of age, were randomly assigned to either the intervention or the control group.
The intervention group received a 12-week, 75-min neurocognitive group therapy sessions
based on a self-regulation program called the Alert Program (Williams and Shellenberger,
1996). The control group received standard interventions such as speech therapy and
occupational therapy. The results showed the intervention group showed greater
improvements in executive functioning than the control group.

Parent-Child Interaction Therapy
The primary focus of parent-child interaction therapy (Gurwitch, Mulvhill, Chaffin, & Grim,
University of Oklahoma Health Sciences Center, Oklahoma City) was to explore the effects
of improved parent-child interactions on child behavior and parenting stress among
caregivers. In this study, a total of 58 children 3-7 years of age with FASD and their
caregivers were randomly assigned to either treatment (parent-child interaction therapy) or
comparison (parenting support and management) groups. The treatment group received 14
weeks of parent-child interaction therapy (Eyeberg and Boggs, 1998), which involved
caregivers practicing with their child specific parenting skills while receiving in-vivo
coaching from therapists through a device placed in the parent's ear. The comparison group
also received an intervention administered in a parent-only format, which included
psychoeducation about development and instructions about general behavioral management
methods. The results showed that both interventions produced reductions in child behavioral
problems and parenting stress among caregivers.

Cognitive Control Therapy
In a pilot study conducted in South Africa, Adnams et al. (Riley et al., 2003) found that
‘cognitive control therapy’ (CCT) produced improvements in behavior as assessed by the
Personal Behavior Checklist-36 (Streissguth et al., 1998), but not in academic skills, in
children with fetal alcohol syndrome. Based on a ‘biodevelopmental framework” rooted in
developmental and psychodynamic theories, CCT involves training children in a graded
series of activities ranging from conceptualization of the body's motility in space to
categorization of information (Kalberg and Buckley, 2007).

Summary
Accordingly, the foregoing studies provide evidence that behavioral interventions are
effective in ameliorating selected areas of cognitive functioning and behavior in animals and
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humans exposed to alcohol prenatally. Some animal studies have documented that training-
induced behavioral gains are associated with discernable morphological and neurochemical
changes in the brain. The above findings also indicate that training-induced changes in a
specific domain of functioning may not generalize to other areas of functioning.
Furthermore, the evidence converging from animal and human studies suggests that only
some interventions are effective in the amelioration of cognitive and behavioral deficits
resulting from prenatal alcohol exposure. This necessitates the formulation of a theoretical
framework that guides the choice and administration of interventions that produce optimal
results.

A neurodevelopmental framework
Rationale

Most of the foregoing human intervention studies of FASD have employed strategies that
have proven to be successful with other neurodevelopmental disorders such as autism,
ADHD, or language delay. While a specific strategy can be used across multiple
developmental disorders, the full benefits of an intervention can not be reaped unless it is
tailored to the profile of strengths and weaknesses of a given disorder. Although children
with ADHD and FASD are often characterized as having a primary deficit in attention, these
two groups have distinct cognitive profiles (Coles et al., 1997) and hence, may respond
differently to a given intervention targeting attention problems. Similarly, a visual strategy
developed for children with autism may not be as effective with children with FASD since
the latter group does not display visual strengths (Kable et al., 2007). Therefore, the
development of intervention strategies directly addressing the cognitive-behavioral
phenotype in FASD is critically important. Another key element of a successful therapeutic
program is a theory “that is intended to account for, explain, understand relations among
variables, how they operate, and the processes involved” P. 533 (Kazdin, 1999).

The main thrust of this paper is that recent advances in developmental neuroscience offer a
theoretical framework for the development of interventions for children with FASD. The
past two decades have witnessed considerable progress in our understanding of the neural
basis of developmental disorders and plasticity of the brain. Since the advent of
sophisticated neuroimaging methods, researchers have been able to better understand how
neural networks function, how they are assembled during development, and how they are
altered through interventions (Lyon and Rumsey, 1996). Advances in human genetics,
particularly the mapping of the human genome, have opened avenues to understand the
physical basis of individual differences in cognitive functioning (Venter et al., 2001).
Parallel achievements in cognitive and developmental sciences have provided greater
understanding of the architecture of various cognitive functions and their development. A
theoretical framework grounded in the above advances will allow the integrating animal and
human data and generation of novel intervention strategies to address cognitive and
behavioral issues in children with FASD.

