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ABSTRACT 

Early Childhood Height Growth in Relation to Working Memory and Lifetime Major 

Depressive Disorder Outcomes in Middle Aged Adults Mary C. Kilty 
 Evidence has been mounting that exposures during fetal development and early postnatal life are important determinants of many adult health outcomes including. diabetes, obesity and cardiovascular disease.   Critical periods of early development have been identified for certain outcomes. Early life factors are suspected as having a role in cognitive and psychiatric outcomes, but research to date is limited.     Birth weight, considered a marker for fetal development, has been positively associated with cognitive abilities.  A few postnatal studies provide evidence that early childhood height growth, an indicator of overall development, is also positively associated with cognitive abilities in adults under age 25 years.   There has been no research on early childhood height growth and cognitive outcomes in middle age adults.  Low birth weight has also been associated with a spectrum of neuropsychiatric disorders, including, in one study, affective disorders.  There are no known studies of early childhood height growth and neuropsychiatric disorders.  With this background, I made two hypotheses. First, I hypothesized that early childhood height growth is positively associated with working memory ability in middle age adults.  



Second, I hypothesized that early childhood height growth is inversely associated with lifetime major depressive disorder in middle age adults.   I also explored effect modification by sex and by small for gestational age status.    I tested these hypotheses using data from the Early Determinants of Adult Health (EDAH) study and its sister study Fetal Antecedents of Major Depression and Cardiovascular Disease (MDCVD).  These studies were adult follow-up studies of two birth cohorts recruited in the 1960’s: the Child Health and Development Studies (CHDS) and the New England Family Study (NEFS); both followed subjects from birth through childhood.  Birth length and successive early childhood height measures were available enabling a study of three height growth periods, birth to 4 months, 4 months to 1 year and 1 to 4 years.  The adult follow up study included 4 measures of different aspects of working memory ability as well as a structured interview that assessed neuropsychiatric outcomes including lifetime major depressive disorder.  We found some evidence that early childhood height growth was positively associated with adult working memory ability in specific growth periods.  Results of the analysis of early childhood height growth and adult lifetime MDD do not support the association between early childhood height growth and lifetime MDD.
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A Literature Review on the Associations Between Height Growth 

and Cognitive Abilities 

 

Introduction 
 The relationship between attained height and cognitive abilities has been studied extensively in various populations and results are consistent in finding a positive association. There is less evidence regarding the relationship between height growth and cognitive abilities although results are fairly consistent in finding a positive association.  The biological mechanisms underlying associations between height or height growth and cognitive abilities have not been elucidated.  In general, height growth may reflect favorable circumstances for overall development, including brain development.  More specifically, brain development, like height growth, depends on insulin-related growth factor (IGF) levels.1-3 While these hypotheses are intriguing, they have not yet been tested in humans. 
 Current knowledge on the relationship between height growth and cognitive abilities in humans relies largely on epidemiology studies.  The studies vary widely in design and methodology and the ages when height growth and cognitive abilities are measured. Because of these differences, evaluating and interpreting study findings is challenging.   A critical review of this literature is important in order to assess the quality of evidence for a causal relationship between height growth and cognitive abilities and to help establish whether there are critical periods of height growth associated with cognitive abilities.  
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Moreover, greater clarity is needed on the question of whether associations between height growth and cognitive abilities at early ages persist as a child reaches adulthood.  The first section of this paper discusses the design and methodological features that warrant attention in studies of attained height, height growth and cognition. Next, the literature search process for this systematic review is described.  All relevant studies are then reviewed in the context of the design and methodology features.  The review ends with a discussion of insights from these studies and recommendations for future research directions that will increase and enrich knowledge of this relationship.    Note that ‘attained height’ will be referred to as ‘height’ in this article.    
 

