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Tobacco use is associated with well-established negative health effects. However, tobacco is still being used by up to 25% of women during pregnancy. Prenatal tobacco exposure (PTE) is especially harmful to the brain, leading to potentially long term negative health outcomes. This review looks at the problems of prenatal tobacco exposure and some determinants of maternal smoking, then more specifically analyzes the variety of effects of PTE on the brain that have been found in recent research.

A literature search was conducted in order to study the effects of prenatal tobacco exposure on the human brain. The research articles were selected based upon the populations studied, the measures utilized and the resulting outcomes. The health outcomes of each study were recorded and then categorized by type. Effects of PTE were then classified as structural, functional, or behavioral effects. The synthesis of this research suggests a temporal development of PTE outcomes on the brain. The structural effects influence the functional, which influence the behavioral, leading to a progression of adverse outcomes. These negative outcomes have been identified at birth and throughout life. 
The public health significance of this review lies in identifying the negative health effects and outcomes recorded regarding PTE. The results emphasize the importance of working to reduce PTE. By understanding the effects of PTE as well as determinants of maternal smoking, recommendations for public health interventions can be implemented that are specific to the issues associated with PTE, thus having a greater opportunity to produce positive health outcomes in the population.
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1.0  
Introduction

Today tobacco use is associated with well-established negative health effects. However, tobacco is still being used by up to 25% of women during pregnancy (Cornelius & Day, 2009). This review looks at the problems of prenatal tobacco exposure (PTE) and some determinants of maternal smoking, then more specifically analyzes the variety of effects of PTE on the brain that has been found in recent research.

1.1 Summary of prenatal tobacco exposure

Tobacco use is widely recognized as a risk factor for many negative health outcomes, which include cancer, chronic lung disease, and increased rates of heart disease. The negative outcomes are compounded when the individual smoking is a pregnant mother. In addition to harm to the smoker, PTE is associated with negative consequences for the overall health and development of the infant. Smoking during pregnancy leads to preterm delivery, low infant birth weight, and an increased risk of sudden infant death syndrome (Bhutta, Lassi, Blanc, & Donnay, 2010).

PTE can be understood as having two components. “Prenatal” signifies that exposure occurred at any time while in utero. Tobacco is the substance to which the fetus was exposed, which in this case is synonymous with nicotine or cigarette smoke. There are multiple methods or paths by which PTE can occur; however, this review focuses on maternal smoking during pregnancy.

PTE affects the growing fetus in a number of ways. Nicotine crosses the placenta and is concentrated in the fetal tissue. Indirectly, nicotine affects the size of a developing fetus through placental pathology (Cornelius & Day, 2009). Women who smoke during pregnancy are more likely to experience prenatal complications such as premature rupture of membranes, placental abruption, and intrauterine growth restriction. The fetal lungs also mature faster if exposed to smoking, and PTE may contribute to impaired pulmonary function and increased respiratory illnesses later on in development. Additionally, newborns may have withdrawal symptoms after birth if they have been heavily exposed to nicotine through smoking (Ekblad et al., 2010).

The most evident and well-studied association is between PTE and low infant birth weight. One recent study (Steyn, DeWet, Saloojee, Nel, & Yach, 2006) found that infants of cigarette smokers had significantly lower birth weights than those of non-tobacco users whose offspring were not exposed to nicotine during pregnancy. The mean birth weight of neonates born to non-tobacco users was 3148g and those of smokers 2982g, resulting in a significantly lower mean birth weight of 165g for babies of smoking mothers (P=0.005). Low birth weight infants generally have a broad spectrum of subnormal growth, impaired health, and  delayed developmental outcomes. These problems increase as neonate birth weight decreases.

More recent literature has taken a look at PTE and its effects on the brain. Prenatal tobacco exposure is especially harmful to the brain, leading to potentially long term health effects including impaired immune function as well as structural deficiencies such as decreased volume (Bhutta et al., 2010). The direct effects of nicotine may lead to deficits in growth and neural development, which have long-term effects on brain function, cognition, and behavior (Cornelius & Day, 2009). The effects range from irritability and poor self-regulation during infancy to behavioral and processing problems during childhood (Hermann, King, & Whitlock, 2008). Other negative effects are even being seen into adolescence and adulthood such as increased social problems (Cornelius, Goldschmidt, & Larkby, 2011).

The exact pathways that lead to the damaging effects of PTE are still uncertain, but there are several possible mechanisms. Preclinical studies demonstrated that exposure to nicotine disrupts neurodevelopment during gestation, possibly by disrupting the trophic effects of acetylcholine (Jacobsen et al., 2007). Animal studies have shown that nicotine has a modifying and damaging effect on brain development. Nicotine modulates the development of axons and synapses of the neural cell, which may subsequently affect the development of the brain (Ekblad et al., 2010). Other animal models suggest a possible mechanism for the neuroteratogenic influence of tobacco on the fetus. The nicotine found in cigarette tobacco provokes alterations in neural cell replication leading to deficits in synaptic neurochemistry and resulting in behavioral dysregulation (Cornelius, Goldschmidt, & Larkby, 2011).