Theoretical foundation
A tacit assumption of much of the neurobehavioral research on FASD is that
neuroanatomical anomalies and cognitive impairments are directly associated. In view of the
finding that the hippocampus is particularly vulnerable to the effects of alcohol, researchers
have designed human studies using tests sensitive to hippocampal functions (Hamilton et al.,
2003; Uecker and Nadel, 1996); the finding that the corpus callosum is often damaged in
children with FASD has led to investigations aimed at testing the interhemispheric transfer
of information (Dodge et al., 2009; Roebuck et al., 2002); similarly, orbitofrontal
dysfunction in FASD has been considered a putative cause of deficient reversal learning
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(Kodituwakku et al., 2001b). This assumption of a direct brain-behavior relationship in
neurodevelopmental disorders is rooted in a modular view of the mind, according to which
cognitive functions comprise relatively independent modules that develop under
considerable genetic influence (Baron-Cohen, 1995; Pinker, 1994). An implication of this
theoretical perspective is that some modules in the developing brain can be damaged in the
presence of intact domains, resulting in an uneven profile of cognitive functioning. In this
view, therefore, the development of intervention programs involves focusing on damaged
modules. If children with FASD, for example, have ‘specific’ impairments of number
processing, a researcher may focus on the development of strategies to improve number
sense.

In light of recent developments in epigenetics and developmental science, the assumptions
of the modular view of the brain have been challenged (Elman et al., 1999). Evidence from
several lines of research shows that development is a product of mutually induced changes
between the neural and cognitive processes and hence, is context dependent (Sirois et al.,
2008). This dynamic interactive model of development has been formalized into theoretical
framework labeled neuroconstructivism (Sirois et al., 2008; Westermann et al., 2007), which
posits that experience alters the ‘brain hardware’, which in turn leads to new experiences
and to further alterations of the neural systems (Westermann et al., 2007). This paper
proposes that the notion of dynamic reciprocal interactions between experiences and neural
system offers a practical framework for understanding the neurocognitive profile in children
with FASD and developing appropriate interventions for these children.

Westermann et al. (2007) have delineated constraints on development at different levels,
which include genes, encellment, embrainment, embodiment, and ensocialment.
Neuroconstructivists take a probabilistic epigenetics view of development (Gottlieb, 2007),
which underscores the reciprocity of influences within and between different levels, ranging
from genetic to social. Westermann et al. (2007) use the term encellment to describe
developmental constraints at a neuronal level. It has been well documented that neural
activity is critical for the formation of neural networks (Quartz and Sejnowski, 1997). The
term embrainment underscores the contributions from interregional interactions of the brain
to development. Recent neuroimaging studies have provided evidence that functional
properties of a given region of the brain are shaped by its interactions with other regions
(Friston and Price, 2001). Developmental constraints resulting from the brain being a part of
the body have been labeled embodiment. For example, the integrity of sensory organs is
critically important for the development of perceptual functions. The body is also
instrumental in manipulating the physical environment, and thereby generating novel
sensory inputs that influence brain development. The fact that the body is also embodied in a
social environment places additional constraints on the development, which are referred to
as ensocialment. It has been well documented that disruptions of attachment in early
development have devastating effects on the development of specific neural networks of the
brain, as observed in children raised in orphanages (Chugani et al., 2001; Eluvathingal et al.,
2006). The neuroconstructionist view also posits that interactions between the above
constraints contribute to the formation of within-region networks as well as between-region
pathways (Mareschal et al., 2007). For example, social inputs influence not only the
formation of neural networks underpinning social interaction, but also the expression of
specific genes (Eisenberg, 1995).