Study Design and Measurements Temporality   Cross sectional designs are used in most studies that examine the relationship between height and cognitive abilities.  Height is a measure of cumulative prenatal and postnatal height growth, providing a longitudinal element to the cross sectional design.  However, this only holds true as long as height increases or is stable.  The longitudinal element disappears when adult height begins to decline, typically around age 40 years.4  Since at least two height measures are needed to calculate height growth, cross sectional designs cannot analyze the relationship between height growth and any outcome except for total prenatal and postnatal growth.   
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Longitudinal cohorts are used to evaluate the relationship between height or height growth and cognitive abilities. Many prospective longitudinal studies are based on data from birth cohorts that follow individuals from birth through childhood and, in some cases, adolescence and adulthood.  Retrospective longitudinal studies measure cognitive abilities in a cohort and this data is analyzed in relation to earlier height growth measures available in national health records.    While causal inference is improved by use of longitudinal instead of cross sectional study designs, loss to follow up is an important issue in prospective longitudinal studies. Loss to follow up tends to increase with the length of the follow up period. If loss to follow up is differential with respect to the exposure variable, then the results may be biased. Thus these studies must compare the characteristics of the follow up population with those of the original cohort in order to assess threats to internal and external validity.  Longitudinal studies are essential for identifying periods when the relationships between height growth and cognitive abilities are strongest. Identification of these ‘critical’ periods depends on availability of height and outcome measures at various points during the life course. If available, birth cohorts and national health records are useful since they usually have several childhood height measures that can be used to assess height growth. Since the hypothesized timing of a critical period may not coincide precisely with height growth periods available from data sets, it can be difficult to test hypotheses directly.  However, where available height growth data overlap with a hypothesized critical period, the results may still provide some evidence of causal associations.  These results may be attenuated 
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from the true relationship.  Advanced statistical methods are available to assist with interpolation of height measures for height growth periods of interest.  Measurements 
Height.  Height is a measure of cumulative prenatal and postnatal height growth.  It is measured at birth and regularly during childhood at clinic visits. Measurement errors largely result from improper positioning of the head, and subject cooperation.5,6 These measurement errors are likely non-differential with respect to cognitive abilities.  For analysis purposes, height measures, especially in children, are often transformed into standardized values to make them easily comparable in a given population and across time. An individual’s height measure is assigned a  ‘z-score’, a non-dimensional measure that expresses the distance, positive or negative, from a mean in standard deviation units.  The height z scores can be translated into height percentiles. To accurately assign z-scores, it is important that the population used to construct the standardized distribution is the source population for the study.  If not, then the percentile differences between height measures are inaccurate though rank order is preserved.  
Height Growth. Height growth is the height difference at the beginning and the end of a growth period. With standardized measures, height growth can be measured as the difference in z-scores or corresponding height percentiles between the beginning and end of the growth period. In some children, height growth occurs in small spurts alternating with periods of lower growth velocity every month or two months.7  The result is that 
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height growth measures, while correct, may not accurately characterize the underlying height growth trajectory.8     
Cognitive Abilities.  In this review, the term ‘cognitive abilities’ refers to the construct of general intelligence or IQ.   This construct is measured by validated instruments such as the Wechsler Adult Intelligence Scale (WAIS), the Wechsler Intelligence Scale for Children (WISC), and Raven’s Progressive Matrices.  Some studies use intelligence test subsections such as verbal or performance IQ modules.  These subsections measure abilities that are correlated with general intelligence but represent only a portion of the intelligence construct.9  Measurement error occurs when subjects test below their ability level due to depression, illness or distraction, or if testing conditions are substandard.10 Tests may not have construct validity for minority groups and often have not been validated for these groups.11  Cognitive abilities can be conceptualized as a distributed network of brain functions.8  Evidence suggests that specific brain areas and circuits related to these functions have different critical periods of development.12  For example, working memory functions are partly located in the hippocampus.  This brain area develops largely by age 12 months and somewhat further into the second postnatal year except for myelination which continues throughout development.13 . Research on the relationship between height growth and specific abilities during hypothesized critical periods may help to map brain areas to specific cognitive abilities. 
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Academic achievement tests have been used to measure cognitive abilities in some situations.  Cognitive abilities and academic achievement are highly correlated.14 Academic achievement depends not only on intelligence but also characteristics such as socioeconomic status (SES) and personality.15  Thus, academic achievement and intelligence are not the same construct and investigators must be careful in choosing outcome measures and interpreting the results of studies focused on academic achievement.  
Socioeconomic Status.  SES is a measure that indicates access to resources, power and control and is strongly associated with health outcomes16, including height17,18 and cognitive abilities.19,20  SES is measured by one or more variables, the choice of which likely depends on available data.   In many height growth studies the parental SES is measured around the time of a child’s birth. Paternal income and occupation variables are often used as SES measures.  Other measures include maternal education, family income, family wealth, living conditions and neighborhood. Often several of these variables are included in an analysis or are combined into a single variable to represent the SES construct.  With adult outcomes, adult SES may also be important in some health studies.  However, in studies of height growth and cognitive abilities, statistical control for adult SES is problematic because both childhood SES and adult cognitive abilities may predict adult SES.  This will render adult SES as a collider variable that, if controlled, may distort the relationship between height growth and cognitive ability.  See Figure 1 below. 
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              Figure 1.  Adult SES as a Collider Variable  
Other Confounders. The relationship between height and cognitive abilities may be confounded by variables other than SES.  These include maternal age, paternal age, maternal intelligence, parity and alcohol use during pregnancy.21  
Important Considerations in Data Analysis  Introduction  Special considerations apply to the analysis of the relationship between height growth and cognitive abilities.  These considerations are related to model selection and effect modification.  The section below outlines these topics and how they apply to the statistical modeling of the relationship between height growth and cognitive abilities.    Study Period Length and Model Selection    The relationship between height growth and cognitive abilities can be analyzed by several methods such as linear or logistic multivariate regression, and marginal structural models 
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(MSMs).  Each of these models accommodates confounder control and effect modification analysis. In some complex cases, MSMs offer advantages over multivariate regression models. MSMs allow for assessment of direct and indirect effects of the independent variables on the outcome. They include auto-correlated error structures among the independent variables and so are able to isolate the relative contribution of each variable to the outcome.22 A study assessing the relationship between preeclampsia and neonatal outcomes provides an example. The MSM analysis separated the direct and indirect effects of preeclampsia on the neonatal outcome. This included the separation of the effects of potential confounders of the various relationships between the exposure, mediator and outcome variables.   This confounder treatment is important because in this case, confounders of the preterm birth/neonatal outcome association, such as caesarian section, are also related to preeclampsia status.  With this situation, more traditional statistical ‘adjustment’ for these confounders could bias effect estimates 23  Effect Modifiers 
Sex Differences. Neuroscience studies have shown that brain development patterns and brain function at maturity differ by sex.24  Some of these differences are in areas and networks of the brain related to cognitive ability.25-27  Given these differences, sex is a possible modifier of associations between height growth and cognitive abilities.   
Small for Gestational Age Children (SGA).   Children born in the lowest 10% of the birth weight for gestational age distribution are defined as small for gestational age (SGA). Most SGA children have rapid catch-up height and weight growth in the first two postnatal years 
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and mean intelligence around the population mean at later ages.28  In contrast, rapid infancy and early childhood height growth in the general population has been associated with cognitive abilities above the population mean29, implying a possible pattern differences between SGA and non-SGA children. The combined population-based result may obscure the true relationship for these two groups.  Therefore SGA status is a potential effect modifier.    Methodology Summary     The study of height growth and cognitive abilities is complex and there are a number of methodological issues that need to be considered.   Datasets for these studies must be carefully considered to assure that the set of variables available for the analysis are appropriate and adequate.   This includes height measures for the appropriate height growth periods, effect modifiers, SES and appropriate cognitive tests.     
Literature Search Procedures  The literature search was performed in two phases and completed on July 5, 2013.  The first phase of the literature searches identified papers on the relationship between height or height growth and cognitive abilities. Figure 1 shows the major search terms and results from Ovid Medline.  This resulted in a list of 418 articles.  We selected papers based on the following criteria:  an exposure variable that is a measure of postnatal attained height or height growth, an outcome variable that is a measure of cognitive ability, an individual level analysis of the relationship between these exposure and outcome variables, a sample 
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representative of the general population and a location in a high income country or population.   Based on these criteria, the selected articles total 15, representing 14 studies.     A second phase identified papers on the relationship between height growth and cognitive abilities outcomes in population-based cohorts from the Psych Info database.  Figure 1 shows the major search terms and results for the Psych Info search. This resulted in 582 articles; 301 overlapped with those in the PubMed literature search.  Of the remaining 281 articles, 1 was added to the review after applying the selection criteria described above.  Finally, one article was sourced from a list of related citations in PubMed.  In total, 16 articles were included in the review, representing 15 studies.   As noted above, certain studies were excluded from the final literature reviews.  First, studies focused on children with diagnosed disorders known to affect height growth or cognitive abilities were excluded since these reflected different mechanisms affecting these variables.  An example of these diseases is achondroplasia, an autosomal dominant genetic disorder causing dwarfism30 and juvenile rheumatoid arthritis that slows growth rates.31  Second, we excluded studies from low income countries because, relative to high income countries; these populations have a far greater prevalence of severe malnutrition leading to stunting32 and higher rates of infection, characteristics related to height growth and cognitive development.33  These different environments make if difficult to construct meaningful individual level comparisons with subjects in high-income countries. Third, commentary and review articles were excluded.  Fourth, studies with academic achievement as the outcome were excluded.   
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Literature Review Height Growth and Cognitive Abilities  
Introduction. This section reviews the associations found between height growth and cognitive abilities in 6 studies.  These studies include 50 analyses of various growth periods, cognitive abilities measures and ages at cognitive ability measurement.  The design, measurement and methodology features that underpin the quality and utility of the results are discussed following the review. Detailed descriptions of these studies can be found in Exhibit 1.  A graph of study results by age and cognitive ability measure can be found in Figure 2.    This review is organized by the age of the subject when cognitive abilities were measured:  