1.2 Scope and severity of maternal smoking

The rate of tobacco use among the general population in the United States (U.S.) has declined over the last half century, from a peak of 45% in 1954 to approximately 21% in 2008 (Saad, 2008). The most recent data from the Centers for Disease Control and Prevention (CDC) found that in 2012, an estimated 18.1% (42.1 million) U.S. adults were current cigarette smokers (CDC, 2014). While this does represent major improvement, the rate of cigarette smoking remains at an unacceptable level considering the well-established public health consequences. Alarmingly, evidence suggests that the rate of smoking during pregnancy remains slightly higher than that of the general population. Tobacco is the most commonly used substance during pregnancy with up to 25% of pregnant women reporting that they smoke (Cornelius & Day, 2009).  According to the most recent Pregnancy Risk Assessment and Monitoring System (PRAMS) data from 26 states across the U.S., approximately 13% of women reported smoking during the last three months of pregnancy. Of those women, 52% reported smoking five or fewer cigarettes per day, 27% reported smoking six to ten cigarettes per day, and 21% reported smoking 11 or more cigarettes per day.
The statistics are even more alarming when focusing on teenage pregnancies and rates of smoking. In the U.S. smoking is quite common among pregnant adolescents, with reports ranging from 20-50% of pregnant adolescents who smoke. Using the conservative estimate of 20%, it can be predicted that in 2006 girls aged 15-19 gave birth to approximately 90,000 American infants that were prenatally exposed to tobacco (Cornelius, Goldschmidt, DeGemma, & Day, 2007). With such large figures, one can begin to realize the negative public health implications that arise from the issue of PTE. 

One such negative outcome is the strain that unhealthy infants can place on the healthcare system. A 2007 study published in the Journal of Pediatrics quantified the cost of preterm/low birth weight hospitalizations at a total of $5.8 billion annually. The cost of medical care provided to these infants accounts for almost half of the total medical costs for all infant hospitalizations for the period that was studied (Russell et al., 2007). Early hospitalizations are also linked to increased sick visits to pediatric health facilities during early childhood. It is difficult to continue to accept such a burden on the healthcare system when these outcomes could be easily prevented. However, it is important to have a clear understanding of factors that influence maternal smoking before the issue can be clearly addressed.

1.3 determinants and contributing factors

When looking at the issue of prenatal tobacco exposure it is important to understand the variables and risk factors that explain why it is occurring. This can be organized by way of a problem analysis for PTE, which includes determinants found in the literature, as well as direct and indirect contributing factors that affect the level of maternal smoking. In other words, if the health problem is defined to be PTE, we want to answer the simple question, “Why are pregnant women smoking?” First, the determinants are defined as the scientifically well-established factors that relate most closely and directly to the level of the health problem. For general PTE, the exposure involves environmental tobacco smoke, maternal smoking, and the maternal use of smokeless tobacco, which comprise the three determinants. Direct factors are those that immediately affect the level of one or more of the determinants. The direct factors for maternal smoking include: the high rates of smokers in the population (Lu, Tong, & Oldenburg, 2011), lack of access to and availability of smoking cessation programs, a lack of utilization of prenatal care services and resources (Tong, England, Dietz, & Asare, 2008), poor maternal health and wellness (Solberg et al., 2008), and low levels of education regarding prenatal substance exposure (Bailey, McCook, Hodge, & McGrady, 2011). Contributing indirect factors range from easy access to cigarettes (Lu, Tong, & Oldenburg, 2011), to race and age (Solberg et al., 2008), and are defined as factors at the community level which affect the direct contributing factors. Other indirect factors include low socio-economic status, depression, lack of health insurance, and unintended pregnancy (Lu, Tong, & Oldenburg, 2011). All three levels of risk factors and the associations between them comprise the problem analysis for prenatal tobacco exposure (Figure 1). Any intervention strategies that seek to reduce PTE within a community or even larger scale will need to address these determinants and contributing factors in order to be successful.
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Figure 1. Problem Analysis for Prenatal Tobacco Exposure
1.4 Public health interventions

Although the characteristics of pregnant smokers have been widely identified, few cessation interventions have been developed that specifically target maternal smoking in order to reduce PTE. Given the undeniable physical cost to offspring, as well as the rising fiscal cost associated with the long lasting negative health outcomes, this is a public health issue that must be given attention. The good news is that PTE is fully preventable, and several interventions have proven successful. The possible solutions to address the issues of smoking during pregnancy include policy level strategies that are wide reaching; organizational level programs which help to provide support for the complex issue of smoking cessation for those affected; and individual level interventions to target those most at risk. While the issue of smoking is considered by many to be a personal choice, targeted cessation campaigns are likely to be more widely accepted when the health of both the mother and the unborn child is central to the strategy.

All of these interventions are likely to be further utilized as the United States Department of Health and Human Services (HHS) Healthy People 2020 (2011) seeks to address smoking during pregnancy. Healthy People 2020 is a U.S. nationwide program that focuses on health promotion and disease prevention through several goals set to be achieved over the next decade. Three Healthy People 2020 national health objectives target maternal smoking: 1) reducing the prevalence of women smoking prior to pregnancy to 14%, 2) reducing the prevalence of cigarette smoking among pregnant women to 1%, and 3) increasing the percentage of pregnant smokers who stop smoking during pregnancy to 30% (HHS, Healthy People 2020, 2011). 
The CDC estimate that in 2010, about 23% of women reported smoking in the three months prior to pregnancy, nearly 11% of women smoked during pregnancy, and 20% quit during pregnancy (CDC, 2014). Table 1 displays the most recent data from the CDC in comparison to the Healthy People 2020 objectives. It will take the most efficient and cost effective public health interventions in order to decrease the prevalence of maternal smoking from the most recent status to achieve the objectives in 2020. 
Table 1. Smoking Status CDC Data 2010 vs. Health People 2020 Objectives
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2.0  methods


This review of the literature was designed to study the effects of prenatal tobacco exposure on the human brain. Research studies regarding the effects of PTE were located using the online search engine PubMed. Articles used in this review were found with several search terms including “prenatal tobacco exposure,” “prenatal exposure to tobacco,” “maternal smoking during pregnancy,” prenatal cigarette smoke exposure,” and “intrauterine tobacco exposure.” All of the search terms used are variations of or synonyms referring to PTE. The articles that were selected had to match the inclusion criteria, which included 1) human studies only, 2) individual research studies (not review articles), 3) studies with outcomes with direct association to the brain, and 4) articles published within the past seven years. Of the 85 original articles returned in the search, only 10 met the inclusion criteria for this study. Once the articles were selected, analysis was based upon the populations studied, the measures utilized and the resulting outcomes. The health outcomes were categorized by type.