The neuroconstructivist hypothesis that brain development results from reciprocal
interactions between neural activity and neural structures has profound implications for the
development of intervention methods for children with FASD. According to
neuroconstructivism, an efficacious intervention produces neural activity leading to
plasticity of neural structures, which in turn results in substantial changes in experiences.
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These changes are considered to reciprocally affect brain structures, resulting in a
progressive formation of a neural circuitry supporting a specific skill. The studies of motor
training (Klintsova et al., 2000) outlined above demonstrate the effects of planned and
guided motor experiences on plasticity of specific neural structures in alcohol-exposed rats.
As mentioned, behavioral changes resulting from specific guided experiences such as social
skills training have been documented, but no data on experience-induced plasticity in
specific brain regions of alcohol-affected children have been published.

Guidelines
A successful intervention can be characterized as a series of planned and guided experiences
that give rise to a chain of reciprocal interactions between neural activities and structures,
ultimately resulting in improved performance. A range of parameters related to experiences
and structures can determine the effectiveness of producing such interactions. In particular,
type of experiences, intensity and frequency of practice and suitability can all contribute to
therapeutic outcomes. Similarly, the level of structural integrity is an important determinant
of the responsiveness to specific experiences. We submit that recent findings in cognitive
neuroscience, neuropsychology of FASD can be utilized to develop guidelines to maximize
the outcomes of interventions designed for alcohol-affected children.

a). Pay heed to the child's overall cognitive-behavioral profile when designing an
intervention program for him or her

As noted above, despite an extensive body of literature documenting cognitive dysfunction
in children with FASD, the question of whether alcohol-exposed children display a unique
pattern of dysfunction remains unanswered. Recently, we proposed that a generalized deficit
in the processing and integration of information characterizes the essence of the cognitive-
behavioral phenotype in children with FASD (Kodituwakku, 2007, 2009; Kodituwakku, in
press). Numerous studies have consistently documented that children with FASD show
lower intellectual abilities than their age peers, with perceptual and verbal skills both being
diminished (Mattson and Riley, 1998). Researchers have also consistently found children
with FASD are slower in processing information than typically developing controls (Burden
et al., 2005a; Jacobson, 1998). Furthermore, children with FASD perform worse than
typically developing peers on relatively complex tasks selected from different domains of
cognitive functioning, whereas the two groups do not show differences in performance on
relatively simple tasks. For example, children with FASD show greater difficulty than
controls on letter fluency, but not on category fluency (Kodituwakku et al., 2006a).
Similarly, children with FASD perform worse than controls on complex, but not on simple,
tests of cognitive planning (Aragon et al., 2008).

In view of the above findings, a therapist designing an intervention program for FASD must
incorporate strategies to address deficits in processing and integration of information. These
may include presentation of information at a slower rate than normal, using multi-modalities
and repetition of presented information. Clinical experience suggests that hands-on
experiences facilitate encoding information in children with FASD. Related to the use of
hands-on experiences is the utilization of computer games to teach materials, as
demonstrated by Coles et al. (2007).

b). Utilize strategies appropriate for the child's Zone of Proximal Development
Consistent with neuroconstructivism, Vygotsky's developmental theory (Vygotsky, 1978)
underscored the importance of contributions from social-cultural environment to cognitive
development. Vygotsky made a distinction between the child's actual developmental level,
as indexed by independent problem solving, and the child's potential developmental level, as
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determined by problem solving under adult guidance or in collaboration with more capable
peers. The gap between these two levels was called the Zone of Proximal Development
(ZPD), as it reflected what the child is ready to achieve in the future or the child's emerging
skills. Therefore, the task of educators and adults is to assist the child attain his or her
potential by means of the provision of hints, strategies, and guidance. The emphasis is
placed on providing the child activities that are just beyond his or her independent level of
performance, but within what the child can do with assistance.