• Childhood:       ages 4.5-11 years,  
• Adolescent:     ages 12-17 years, and 
• Adulthood:      ages 18-43 years.    Within these sections, results are organized by height growth period: 
• Infancy:                     birth to age 2 years,  
• Early childhood:     ages 2 to 5 years,  
• Later childhood:     ages 6 to 11 years, and  
• Adolescence:           ages 12-17 years.    In a few analyses the timing of exposure periods and outcome measurement does not fit neatly within these categories.  These analyses were placed in the closest matching category.   
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Two analyses were excluded from this section of the review. The Pearce study34 is excluded because the outcome was measured during the exposure period, resulting in a confusing temporal order.  The Wilson study is excluded because the height growth variable included observations with different age ranges, rendering interpretation impossible.35  These issues render meaningful inference impossible based on the information provided.   
Childhood Cognitive Abilities Outcome Analyses In the 5 studies including childhood cognitive abilities outcomes there were several exposure periods and ages at which outcome was measured .   

Infancy Height Growth. The Heinonen29 and Yang36 studies both examined height growth in infancy.  Heinonen found that two height growth periods between birth and age 20 months were associated with visual-motor integration scores at age 4.5 years, but not with general reasoning, verbal competence or language comprehension scores. Yang found that height growth from birth to age 12 months was positively associated with full-scale IQ scores at age 6.5 years and relationships were slightly stronger for verbal IQ than performance IQ subscales.    
Early Childhood Height Growth. Positive relationships were also found in analyses of early childhood height growth and cognitive abilities.  In the Heinonen study, height growth between ages 20 and 56 months was positively associated with verbal competence and language comprehension at age 4.5 years, but not with visual motor integration or general reasoning.29 In the Yang study, height growth between 
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ages 1 and 5 years was positively associated with full-scale IQ scores at age 6.5 years with the strength of the association equivalent between verbal IQ and performance IQ subscales.36  In the Montgomery study, height growth from ages 22 months to 5 years was positively associated with digit recall test scores, a measure of verbal working memory37, at age 10 years.38  The Richards study provided evidence that height growth between ages 2 and 4 years was associated with intelligence scores at age 8 years.39    
Height Growth in Late Childhood.  The Silva study included the only analysis of late childhood height growth in relationship to childhood cognitive ability.  Both the regression and MSM analyses found that an association between height growth from ages 5 to 10 years and general cognitive function measured at age 10 years.22     

Adolescent Cognitive Abilities Outcome Analysis.  Only the Richards study examined cognitive abilities measured during adolescence.  This analysis indicates that height growth from ages 8 to 15 years is not associated with general cognitive abilities measured at age 15 years.39    
Adult Cognitive Abilities Outcome Analyses.  Both the Raikonnen and Richards studies included analyses of the association between height growth and adult cognitive abilities.  