3.0  RESULTs

The outcomes of prenatal tobacco exposure have been well studied over the past 25 years. Because of the complexity of the issue, the length of time for possible effects, and numerous variables that can be examined, the research findings are quite diverse. However, the outcomes identified in recent literature regarding PTE and the effects on the brain can be categorized into three groups; structure, function, and behavior. A summary of the results can be seen in Table 2.

Table 2. Summary of the Effects of PTE on the Brain by Category

	
	Effects of PTE on Brain

	Research Study
	Structural
	Functional
	Behavioral

	Anblagan et al., 2013
	reduction in total brain volume and transcerebellar diameter
	
	

	Cornelius et al., 2007
	
	
	higher levels of inattention, delinquency, and aggression

	Cornelius et al., 2011
	
	deficits in selective attention and response inhibition
	increased delinquent, aggressive, and externalizing behaviors

	Cornelius, Goldschmidt and Larkby, 2011
	
	increased difficulty with distraction and task orientation
	increased social problems, aggression and rule-breaking, and total externalizing behaviors

	Ekblad et al., 2010
	decreased frontal lobe and cerebellar volumes
	
	

	Jacobsen et al., 2007
	decreased white matter microstructure in anterior cortical and subcortical regions
	reduced efficiency of auditory attention
	

	Key et al., 2007
	
	delayed and decreased speech processing ability
	

	Longo et al., 2014
	
	decreased efficiency of verbal working memory
	

	Rivkin et al., 2008
	reductions in cortical gray matter and total parenchymal volumes
	
	

	Ruckinger et al., 2010
	
	
	increased risk of total behavioral difficulties, especially hyperactivity


3.1 Effects of pte on brain structure

Some studies found that PTE influences brain growth and development by identifying structural differences in offspring that were prenatally exposed to tobacco when compared to non-exposed offspring. Structural outcomes include anatomical brain characteristics such as volume, symmetry, and shape. Structural change can occur very early on in the developing brain. In a case-control study that used magnetic resonance imaging (MRI) to measure fetal brain volumes, Anblagan et al. (2013) found a 10% reduction in total brain volume and significantly smaller transcerebellar diameter at 35 weeks gestation in fetuses exposed to tobacco throughout pregnancy compared to the unexposed control group. 

The aim of one study (Ekblad et al., 2010) was to evaluate the association between smoking during pregnancy and the brain volumes at term in very low birth weight infants. In this study 18.1% of the mothers smoked during pregnancy and the median was 10 cigarettes smoked per day. MRI, performed at term age was used to measure brain volume. Results found the frontal lobe and cerebellar volumes of the brain were significantly smaller in the PTE infants than infants whose mothers did not smoke, after confounding factors were considered.

In 2007, Jacobsen et al. (2007) examined white matter microstructure in 33 adolescents with PTE and 34 without. Diffusion tensor imaging and anatomical MRIs were acquired for all subjects. Exposure to tobacco smoke during prenatal development was associated with significant decreases in regional white matter, primarily in anterior cortical and subcortical regions of white matter. The study established a clear link between tobacco smoke and decreased development of white matter microstructure of the brain. White matter refers to the entire central core of the brain comprised of large fiber tracts that mediate communication between neurons at varying brain locations. Therefore, this decrease in connectivity in PTE adolescents is a significant structural change of the brain. 
Volumetric MRI analysis was performed on children aged 10 – 14-years old who had or did not have prenatal exposure to cocaine, alcohol, tobacco, and marijuana (Rivkin et al., 2008). Controlling for the other three substance exposures and adjusting for demographic characteristics, PTE was associated with significant reductions in cortical gray matter, total parenchymal volumes and head circumference. The other substances were associated with different outcomes aside from head circumference, meaning tobacco is associated with specific structural outcomes. Decreased head circumference has been associated with PTE for decades; therefore the reductions in actual brain tissue may be structural changes that are more helpful in explaining other findings associated with PTE such as changes in brain function. 
3.2 Effects of pte on brain function

Some literature reports an association between PTE and brain function. The criteria for the brain function category were outcomes that had to do with the normal functional process and cognitive abilities of the brain.

In a prospective study (Cornelius et al., 2011), children of mothers who reported using tobacco during pregnancy completed a neuropsychological battery at age 10. Measures from the Stroop Color/Word Interference Test indicated deficits on the more complex tasks that requires both selective attention and response inhibition. Offspring who were not exposed to tobacco were more successful in these tasks. Most effects were found from first trimester PTE, indicating differences in childhood brain function based upon the timing of PTE in utero broken down by trimester. 
Cornelius, Goldschmidt, and Larkby (2011) conducted another prospective study to examine long-term effects of prenatal cigarette smoke exposure on offspring of adolescent mothers. Offspring were assessed at 14 years of age and multiple measures were used to display effects associated with functional dysregulation. Prenatally exposed offspring had more attention problems and greater difficulty with distraction and task orientation, thus identifying a difference in brain functioning ability when compared to the non-exposed adolescents. 