As noted above, alcohol-induced brain damage may interfere with the child's progression
from the independent (current) to assisted (potential) levels of performance. A common
stumbling block to the attainment of the assisted level performance in a child with FASD is
difficulty with retention of information. This issue can be addressed through teaching
executive control skills, as described below.

c). Provide training in attention and self-regulation early
The provision of training in executive attention and self-regulation to children with FASD is
critically important because of a number of reasons. First, the effects of attention and self-
regulation training are more far-reaching than those resulting from domain-specific training
(Posner and Rothbart, 2005, 2007). It has long been known in psychology and education that
skills acquired in one domain do not readily transfer to a different domain (Ericsson and
Chase, 1982). However, recent neuroimaging studies have revealed that attentional networks
influence with other neural networks in the brain, suggesting that attention training may
produce effects that are generalizable across domains (Posner and Rothbart, 2005). Second,
the emergence of specific self-regulatory skills during preschool years predicts long-term
developmental outcomes. In a landmark study of the development self-regulation, Mischel
and colleagues (1989) have demonstrated that the ability to delay gratification in a group of
children at age 4 predicted their academic achievement and response inhibition during
adolescence. Researchers have also obtained evidence that specific self-regulatory skills in
preschool children are strongly associated with academic outcomes independent of general
intellectual ability ((Blair and Razza, 2007). In particular, inhibitory control was positively
associated with early math and reading abilities. McClelland et al. (2000) found that work-
related skills, which are associated with self-regulation, in preschool children uniquely
predicted academic outcomes at school entry. These findings are not surprising because
attentional skills allow the child to encode information efficiently because of his or her
ability to sustain attention in the presence of interference and the ability to hold more
information in working memory (Posner and Rothbart, 2005, 2007).

There is evidence that children with FASD respond to early interventions (Streissguth et al.,
2004). There is growing evidence that early interventions targeting self-regulation and
executive attention may produce more far-reaching effects than domain-specific
interventions such as literacy training or math training. Researchers have successfully used
specific teaching strategies such as those in the Tools of the Mind Curriculum (Bodrova and
Leong, 2007; Diamond et al., 2007) and computer-based training programs (Rueda et al.,
2005) to teach young children self-regulation and executive attention. These strategies may
prove useful in teaching self-regulatory skills to children with FASD.

d). Provide enriched input in a guided fashion
There exists a vast literature showing that enriched environmental input enhances cognitive
functioning in humans and animals (Huttenlocher, 1998; Huttenlocher et al., 1998;
Rosenzweig, 1966). As noted above, Huttenlocher (1998) has documented that the child's
language development is directly related to the speech they hear at home and at school. It
was also mentioned that researchers have obtained evidence that postnatal enriched
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experiences mitigate the effects of prenatal alcohol exposure on behavior and learning in rats
(Hannigan et al., 1993; Mothes et al., 1996). We found that a group of children, particularly
girls, with FASD from a community in South Africa displayed some improvement in
language after entering school (Kodituwakku et al., 2006b). The effects of enriched input
can however be enhanced by providing experiences in a guided and controlled fashion. For
example, by using words and grammar just beyond what the child is able to produce may
help develop vocabulary and grammar. Similarly, the child can be systematically challenged
with visual and block building tasks of increasing difficulty.

The above guidelines are presumed to assist in planning guided experiences so that their
impact on neural structures (epigenesis) is enhanced. Recent advances in molecular genetics
and neuroimaging have allowed researchers to probe and manipulate neural structures
directly. These advances have profound implications for the development of novel
intervention methods for children with children with FASD. For example, researchers have
obtained evidence for genetic variation in executive attention (Fan et al., 2003; Fossella et
al., 2008). In particular, there is evidence that alleles in a number of dopamine genes (e.g.
DAT1) are associated with performance of tests assessing executive attention. These
developments have implications for the development of drugs that directly target specific
neural structures.

e). Combine evidence-based behavioral and pharmacological intervention, unless
clinically contra-indicated