Height Growth in Infancy. An analysis from the Raikonnen study examined infant height growth and cognitive abilities in conscripted men with a mean age of 
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approximately 20 years.    Height growth between ages 6 months and 2 years was positively associated with all three measures of cognitive abilities: verbal reasoning, visuospatial reasoning and arithmetic reasoning.   
Early Childhood Height Growth. In the Raikonnen study, height growth between ages 2 and 7 years was positively associated with verbal and visuospatial reasoning but not arithmetic reasoning.40   
Later Childhood Height Growth. In another Raikonnen analysis, height growth between ages 7 and 11 years was not associated with any of the three cognitive ability measures.40   
Adolescent Height Growth. The final analysis from the Raikonnen study indicated that height growth between ages 11 and age 20 years was positively associated with all three cognitive ability measures.40   The Richards study found associations between height growth from ages 15 to 36 years and cognitive abilities at age 26.  When an outcome variable is measured during the exposure period, the result is impossible to interpret. However, in this study, the authors correctly chose to use height measured at age 36 for two reasons.  First, height at age 26 years was self-reported and these measures are typically over-estimated.41  Height was measured at age 36 years by a clinician and therefore highly likely to be valid.    Given that height growth into the 20’s is unusual42 and that height does not begin to decline 
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until age 404 , the measurement of height at age 36 is a valid proxy for height at age 26.  
Socioeconomic status and potential confounder variables.  All of the analyses described above included statistical control for the confounding effects of family socioeconomic status (SES) at or near the subject’s birth date.  The SES variable differed between studies but all reflect the underlying construct of SES.   Statistical control for SES after birth or infancy was not included in any analysis.  Except for the Montgomery study, all of the analyses controlled for most though not all of the other confounders described above.  The Montgomery study controlled for SES but not any of these other confounders.38  
Study Populations.  Four height growth studies are based on data from birth cohort datasets and, of these, three studies utilize the British birth cohorts. The Richards study is based in the 1946 British Birth Cohort and the multiple measures of height growth available make this the source of several analyses used in this study.43  The Montgomery and Silva studies were both based on data from the 1970 British Birth Cohort.22,38 The remaining birth cohort was based in Finland and was also the source of several analyses given the multiple measures of height during childhood.   The source populations for the birth cohorts were the general public in the study area.  For instance, all children born in a certain week in April, 1970 in the England, Scotland and Wales were enrolled in the 1970 British Birth cohort.22  These cohorts did exclude some subjects such as those from multiple births, or in the case of the 1946 British Birth Cohort 
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‘illegitimate’ children, presumably children of unwed mothers.39  For studies using birth cohort data, certain groups of subjects were later excluded or over-sampled. Montgomery’s study subsample from the 1970 British Birth Cohort over-sampled the children born SGA, post-term or as part of a multiple birth.  The Raikonnen study analyzed only males from the Helsinki Birth Cohort that had also been conscripted into the Finnish armed forces.    Two study cohorts used different sampling strategies. The Yang study was based on a convenience sample of children whose mothers had enrolled in a randomized trial of a breastfeeding intervention.  The children had at least 37 weeks gestation at birth and had a birth weight of at least 2500 g.36  The Heinonen sample has similarities to a clinical sample as the majority of its participants had been admitted to a NICU with others recruited at birth at local hospitals. The population was later limited to children born at term and without major impairments, mental retardation or developmental delay.29   
Loss to follow up.  Loss to follow up and missing data were characteristics of all of these studies and differences existed between those excluded and included in these analyses. The proportion of subjects excluded from analyses due to loss to follow up or missing data ranged from 28% at age 56 months in the Heinonen study29 to 61% at age 26 years in the Richards study.39 The extent of differences between excluded and included subjects varied widely by study.  Information on differences between the participants and non-participants were limited.  From the information available, there were no discernable common characteristics among the non-participants.  



 17

Measures of height and height growth.  Health professionals measured heights. Heights reported at specific ages were adjusted for actual age on the measurement date in the Heinonen study only.29   Height was treated as a continuous variable in all studies except for the Richards study which categorized height into 5 levels at each age.39  Height measures were standardized in the Montgomery and Raikonnen using z-scores calculated separately by sex.  The basis for the z-scores was not reported in the Montgomery study and was based on measurements from the entire birth cohort in the Raikonnen study.38,39    The height growth measures differed between studies.   In the Heinonen and Raikonnen studies, the growth measures were standardized residuals from linear regression of previous height measurements for a subject.  In the Montgomery study, height growth was measured as the differences in z-scores at the beginning and end of the height growth period.  In the Silva and Richards studies, height growth was not measured per se, but the associations of height growth with cognitive abilities were ascertained from the statistical analysis designs as described below.  
Measures of outcomes.  Outcome measures differed between studies, reflecting differences in age at measurement and in the underlying construct of cognitive abilities. The Yang study and Richard’s analysis at ages 8 and 15 years used measures that represented a construct of general intelligence. Yang used a full-scale IQ measure with verbal IQ and performance IQ subscales and Richards used a broad variety of cognitive ability measures combined for a single score.36,39 The Heinonen, Yang, Montgomery, and other Richards analyses analyzed relationships with specific cognitive abilities such as digit recall, reading 



 18

comprehension and verbal or performance IQ.29,36,38,39  The Silva study used a composite measure derived by principal components analysis to represent cognitive function. The underlying measures included a general IQ test and 3 achievement tests.22  The achievement tests represent a different construct than the ability tests so that the outcome measure in the Silva study does not isolate cognitive ability.  
 