A study done by Jacobsen et al. (2007), which looked at white matter microstructure, also revealed functional deficits associated with PTE. It is believed that prenatal nicotine exposure disrupted the development of auditory fibers. This was measured by subjects performing a modified version of a computerized word recognition task involving visual and auditory cues. Therefore when auditory attention was assessed in the exposure group of adolescents, there was a significant reduction in efficiency of auditory processing when compared to the control group. 

Still dealing with processing, another study assessed brain functioning in infants by recording the electrophysiological response that is the direct result of a specific stimuli, known as event related potential (ERP).  Speech processing capabilities were measured using ERP, which were recorded in response to syllables presented to the infants (Key et al., 2007). The PTE group infants demonstrated delayed speech processing and differentiated among fewer verbal stimuli. Thus the study concluded that infants prenatally exposed to tobacco had decreased speech-processing ability compared to a control group of matched infants.

Verbal working memory, often referred to as “short-term memory,” is a function of the brain critical for cognitive skills such as language comprehension, learning, and reasoning. One recent study used functional MRI to assess verbal working memory in two groups of young adults, a PTE group and an unexposed control group (Longo, Fried, Cameron, & Smith, 2014). Although task performance was not significantly different, participants with PTE demonstrated significantly greater activity in several brain regions involved in working memory, suggesting individuals with greater PTE had to compensate by working harder to successfully perform the task. Longo et al. (2014) concluded that PTE contributes to altered neural functioning during verbal working memory into adulthood. 

3.3 effects of pte on behavior

Several research studies found associations between PTE and behavior. The criterion for the behavior category was outcomes dealing with behaviors of individuals that were prenatally exposed to tobacco that differ from normal behaviors of control subjects. Results reported were from various stages of development from birth into adulthood.

One study collected trimester specific maternal smoking information and assessed offspring behavior at age six (Cornelius et al., 2007). Behaviors were recorded using the Child Behavior Checklist (CBCL), which is a component of the Achenbach System of Empirically Based Assessment, a widely used standardized method of identifying problem behavior in children. A higher total score correlates to a higher incidence of negative behaviors as compared to a normative sample. The CBCL score can be further broken down into subscales focusing on internalizing behaviors (i.e., anxious, depressive, and over controlled) and externalizing behaviors (i.e., aggressive, hyperactive, noncompliant, and under controlled).  In this study parents of children in each group completed the CBCL. Results found that PTE predict higher activity levels in exposed children, after controlling for significant covariates including other prenatal exposures such as alcohol and marijuana, maternal psychological status, home environment, and environmental tobacco exposure. The total score, externalizing sub score, and internalizing sub scores of the CBCL were significantly higher in the children with PTE than those without. Specific behaviors associated with attention, delinquency, and aggression where also significantly increased in the exposed group. 
Cornelius et al. (2011) found significant associations between PTE and neurobehavioral outcomes at age 10. Children with PTE of 10 or more cigarettes per day within the first trimester had significantly higher total problem scores and more internalizing and externalizing problems on the CBCL than those with no exposure. They also had higher scores on the CBCL aggression and delinquency subscales than the offspring without PCSE. Offspring with PTE had more delinquent, aggressive, and externalizing behaviors than offspring who were not exposed to tobacco prenatally.

At 14 years of age behavioral outcomes were assessed with multiple measures utilizing both caregiver report and adolescent self-report (Cornelius, Goldschmidt and Larkby, 2011). It was hypothesized that PTE would indicate an increased rate of behavior dysregulation problems in the adolescent offspring. In this study, offspring with PTE had more social problems, aggressive and rule breaking behaviors, and total externalizing behaviors than non-exposed offspring.

Another study with a sample size of over 5,000 children used the Strength and Difficulties Questionnaire in order to assess the relative risk of behavioral problems associated with PTE (Rückinger et al., 2010). The assessment classified participants based on measures of emotional symptoms, conduct problems, hyperactivity, peer-relationship problems, and total difficulties. Results showed that the children prenatally exposed to tobacco had twice the risk of being classified as abnormal according to the total difficulties subscale of the assessment. Across all measures, PTE indicated a considerably higher risk of behavioral problems at age 10. Out of all the subscales, the strongest association was found with hyperactivity. 