As mentioned above, using animal models, researchers have made considerable progress in
the development of molecular interventions that ameliorate cognitive and behavioral deficits
resulting from prenatal alcohol exposure. The focus of one line research has been on
experimental therapeutics that can be administered during pregnancy to counteract the
deleterious effects of alcohol. A number of investigators have obtained evidence that
peptides derived from activity-dependent neurotrophic factor (ADNF) and activity-
dependent neuroprotective protein (ADNP) protect against the effects of alcohol (Sari and
Gozes, 2006; Wilkemeyer et al., 2004; Zhou et al., 2008). In particular, a nine-amino acid
peptide derived from ADNF labeled SAL and an eight- amino acid peptide derived from
ADNP labeled NAP have been found to be efficacious in attenuating the teratogenic effects
of alcohol (Wilkemeyer et al., 2004). The finding that prenatal alcohol exposure causes
damage to the development of 5-HT system has led some researchers to examine the utility
of maternal treatment with 5-HT agonists such as busipirone and ipsapirone (Eriksen and
Druse, 2001). Druse et al. (2004) have found that maternal treatment with busipirone or
ipsapirone reduced the adverse effects of ethanol on the 5-HT system in the offspring.
Furthermore, using a rat model of prenatal alcohol exposure, Thomas and colleagues have
demonstrated that both prenatal and postnatal choline supplementation is effective in
reducing the severity of alcohol effects, as indexed by improved performance on various
learning paradigms such as spatial reversal learning, trace eyeblink conditioning, and spatial
learning (Thomas et al., 2004; Thomas et al., 2000).

Given that alcoholic mothers are notoriously non-compliant with prenatal care, some
investigators have utilized animal models to test therapeutic agents that can eventually be
used with alcohol-affected children during their neonatal period or late childhood. Since
children with FASDs display a range of cognitive deficits, researchers have investigated the
effects of a class of therapeutic agents called cognitive enhancers in animal models of
prenatal alcohol exposure. Medina et al. (2006) have reported that Vinpocetine, a
phosphodiesterace inhibitor, restored ocular dominance plasticity in the ferret model of fetal
alcohol exposure. Vaglenova et al (2008) found that Aniracetam, a cognitive enhancer,
reversed learning and memory deficits in alcohol-exposed rodents. The histamine H3
receptor as a target for the treatment of cognitive disorders has been the focus of research in
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some laboratories because it regulates the release of other neurotransmitters (Esbenshade et
al., 2008). Savage et al. (2009) have reported that ABT-239, a histamine H3 receptor
antagonist, ameliorated a number of learning and memory deficits in prenatally ethanol
exposed rat offspring.

The above molecular interventions are considered to directly influence the neural processes
that subserve cognitive functioning. Pharmacotherapy may also prove to be an integral part
in the treatment of co-morbid conditions that are associated with FASD. Numerous studies
have documented that children with FASD exhibit a range of psychiatric problems including
attention deficit hyperactivity disorder, depressive disorders, and specific phobias (Fryer et
al., 2007; Streissguth and O'Malley, 2000). These disorders can be hypothesized to interfere
with the effects of behavioral interventions. Therefore, the combined use of
pharmacotherapy and behavioral interventions may be necessary to gain the full benefits of
interventions. Frankel et al. (2006) found that neuroleptics, but not stimulants, enhanced the
effects of a 12- week social skills training program administered to children with FASD. It is
possible that neuroleptics mitigated the negative effects of emotions on attention, thus
allowing children to benefit from social skills training sessions. There is evidence that social
cognition and attention are subserved by closely linked regions in the medial frontal cortex
(Amodio and Frith, 2006).

Conclusions and future directions
Thus, the neurodevelopmental framework presented in this paper provides conceptual tools
to integrate data from multiple sources (e.g. neuropsychology, cognitive neuroscience,
genetics, and neuropharmacology) and to generate interventions for children with FASD.
Recent findings in cognitive neuroscience suggest that training in executive attention and
self-regulation will produce greater generalizable effects than interventions targeting
specific cognitive domains. In line with the neuroconstructivist view, it is hypothesized that
reciprocal interactions between neural activity and the brain's hardware lead to progressive
modification of neural systems. The proposed framework also proposes that children with
FASD may gain optimal results by a combined use of carefully designed behavioral
interventions and cognition-enhancing drugs. Novel functional neuroimaging methods such
as functional magnetic resonance imaging (fMRI) and magnetoencephalograpy (MEG) may
offer opportunities for mapping the experience or drug-induced alterations in neural
networks that accompany behavioral outcomes. It is hoped that the convergence of evidence
from neural and behavioral sciences will lay the foundation for a new interdisciplinary
approach to the development of interventions for children with FASD.
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