Statistical analysis. Multivariate regression models were utilized in all height growth studies to examine the relationship with cognitive abilities. The Yang study used generalized estimating equations (GEE) regression analysis to adjust the standard errors for data clusters by hospital and other clinics where subgroups of the sample were measured.36.  A MSM was used in the Silva study to ascertain direct and indirect effects of a number of variables, including height growth.22  The Richards study categorized heights and used the means of these categories in the regression analyses rather than individual level variables.39  Height measures were transformed into trajectories in the Yang study.36  Most studies included prior height growth or height at the beginning of the growth period as a covariate to control for the possible relationship of prior prenatal and/or postnatal height growth with the cognitive abilities outcome.   In Richard’s analyses of outcomes at ages 8 and 15 years, these height variables were used to determine periods when height growth was associated with cognitive abilities.39 Potential confounders were included as covariates in the regression and structural equation models.  Effect modification by sex or SGA was not examined in any of the studies except in the Yang study.  
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Summary.  The six studies reviewed above provide some evidence of relationships between several height growth periods and various cognitive abilities.  These studies were soundly designed with good control for SES and other confounders, appropriate modeling and statistical analyses, diverse and valid outcome measures and, in most cases, a population-based sample appropriate for public health studies.  Height growth measures varied though it is unclear whether height measures at given age points have been adjusted for the actual age at the time of measurement, a study weakness that could lead to biased results. High levels of loss to follow up are also a weakness of these studies, especially because characteristics of those followed up differed from those of the original cohort, making generalization of results difficult.  These weaknesses suggest that caution be used in interpreting results.     Height and Cognitive Abilities  There were 15 analyses of the relationship between height and cognitive ability and all showed positive associations. While these studies are mainly cross-sectional, there are a few longitudinal and repeated cross sectional study designs that offer more causal perspectives. Detailed descriptions of these analyses can be found in Exhibit 2.   There are 2 longitudinal studies of height and cognitive abilities.  The Fisch study showed that children with greater height at ages 1 and 4 years had higher IQs measured at ages 4 and 7 years.44 The Humphreys study measured children’s height and cognitive ability on an annual basis from ages 8 to 17 years.  In longitudinal analyses there are consistent positive correlations between height and cognitive abilities throughout this age period. The highest 
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correlations are between height at ages 8 to 11 years and cognitive ability at age 12 years.  The correlations were generally higher in females than males. The Fisch analyses controlled for SES while the Humphrey’s study did not. 44 45   Three studies feature repeating cross sectional analyses. The Wilson study analyzed children at ages 6 to 11 years and 12 to 17 years using NHANES data.  For females, the relationship between height and intelligence score was higher for the older group.  For males, relationship strength was similar between the age groups.35  In contrast, the Humphreys study showed that cross sectional correlations in females were highest at ages 8 to 13 years and then declined from ages 14 to 17 years. Humphreys also found that correlations in males varied from year to year but were generally consistent with the Wilson results.45  The only design difference was that the Wilson study controlled the analysis for SES.  The Richards analyses show that cross-sectional relationships between height and cognitive abilities were higher at ages 26 and 43 years than at ages 8 and 15 years.  However, because the cognitive ability construct was limited to verbal abilities only at the older ages, it is difficult to know if this difference or the age difference is the cause of the varying relationship strengths.39   There are 14 cross sectional analyses across a range of ages.  There were 5 analyses of the childhood period  from ages 4.5-11 years35,39,46-48, 4 analyses of the adolescent period from ages 12-17 years)35,39,45,49 and 5 analyses of the adult period from ages 18 through a mean 
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age of 43).39,50-52 Three of these adult analyses used data on military conscripts at or around age 18 years.50-52  Each cross sectional analysis used either correlation or multiple regression statistical methods to describe the height and cognitive abilities outcome except for one study that provided only a graph of the relationship.52 All study samples were population-based: 8 analyses were sourced from birth cohorts, 3 from military conscript studies and 2 from the National Health Examination Survey (NHANES) in the US.  Other samples were sourced through schools and advertising.  Loss to follow up in the birth cohort studies could threaten external validity of those results, a problem previously discussed in the height growth section above.   Major differences in confounder control, especially SES, and the cognitive ability constructs make it difficult to compare results. This difficulty is compounded by differences in categorizations of variables, the use of standardization and statistical methods.  Even with these differences, it is notable that the results are consistently positive in all analyses.  
Discussion  Based on the studies reviewed, the relationship between height growth and cognitive ability outcomes is dependent on the growth period measured as well as the type of cognitive ability.  Given this complexity and the quality of the studies, the number of studies reviewed here can only be observed as preliminary evidence with many other relationships to be tested or possibly replicated. 
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 More specifically, the evidence is mixed for a positive relationship between height growth in the early postnatal months and both verbal and non-verbal abilities measured at several later ages. There is evidence of a positive relationship between height growth in infancy and visual-motor integration.  A positive relationship may also exist between height growth from late infancy to middle childhood and verbal abilities measured at various ages.  There is also evidence for a positive relationship between height growth during middle childhood and working memory ability measured at age 10 years.  However, the evidence for a positive relationship between height growth in this middle childhood period and non-verbal abilities is mixed.  There is little evidence supporting a relationship between height growth in later childhood and any cognitive abilities measures. Height growth during adolescence is positively associated with early adult cognitive ability measures.   The consistent relationship between height and cognitive abilities across a spectrum of ages and cognitive ability measures supports the evidence for a positive relationship between height growth and cognitive abilities.  However, several of these analyses lack confounder control and results may reflect residual confounding by SES and other covariates. Therefore, it is difficult to draw strong conclusions from these height studies.  Of 

some interest is that two studies showed sex differences in the height and cognitive abilities 

association, providing further reason to examine effect modification by sex in height growth studies. 
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  The height growth studies have several strengths.  The repeated height growth and varied cognitive construct measures allowed for a substantial number of analyses, the results of which form a detailed picture of the relationship during child development, especially from birth through mid-childhood.  The repeated measures also allowed for analyses of growth trajectories in relation to cognitive abilities.  Analyses were well powered, in many cases finding small but statistically significant relationships between exposure and outcome variables. Most analyses were based on birth cohort data and included many, if not all, important covariates measured around birth and in early childhood.  These complex analyses were facilitated by multiple regression analyses that can accommodate several covariates.   One study also used structured equation modeling which provided greater insight into the direct and indirect effects of specific variables on the outcome.22    A central weakness of these studies is that effect modifications by sex and SGA were not evaluated except in the Yang study which found that p values for effect modifications by sex were > 0.10 in all analyses with the outcome measured at age 6.5 years.36  The other studies controlled for sex as a covariate in the analyses and did not report the regression coefficients of the sex variable. No studies reported on effect modification by SGA status.   Most of the studies had significant loss to follow up by the time that the outcome variables were measured and also reported differences between those lost to follow up and those retained.  In addition, the sample populations in all but one of the studies were located in 
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Britain and Helsinki, Finland.  Because of the factors, generalization of this body of results should thus be interpreted with some caution despite their overall consistency.    The positive relationships between some but not all specific height growth periods and cognitive abilities suggest that there are critical periods of cognitive development.  The height growth periods analyzed in this study were dependent on available data collected for birth cohorts and these likely overlap but do not exactly match any critical periods that may exist. Therefore, the relationships between specific height growth periods and cognitive abilities may be underestimated.   Some studies mentioned biological mechanisms that may underlie the relationship between height growth and cognitive abilities. The knowledge base on brain development, including brain functions related to cognitive ability, has been growing rapidly in recent decades.  The next steps in analyzing the relationships between height growth and cognitive ability should include some of these periods recognizing that available data most likely will not match up exactly with the hypothesized critical periods.  This would be a useful means to test whether or not biological and epidemiological findings are consistent.   This second paper of this dissertation aims to fill some gaps in our knowledge of the association between early childhood height growth and cognitive abilities.  I will examine the association between early childhood height growth and four aspects of working memory ability in middle-aged adults.  This research will add to the existing body of knowledge in several ways.  First, there have been no studies on working memory 
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outcomes in adults of any age.  Second, this focus on a specific cognitive ability may be crucial to the identification of critical periods of brain development as it becomes clearer that brain areas and circuits mature at different times.  Third, this will be the first study to examine associations between early childhood growth and cognitive ability in middle-aged adults.  Finally, this study will examine effect modification by sex and by SGA status.   
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Associations Between Early Childhood Height Growth  

and Adult Working Memory 

  
 