4.0  discussion

The purpose of this literature review was to identify and analyze the variety of negative effects of PTE on the human brain. Of the included research studies, four identified structural changes of the brain, five reported functional changes, and four highlighted behavioral changes. All of the studies defined the effects on the brain as negative outcomes of PTE. These findings are consistent with previously published work, all of which report adverse effects of maternal smoking on offspring. Nowhere within this review or previous research is maternal smoking and PTE associated with positive outcomes or effects on the brain. 
The structural effects of PTE on the brain can be further specified using the type of brain tissue involved in addition to the location. Reduction in volume was identified in both white matter and gray matter. Specific brain locations affected by PTE included the frontal lobe, cerebellum, and cerebral cortex. As each tissue type and location of the brain has established function, these structural changes can help to predict or identify potential function deficits in offspring due to PTE. For example, gray matter contains the majority of the brain’s neuronal cell bodies and in the frontal cerebral cortex is responsible for the regulation of decision making and problem solving (Elliott, 2003). Therefore in offspring with decreased frontal lobe volumes, evaluation of cognitive function associated with decision making and problem solving tasks may identify deficiencies also due to PTE. 
The research identified functional effects of PTE measured by decreased or delayed cognitive efficiency in seven different task areas. Although not as well established, some functional effects of PTE on the brain are not only associated with structural changes, but also behavioral changes. Response inhibition is classified as an executive function of the brain and is defined as the ability to inhibit or override pre-planned or on-going motor action, which takes place in the prefrontal cortex (Elliott, 2003). As seen in the study by Cornelius et al. (2011), decreased response inhibition due to PTE is associated with an increase in delinquent and aggressive behaviors. Therefore in PTE offspring with deficits in response inhibition upon functional assessment, these negative behaviors may be observed or predicted also due to PTE.
The implications of the results as they relate to one another suggest a temporal development of PTE outcomes on the brain as illustrated in Figure 2. In other words, the research suggests a causal chain of outcomes in which the structural effects influence the functional effects, which influence the behavioral effects. Another example of this relationship is Attention Deficit and Hyperactive Disorder (ADHD). Prenatal smoking exposure has been connected with an increased risk for ADHD in children. ADHD has been shown to be related to decreased brain volume, especially in total cerebellar volume after adjusting for total brain volume. Results looking at smaller frontal lobe and cerebellar volumes of the brain in preterm infants with PTE suggest that reduction of frontal and cerebellar brain tissue could be the mechanism connecting PTE to later risk for ADHD (Ekblad et al., 2010). In other words, reduced volume is a structural outcome that affects the mechanisms of the brain regions, which are functional outcomes. Continuing further, the deficits in function will result in specific behaviors that are associated with ADHD such as inattention or increased activity. 
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Figure 2. Temporal Development of PTE Outcomes on the Brain

However, the research has established that the effects of PTE are numerous and complex. It is difficult to categorize the outcomes because in some cases they overlap or are interconnected. Research also displays the long-term effects of PTE. These results add to the evidence that children prenatally exposed to tobacco will continue to have behavior problems as they mature (Cornelius et al., 2011). Studies have observed behavioral effects of PTE in some children as early as the neonatal stage (Mansi et al., 2007; Stroud et al., 2009). Because results appear from infancy to childhood to adolescence, we can assume that negative effects will occur throughout development. This is especially evident in longitudinal studies that have observed the same participants at ages six, 10, and 14 years old (Cornelius et al., 2011; Cornelius, Goldschmidt and Larkby, 2011). At each age similar abnormal behaviors associated with PTE were identified. Therefore, it can be proposed that the effect of PTE on an individual will be present throughout one’s lifetime. 


Several of the studies differentiated between heavy and light smoking in order to assess a potential dose effect. One study classified five or more cigarettes per day as heavy smoking, and found that children in that category had consistently higher risks for abnormal behaviors than those children with light or no exposure (Rückinger et al., 2010). Such results indicate that the effects of PTE are dependent on the amount of tobacco to which the offspring is exposed. Increased amounts of exposure could also increase the risk and even severity of negative effects. One study also noted that most cognitive effects were found from first trimester PTE, indicating outcomes may be widely variable depending on the time of exposure during gestation (Cornelius et al., 2011). Further research on when a developing fetus is most sensitive to PTE could focus intervention efforts to that time period if women are more willing to discontinue smoking for a portion of their pregnancy. 
4.1
Limitations

As mentioned before the literature on PTE is vast, therefore, this review is in no way comprehensive since it included only articles published in the last seven years, required specific populations and outcomes, and utilized only one search engine. There are many factors that lead to neurobehavioral deficits; therefore it is important to include measures of other prenatal substance exposures and environmental factors when testing for teratogenic effects on behavior in longitudinal studies (Cornelius et al., 2011).

This review did not look at the other determinants that influence PTE including environmental tobacco exposure, and PTE due to using smokeless tobacco. Especially when looking outside of the U.S. it is important to take into consideration the use of smokeless tobacco (Steyn et al., 2008). Millions of women in African and Asia use smokeless tobacco and are seldom advised to stop using during pregnancy. These women are still exposed to nicotine but not the combustion products in tobacco smoke such as carbon monoxide and cyanide, which may contribute to fetal hypoxia and reduce birth weight (Steyn et al., 2008). Other alternative tobacco products can include hookahs, cigarillos, snuff, chewing tobacco, and e-cigarettes. Although the total consumption of cigarettes has decreased in the US, the consumption of alternative tobacco products has increased 123% since 2000 (Zhou et al., 2014). 
Another example of nicotine exposure during pregnancy that was not included in this literature review can be from nicotine replacement therapy (NRT). Although these methods such as nicotine gum and patches can be useful in assisting with smoking cessation, there is limited research assessing whether or not these methods are safe during pregnancy (Ekblad, Korkeila, & Lehtonen, 2014). Currently there are no official guidelines that exist in regards to the use of NRT in pregnant women. Risks are associated with the fetus being exposed to nicotine for longer periods of time, or higher doses of nicotine if the mother continues to smoke while using NRT (Ekblad, Korkeila, & Lehtonen, 2014).