Abstract 
 
 
Background. Epidemiologic research suggests that height growth in specific age ranges is positively associated with subsequent cognitive abilities. We hypothesized that early childhood height growth is positively associated with adult working memory abilities.  We tested this hypothesis using data from the Early Determinants of Adult Health (EDAH) study and its sister study Fetal Antecedents of Major Depression and Cardiovascular Disease (MDCVD).  These studies were adult follow-up studies of two birth cohorts from the 1960’s: the Child Health and Development Studies (CHDS) and New England Family Study (NEFS); both followed subjects from birth through childhood. We also examined whether the associations were modified by sex or small for gestational age (SGA) status. 
Methods. We recruited 227 and 247 subjects from sibling sets in the CHDS and NEFS, respectively. Almost all subjects were from same-sex sibling sets. We measured height growth as height percentile change (HPC) over three periods: birth to 4 months, 4 months to 1 year, and 1 to 4 years.  Working memory was assessed by standardized tests measuring verbal recall, attention with interference, attention and processing speed. We analyzed associations between HPC and working memory test scores using mixed models to account for family correlations.  Data were analyzed separately by birth cohort. Results. In the CHDS subjects, we found positive associations between HPC from 4 months to 1 year 
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and attention with interference, and between HPC from 1 to 4 years and verbal recall. In NEFS subjects, we found a positive association between HPC from 4 months to 1 year and processing speed. We also found inverse associations between HPC from birth to age 4 months and the attention score in subjects from the CHDS cohort as well as the verbal recall score in subjects from the NEFS cohort. Effect modification by sex was present in the associations of HPC from 4 months to 1 year with the processing speed score in subjects from the CHDS cohort and the verbal recall score in subjects from the NEFS cohort.  In these associations, working memory outcomes in adult males appear to be more sensitive to early childhood growth in this period.  In subjects from the CHDS cohort, female processing speed scores increased with HPC increases while male scores showed no relationship with this outcome. In subjects from the NEFS cohort, male verbal recall scores increased with HPC increases while scores for females showed no relationship with this outcome. Conclusions. These results provide some support for the hypothesis that early childhood height growth is positively associated with adult working memory ability. The association patterns across the three HPC intervals provide some evidence of critical periods of brain development with respect to working memory outcomes. Evidence of effect modification by sex in the height growth period from age 4 months to 1 year may indicate that adult working memory in males is more sensitive to development during this period.   
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Introduction 
 
 Epidemiological studies strongly suggest positive associations between attained height and cognitive abilities at several points during the life course.34,35,44-52 In addition, a small group of longitudinal epidemiological studies provide limited evidence of a positive relationship between early childhood height growth and cognitive abilities in both children and adults.22,29,36,38-40 These results are consistent with neuroscience findings that both brain development and height growth are rapid during early childhood and highly dependent on IGF-1 levels.1-3  In fact, height growth has even been suggested as an indication of overall developmental progress, including brain development.53,54  Several of these epidemiological studies also indicate that associations between height growth and cognitive abilities are limited to specific growth periods and outcomes.   For instance, positive relationships reported between height growth and cognitive ability outcomes in adulthood are limited to early childhood and later adolescent height growth periods.39,40 These results while limited thus far are consistent with neuroscience findings that various cognitive abilities develop on different trajectories and originate in different developmental periods.55  With this emerging complex understanding of developmental timing of cognitive abilities, the existing body of research on height growth and adult cognitive ability is incomplete.  Specifically, it is limited in terms of examining successive growth periods, adult outcomes and specific aspects of intelligence.  Outcomes in middle age adults are of particular 
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interest as they represent the time of midlife transition of cognitive ability.   Significant relationships between height growth and adult cognitive ability may contribute to our understanding of brain development and adult outcomes.    One cognitive ability that may be positively associated with height growth is working memory, an active system of the brain that holds information temporarily and uses that information to achieve a goal.56  Working memory activity is centered in the prefrontal cortex of the brain, an area that matures steadily over the first two decades of life.57 Other brain areas are also involved in working memory such as the parietal cortex and thalamus.58,59 During infancy and early childhood, working memory ability differs between individuals, indicating differences in brain developmental timing or growth at early ages.60 Whether these trajectories have any permanent relationship with adult working memory is unknown.   We examined the relationship between early childhood height growth and lifetime MDD with data from the Early Determinants of Adult Health Study (EDAH) and its extension, Fetal Antecedents of Major Depression and Cardiovascular Disease (MDCVD) that assessed cognitive outcomes in adults with a mean age of 44 years.  The EDAH study was a follow up of selected subjects from the Child Health and Development Studies (CHDS) and New England Family Study (NEFS) birth cohorts.  The MDCVD extension is a follow up of additional subjects from the NEFS.  Repeated height measures were available for these cohorts and allowed us to examine the growth periods of birth to 4 months, 4 months to 1 year and 1 to 4 years.  The cognitive assessment included four tests that measure specific 
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aspects of working memory: verbal recall, attention with interference, attention, and processing speed.   The cohort datasets also include a rich set of maternal, socioeconomic and demographic factors in early life and adulthood.   Based on research to date, we hypothesize a positive association between early childhood height growth and working memory outcomes. We also examined, in exploratory analyses, whether sex and/or small for gestational age (SGA) status were effect modifiers for the associations between height growth in specific periods and working memory outcomes.  Females have different working memory skills than males61-64 and brain development varies between males and females.63 SGA children often have rapid catch up growth from birth to age two years and different developmental patterns as a result.65-67   
 
Methods 
 Sample ascertainment 
 
 The data for these analyses were collected from participants in the CHDS and NEFS birth cohorts who were later followed up in adulthood as part of the EDAH or MDCVD studies. 68  Data were analyzed separately by birth cohort.  The NEFS birth cohort is comprised of the Boston, MA and Providence, RI cohorts of the multisite Collaborative Perinatal Project (CPP).  The NEFS enrolled 16,557 pregnancies between 1959 and 1965.  The study purpose was to examine antecedents of pediatric, neurological and psychological disorders in children.  The study followed up with 88% of the survivors at age 1 year and 79% at age 7 years.69  
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The CHDS study enrolled 20,530 pregnancies from the Kaiser Foundation Health Plan in the Oakland, California area between 1959 and 1966. The study purpose was to investigate events of pregnancy, labor and delivery and subsequent childhood development.70 71  The study remained in contact with 99.8% of the participants at age 1 and 89.4% at age 5.71 
 The EDAH study recruited same-sex sibling sets from the NEFS and CHDS cohorts. Eligible sibling sets included those where two or more same-sex siblings were discordant on birth weight for gestational age. In NEFS, the low birth weight proband was below the 20th percentile of the sex-specific birth weight for gestational age distribution and the higher birth weight sibling was at or above the 20th percentile and at least 10 percentile points higher than their sibling.  These criteria were also used to select approximately half of the CHDS sibling sets; the remainder included sibling sets in which the siblings differed by at least 10 percentile points on the birth weight for gestational age distribution, but where the lower birth weight sibling was not in the lowest quintile for gestational age distribution.  Further, both siblings had to be between 38 and 43 weeks completed gestation, have serum samples collected during pregnancy and growth data collected during early childhood follow up. Subjects had to live within commuting distance of the EDAH clinics.  All subjects that met this criterium were eligible for enrollment. In the CHDS, 651 subjects were eligible and in the NEFS, 515 subjects were eligible. 70    Of the EDAH-eligible subjects, 70.5% of the CHDS subjects and 61.0% of the NEFS subjects were targeted for enrollment.  Resource restrictions limited recruitment efforts but selection was not differential to subject characteristics. Of these, 243 CHDS subjects and 
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149 NEFS subjects were successfully recruited and assessed.  These 392 subjects formed the core EDAH cohort70 (Supplemental Figure 1).     In the NEFS for the MDCVD study, we extended the size of the cohort and included same-sex sibling sets discordant on maternal preeclampsia status (Supplemental Figure 2).  These sibling pairs were, as above, required to be between 38 and 43 completed weeks of gestation.68  We identified 644 additional subjects and 371 (57.6 %) were eligible for the adult follow up.  Of these eligible subjects, 252 (67.9%) were located and 146 (57.9%) were recruited and assessed.72     In the combined MDCVD and EDAH samples there were 295 subjects from the NEFS cohort: 146 subjects from MDCVD and 149 subjects from EDAH.  With 243 subjects from the CHDS, the combined sample size is 538 subjects (Supplemental Figure 3) 72    From this combined sample, we excluded subjects with a history of bipolar or psychotic disorders (15 from the NEFS and 4 from the CHDS). We also excluded those with no cognitive assessments and/or incomplete data on relevant covariates.  With these restrictions, we studied a total of 474 subjects: 247 from the NEFS and 227 from the CHDS. (Figure 1)  There are 213 males, 108 of whom are in same-sex sibling sets.  There are 261 females, 174 of whom are in same-sex sibling sets.  20 subjects were from mixed-sex sibling sets.  The remaining subjects were part of sibling sets in the birth cohorts but their sibling(s) did not enroll in either the EDAH or MDCVD study. 68     
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For this analysis, the study population was further reduced because of missing data for height measures in early childhood, working memory measures and covariate information.   Depending on the height growth period, the number of subjects in the CHDS analyses ranged from 139 to 166.  In the NEFS analyses the number of subjects ranged from 189 to 193. (Supplemental Table 1)  EDAH and MDCVD Outcome Assessments 
 The Institutional Review Boards at Columbia University and other participating institutions and clinics approved EDAH and MDCVD assessment procedures. All assessments were performed during a clinic visit that lasted approximately 4–5 hours. During the visit a questionnaire was administered to males on social and demographic characteristics and health history; a similar questionnaire was administered to females as part of a computer-assisted telephone interview.   Neuropsychological tests were administered, followed by a structured clinical psychiatric interview (the Structured Clinical Interview for DSM-IV).  Study personnel were carefully trained and quality control measures were implemented for assessments. 70  All test scores were reviewed by Jill Goldstein, PhD at Brigham and Women’s Hospital in Boston and Jo-Ann Donatelli, PhD at Brown University.68  
 The neuropsychological test battery included four tests that measure aspects of working memory.  Scores on each of these tests were analyzed in relationship to percentile height change in this study.   A modification of the California Verbal Learning Test (CVLT)73 was used to assess verbal 
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recall. Sixteen words were read to the subject at 1-second intervals and then the subject recalled as many of the words as possible. The test is typically administered five times but due to time limitations, only three administrations were performed.  The total number of correct recalled words in all three trials is the total recall score. 
 
The Seidman Continuous Performance Test (CPT)74 was used to test attention and attention with interference.  The subject listens to a series of letters read aloud then taps a pencil on a desk when they hear certain patterns.  To test attention, subjects tap upon hearing the letter ‘Q’ when immediately preceded by letter ‘A’. To test attention with interference, subjects tap upon hearing a ‘Q’ four letters after hearing an ‘A’. This latter test also has an interference component as an additional distracter. Scores are defined as the number of omission errors.  The attention with interference score is the total number of omissions in three trials and attention score as the total number of omissions in two trials.74  
 The Wechsler Adult Intelligence Scale Digit Symbol Test75 was used to evaluate processing speed and subtle brain dysfunction. The subject encodes a series of letters with symbols using a key provided with the test. The subject has 90 seconds to complete the test. The number of items correct is the raw score, which is then converted to an age-adjusted standard score.   
Height Growth 
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Height and Height  Growth Measure.  The measure of a study subject’s height relative to others in the cohort was the height percentile.  Height percentiles for the subjects from the CHDS and NEFS cohorts were assigned from height percentiles indices for these source birth cohorts.  These indices consisted of height percentiles for birth, ages 4 months, 1 year and 4 years. The methodology of calculating height percentiles was complex and is described in more detail in the next section.   
 