The effects of second hand smoke exposure were also not included in this review. Looking at secondhand smoke, one study found that negative consequences of PTE extend beyond active maternal smoking to secondhand smoke exposure, finding a 79g reduction in the birth weight of infants born to women exposed to secondhand smoke both inside and outside their homes (Hermann, King, & Whitlock, 2008). This finding has significant implications for workplace and public smoking bans, demonstrating that others around pregnant women can harm the developing fetus by smoking. Although other sources of PTE such as paternal smoking have been associated with low birth weight, maternal smoking still has the greatest effect. However, another study found that in women who did not smoke cigarettes, exposure to environmental tobacco smoke did not result in significant effects on the birth weight of their infants (Steyn et al., 2006). Additionally, it may be difficult to differentiate between the effects of pre- and postnatal exposure to tobacco. Children whose mothers smoked during pregnancy are most likely being exposed to smoke throughout their childhood as well (Rückinger et al., 2010). Therefore it is difficult to attribute outcomes to one type of exposure over the other, as the effects are most likely compounded. Although it is difficult to classify, the measures are still useful for explanatory purposes. 
4.2
reccomendations for public health interventions

Pregnancy represents a unique motivation and point of invention for smoking cessation as more women quit smoking during pregnancy than at any other time in their lives (Murin, Rafii, & Bilello, 2011). The literature cites different types of interventions that have been shown to significantly reduce the rates of PTE. First are individual interventions that combine education and counseling (Tong et al., 2008). Historically, during clinic visits healthcare providers have inquired about women’s level of smoking, but have not provided individualized office based interventions that specifically target pregnant smokers (Solberg et al., 2008). This type of intervention is effective in increasing cessation among pregnant smokers, especially those with a high school education or less. One approach that has been adapted for pregnant women is known as the 5 As approach, which stands for ask, advise, assess, assist, and arrange. This an organized method for providers to monitor maternal smoking and encourage cessation by asking about smoking status, advising to quit, assessing readiness to quit, assisting in cessation, and arranging follow-up to monitor success (Melvin, Dolan-Mullen, Windsor, Whiteside, & Goldenberg, 2009). 
In one randomized control study, the study group consisting of pregnant smokers received cessation counseling and education while the matched control group did not. The results showed that 17% of the study group quit smoking compared to 8% in the control group. Based on the data, developing an intervention that includes group counseling is advised. Additionally, results from another study showed that women who received cessation materials, individual counseling and clinician advice to quit smoking were much more likely to do so than women who received only clinician advice (Glasgow, Whitlock, Eakin, & Lichtenstein, 2000).
Another avenue for intervention is by including the partner to participate in all smoking cessation efforts. Partner’s smoking habits play a significant role in the ability to refrain from smoking during pregnancy. In a large longitudinal cohort study in the US, women who lived with another smoker were four times as likely to relapse after delivery as women who did not live with another smoker (Murin, Rafii, & Bilello, 2011). This is significant because those women often become pregnant once again and expose their offspring to the risk of PTE with each pregnancy. If public health can encourage the partners to accept their responsibility for PTE and commit to smoking cessation, it would not only decrease the prevalence of maternal smoking but also reduce exposure to prenatal second hand smoke (Zhou et al., 2014). 
Policy can be used to reduce PTE. In several instances across the U.S. increases in cigarette taxes have been identified as an effective intervention strategy to reduce maternal smoking. Nationally, the average cigarette tax is $1.45 per pack. Increasing taxes even further may reduce maternal smoking rates among pregnant smokers. Research suggests that a tax increase of $0.55 per pack would reduce maternal smoking by 22% (Bhutta et al., 2010). Overall a 10% increase in tax would reduce the prevalence of smoking in the U.S. population by 7%. Estimates for subpopulations suggest that nearly all smoking groups would be very responsive to tax changes, especially those with the highest rates of smoking (Ahmad & Franz, 2008). Another recommendation is to continue limiting smoking in public places. This type of policy could reduce the frequency of smoking due to the restriction, and also decrease secondhand tobacco exposure (Zhou et al., 2014).
In the United States cigarette manufactures are required to post Surgeon General’s warnings on all packs of cigarettes. Since 1985, some of these warnings have stated that “smoking may complicate pregnancy” and “smoking while pregnant may result in fetal injury, premature birth, and low birth weight” (Domas & Bethany, 2009, p. 321). Another policy change would be to update these warnings. The research over the last 30 years has only further solidified the dangers of maternal smoking. The warnings should eliminate the element of uncertainty by removing “may,” because the relationship with adverse outcomes in offspring is well established. The warnings should also include more current findings associated with the structural, functional and behaviors effects on the brain as current research supports. 

Smoking cessation interventions for pregnant smokers are vital to reduce the effects of PTE. These intervention recommendations are favorable for a number of reasons. A tax increase would not only affect maternal smokers but all smokers, making this an intervention with a very broad reach, impacting smokers in the environment that contributed to the persistence of smoking during pregnancy. In addition, individual and group counseling sessions will be tailored toward pregnant women, but may also be effective for any individual who wants to quit smoking. This is particularly important because these mothers will likely become pregnant again and many will increase their level of tobacco use as they mature (Cornelius et al., 2007).

5.0 
conclusion

The rate of smoking remains at an unacceptable level considering the well-established public health consequences especially the effects of prenatal tobacco exposure on the brain. The problem of PTE is complex with numerous variables but can be better understood when organized into a problem analysis with three classifications of risk factors influencing the problem. Maternal smoking is the determinant that most directly influences PTE.

The findings of this review support the association of PTE with negative health outcomes in offspring especially in regards to the brain. The outcomes identified in recent literature regarding PTE and the effects on the brain can be categorized into three groups: structure, function, and behavior. Structural outcomes identified include decreases in brain volumes and microstructure. Functional effects include deficits in attention, processing, response inhibition and increased difficulty with task orientation. Increased levels of inattention, hyperactivity, social problems and externalizing behaviors were all identified as negative behavioral outcomes. 

Research findings suggest a directional chain of outcomes in that the structural effects influence the functional, which influence the behavioral. Negative effects were observed in multiple age groups across individual studies and in addition to the effects observed within the same individuals within the longitudinal studies, suggesting that negative outcomes associated with PTE can be expected throughout a lifetime. The causal chain and longitudinal nature of outcomes can be utilized to possibly predict negative outcomes in individuals and also direct future research on the long-term effects of PTE. 

Current research suggests that if all women in the U.S. ceased smoking during pregnancy, the cumulative benefits would be substantial with an 11% reduction in stillbirths and a 5% reduction in newborn deaths (Murin, Rafii, & Bilello, 2011). As evidence by the Healthy People 2020 objectives, this is an important issue that must be addressed. First, more scientific research can be done on this health issue to provide us with a more complete understanding. More research on behavioral outcomes has been conducted compared to structural or functional outcomes. This is most likely due to the difficultly in measuring differences in those areas. For example it is much easier and less expensive to observe a behavior than it is to measure brain volume. As a result it would be beneficial to continue to explore new technologies or methods in order to get more information regarding the effects of PTE on brain structure and function. Appendix A is a research study proposal that would add to our knowledge of structural effects through the use of functional MRI and new neuroimaging analysis techniques.  In the future, 3D-ultrasound scans may provide a new way of studying the effects in the early developmental stages of fetal brain development. 

Other avenues for needed research include studies that determine the additive effects of tobacco exposure combined with the use of other substances such as alcohol, and illicit drugs. Also needed are studies that quantify the relationship between the amount of tobacco exposure and the effects on the brain, in addition to the timing of exposure. For example, is there a difference in outcomes between mothers who smoke a pack per day during the first trimester, versus those who smoke one cigarette per day throughout pregnancy? Additionally, there is currently limited research on the effects of alternative tobacco products and nicotine replacement therapy used during pregnancy. As advertised these products are regarded as safer alternatives to cigarettes, however, the research does not exist to support those claims especially in regards to the use during pregnancy and effects on offspring (Baeza-Loya, et al., 2014).  All of this research would greatly benefit reducing maternal smoking by focusing cessation interventions. 
In addition to scientific research, steps must be taken to continue to evaluate existing public health programs and even create new programs designed to reduce PTE by addressing the determinant of maternal smoking. Such initiatives would address the factors associated with the problem by aiming at the most basic issues including awareness, education, partner smoking status and perceptions of maternal smoking. Current research suggests that public health interventions have positive influence on maternal smoking cessation on a number of levels. On a large scale, policy changes such as taxation on cigarettes and limiting public smoking could reduce maternal smoking. At the community level, interventions that include individual or small group education and counseling specific to pregnant women address the indirect and direct contributing factors to maternal smoking. Understanding the problem of maternal smoking and the effects of PTE on the brain with better enable the development of these interventions along with novel ones that will have a direct impact on reducing PTE and thus preventing the negative consequences that impact the health of the future population.
Last of all, the entire issue of maternal smoking and the effects on the brain should be evaluated from a completely different direction. It is a disappointment that the negative consequences of maternal smoking often have an even greater impact on the offspring rather than the smokers themselves. One could ask, if we cannot rely on maternal smokers to make the positive decision to quit smoking for their offspring, is it possible for the offspring themselves to reduce the negative effects of PTE during their lifetime? 

As illustrated, the current research suggests a temporal development of the effects of PTE on the human brain. However, recommendations for further research should explore the possibility of a bi-directional interaction between the structural, functional, and behavioral changes associated with PTE, as seen in Figure 3. 
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Figure 3. Proposed Bi-directional Flow of Effects on the Brain in Response to PTE.
Since 1998, conclusive evidence has emerged within neurological research that the adult human brain is capable of making new nerve cells, which then can be induced to become functional. This ability and process is known as brain plasticity (Mahncke, Bronstone, & Merzenich, 2006). These findings, which include evidence of the adaptability of sensorimotor and neurosensory circuits, suggest that the human brain can structurally and functionally regenerate enough to improve quality of life (Mahncke, Bronstone, & Merzenich, 2006). One example of this phenomenon is brain plasticity as a key to stroke recovery. Once a stroked brain becomes stabilized, zones of stunned cells can be reperfused, and then external stimulation can be skillfully applied to remap the brain’s cortex and fill in the blank functional zones (Kidd, 2009). If it is possible for a patient to regain function by remapping the structure of the brain following the damages of a stroke, it would seem through brain plasticity for an individual with PTE to reverse the negative effects through brain plasticity. By utilizing methods and inventions to shape behaviors, then function and structure it appears that one would at least be able to reduce the negative impact of some of the consequences of PTE on the quality of life over a lifetime. Completely reversing the pattern of current research and thinking in the area of maternal smoking, it may be possible to at least identify ways to provide some benefit to those suffering due to circumstances outside of their control. 
appendix: RESEARCH PROPOSAL
The effects of prenatal tobacco exposure on brain structure using fmri neuroimaging

A.1 introduction

Prenatal tobacco exposure (PTE) has been shown to affect brain development which leads to long-term deficits in intellectual function, academic ability, and behavior. The proposed research study will use structural data collected as part of an earlier protocol “Prenatal Tobacco Effects on Attention: Behavior and Brain Function.” This secondary data analysis, will identify the effects of prenatal tobacco exposure on brain morphometry. We will evaluate global changes in structure that will be assessed using measures of volume and subtle differences in structure that will be determined by measuring asymmetry and shape. 
A major strength of the proposed analysis is that we have multiple demographic, psychological, social, and environmental assessments on the mothers and offspring, which will allow us to control for confounders. These assessments will identify important neurobiological markers of the effects of prenatal tobacco exposure and thus, have direct public health implications. In the parent study, fMRI was used to identify functional differences in activation in brain regions that support attention networks. Subjects were young adults, 22-25 years old, selected from the Maternal Health Practices and Child Development Project (MHPCD) cohort, a longitudinal study of the effects of prenatal substance exposure on growth, behavior, and cognitive function. This cohort was originated by Dr. Nancy Day in 1983. Recruitment for the fMRI study was completed in December 2009. fMRI data processing and analysis are ongoing.
While the original study focused on the relations between cognitive and brain function using fMRI, this secondary data analysis will identify PTE-related differences in brain structure. The proposed analysis will focus on brain regions that support three aspects of attention including: orienting: right temporal-parietal cortex, right inferior frontal gyrus, and precentral gyrus of the frontal lobes, superior frontal, fusiform, insula, and putamen; alerting: inferior parietal, superior temporal, anterior cingulate gyrus, thalamus, fusiform, inferior frontal gyrus, ventral prefrontal, cerebellum, and superior colliculus; executive attention: anterior cingulate, medial prefrontal cortex, insula, and operculum, dorsal and ventral lateral prefrontal cortex, premotor cortex, and inferior parietal regions. For comparative purposes, other brain areas will also be examined.
The parent and proposed projects are complementary in that information regarding structural differences will inform our analysis of functional differences. We will: 1) characterize differences in brain structure associated with PTE and 2) identify the relations between PTE and brain structure while identifying and controlling for other factors that covary with PTE.
A.2 hypotheses

The goal of the proposed research is to apply state-of-the-art and novel neuroimaging analysis techniques to study the effects of PTE on the structure of the brain. The aim is to explore PTE-related differences in brain morphology by measuring volume, asymmetry, and shape characteristics in young adults. In doing so we can hypothesize that 1) PTE will be associated with decreases in both global and regional measures of volume compared to comparable measures in a control sample, 2) PTE will be associated with increased regional asymmetry compared to comparable measures in a control sample, and 3) PTE will be associated with alterations in regional shape morphometry compared to comparable measures in a control sample.
The analysis will take advantage of high resolution structural images for both PTE and control groups that are matched on race, age, gender, IQ, home environment, and life events. The importance of this work is the identification of neurobiological differences in brain structure associated with PTE. Identifying the relations between PTE and brain structure will provide critical information for women to make decisions about their smoking behavior when they are planning to become pregnant or are already pregnant.
A.3 Methodology and analysis

Structural brain data will be analyzed in this study. Subjects were recruited for the parent study from the MHPCD cohort. This study provides an additional opportunity to evaluate new hypotheses that will identify PTE-related changes in brain structure. The MHPCD project is a long-term study of the effects of prenatal exposure to tobacco, alcohol, or marijuana on offspring growth, morphology, behavioral, and cognitive development. The timing, dose, and pattern of pre- and postnatal alcohol and tobacco use have been documented in the mothers and children. Demographic and psychosocial factors have been measured across multiple phases. 

To determine regional gray and white matter brain volumes for the identified regions of interest, we will use a procedure referred to as the Automated Labeling Pathway. The pathway combines a series of publicly available software packages, as well as some custom programs. Regions of interest (ROIs), manually segmented from the MNI template (average of 152 in normal brains), are transferred to each subject image with a 12-parameter linear affine registration algorithm. Statistical analysis will be performed using ANCOVA, in which the data will be screened for potential region-specific PTE-related differences in brain volume, symmetry and shape. 

Covariates: We will identify other factors that could affect the MRI outcomes. The following covariates will be evaluated for their potential to have an impact on brain morphometry outcomes: sex, race, handedness, adolescent and current tobacco use and other substance use, and psychiatric illness. 

Outliers: The univariate and bivariate distributions of variables will be examed using frequencies and graphs to detect outliers and influential data points. When outliers are detected, we will choose between removing the subject from the analysis or recoding the data to the next lowest or next highest value in the distribution. Outliers will be removed if there is a clear indication of error. 

Data Analysis: Each targeted brain region will be analyzed separately for differences between the PTE (n=21) and control (n=27) subjects. We will use ANCOVA to identify significant differences in brain activation between groups while controlling for covariates or confounds. 

Variable Definitions: The outcome measures will be calculated from the MRI data for each one of the brain regions describes in the hypothesis. 

Volume will be measured using voxel counts for overall, gray, and white matter for each brain region. Volume will be adjusted for overall brain size using a proportional method to be defined. Although complex methods of adjustment are available, they are unlikely to provide an improvement over the proportional method since our study groups are already frequency matched for age, sex, race and household income. 

Asymmetry measures will be obtained for overall, gray and white matter using the following formula: right volume (voxels) – left volume (voxels)/total regional volume (voxels). Volume and asymmetry are related to one another, however, the results of the separate analyses will be useful in identifying whether particular morphologic changes are localized within a structure or are more global, affecting the whole structure. 

Shape measures will include morphometry procedure to identify localized areas of expansion and contraction in specific regions of the brain, based on statistical comparisons of brain regions between groups. The statistical maps are generated by a computer algorithm that takes into account the corrected statistical significance (T-score) of each inter-group distance comparison and determines whether groups are significant over graphical areas.

A.4 conclusion

The study uses state-of-the-art and novel neuroimaging techniques to study how PTE affects brain structure. We will identify markers of the neurobiological effects of PTE and define the associations between PTE, volume, asymmetry and shape. This research will provide an important and innovative assessment of the effects of PTE on brain structure. Such knowledge will provide insight to the neurobiological developments of cognitive and behavioral deficits associated with PTE, and have major implications for public health policy.
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