The measure of a subject’s height growth in this study is the height percentile change (‘HPC’) for a given HPC interval. This is calculated by subtraction of the subject’s height percentile at the beginning of the period from that at the end of the period. HPC was calculated for the growth periods between birth and age 4 months, ages 4 months and 1 year and ages 1 to 4 years.  
 
Calculation of the Height Percentiles and the Indices.  Since indices were calculated separately by sex, cohort, and gestational week (38 to 43 weeks) 24 indices were calculated.  The sizes of these cohort groups are set forth in Section 1 of the Methodology Appendix.  The subjects in these groups are referred to as cohort subjects. 
 
We used smoothing spline methods76 to construct height growth curves from birth to age 4 years for each cohort subject. This was necessary in order to obtain imputed measures of 
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height at exactly ages 4 months, 1 year and 4 years.  For most of the cohort subjects, height was measured in periods surrounding these age points, not exactly at one of these ages. This method calculates growth curves informed by the cohort subject’s height data and by the growth trend for the cohort as a whole.  
 
We excluded inaccurate data points from the smoothing spline calculations. We deleted the small number of observations that were implausible; for example, a recorded height of 72 inches at age 1 year was indicated for one subject.  The number of implausible observations was 9 in the CHDS cohort and 20 In the NEFS cohort.  We also deleted observations that indicated negative height growth. (N = 110 in the CHDS cohort (out of over 14,000) and N = 156 (out of over 12,000) in the NEFS cohort) had height measures indicating negative height growth during one or more growth periods.  In this situation, height measurements at the beginning and end of the negative growth period were deleted.  
Smoothing splines were calculated using R (see Section 2 of the Methodology Appendix). This method requires a least three data points per cohort subject to estimate individual growth curves in this analysis. Because of missing data it was not possible to calculate growth curves for 54 subjects from the NEFS cohort and 24 subjects from the CHDS cohort. 
 
We calculated distributions of height for each of the four age points from the smoothing spline results. We normalized the height distributions using a Box & Cox transformation.  
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The power parameter λ in the Box-Cox transformation was allowed to vary by group. 77  The resulting z scores were calculated from these normalized distributions.  The corresponding height percentiles were calculated with a nonparametric ranking procedure.  There were 24 separate indices based on cohort, sex and gestation week. (Further details on the Box Cox transformation, standardization of the variables and calculation of the index height percentiles are set forth in Section 3 of the Methodology Appendix.)    For the study subjects, height percentiles were assigned from the indices according to birth cohort, sex and gestation week.  These were then collated and added to the study dataset. We deleted imputed study subject height measures if they were taken outside windows of time around the age points or if there was no measurement taken for the age point (i.e., it was imputed by the smoothing spline method based on three other height measures) for a subject.    These windows were 70 days (480 days total) at 4 months, 240 days (480 days total) at 1 year and 360 days (720 days total) at 4 years.  In total, this resulted in the deletion of 6 height measures in the CHDS and 1 in the NEFS.  
 Statistical Methods Summary statistics were calculated for exposure and outcome variables and for other sample characteristics such as sex, race and maternal education.   This includes the estimated height imputed from the spline methodology and the corresponding height percentiles.  We used SAS Version 9.3 for all analyses.  
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Generalized linear mixed models were used to examine relationships between HPC and the adult working memory outcome measurements. For continuous outcomes including verbal recall, attention with interference and processing speed scores, linear mixed models with identity link were used while for the dichotomized attention score (cut point score = 18), logistic regression models with generalized estimating equations were used.  The models accounted for within family correlations.  (For further details on the models and corresponding SAS code, see section 4 of the Methods Appendix).   For each pair of an HPC and a working memory score outcome, we estimated three models, progressively adjusting for controlling variables. First, we estimated an unadjusted model using HPC as the exposure variable and scores from a single working memory test as the outcome. Next we estimated a model adjusted for sex and the height percentile at the beginning of the relevant HPC interval. Finally we estimated a model further adjusting for maternal variables (age, height, parity, maternal smoking), SES (maternal education) and subject-related variables (birth order, race and age at follow-up interview). We also repeated the fully adjusted modeling described above, replacing the continuous HPC variable by tertiles.   We assessed effect modification by sex and SGA status using these mixed models.  SGA status was defined as birth weight for gestational age in the lowest 10% of the distribution for the underlying cohort (CHDS or NEFS). We analyzed effect modification by sex with stratified analyses in the fully adjusted models described above. The Wald test statistic was used to determine the significance of sex differences. This methodology was not feasible for 
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the evaluation of effect modification by SGA status because only a small number of subjects were SGA.  Therefore, we added an interaction term (SGA*HPC) to the fully adjusted models to test for effect modification.    The proportion of missing covariates ranged from 3% to 4% in the CHDS analyses and from 25% to 29% in the NEFS analyses. (See Supplemental table 2). Missing maternal height information accounts for most of the missing data in the NEFS cohort.  We used multiple imputation78 to estimate missing maternal height data as well as all missing covariate data in each analysis of NEFS subjects.  For each imputation, we used the exposure variable, outcome variable, all covariates and other variables correlated to the maternal height variable as the basis of the calculations.  This information was used to generate 20 imputations per missing observation.  The imputed covariates were used in all of the generalized linear models. (Further details on imputation methods and SAS code can be found in Section 5 of the Methodology Appendix.)   
Results   Descriptive Statistics   Subjects from the CHDS and NEFS cohorts differ markedly in outcome and covariate measures. Demographic characteristics are presented in Table 3 and height growth and working memory measures for both groups are presented in Table 4.  In comparison with the NEFS subjects, CHDS subjects were more likely to be non-white and their mothers were older, less educated and less likely to have been smokers around the time of birth.  CHDS 
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subjects had consistently higher mean scores on each of the working memory tests compared to NEFS subjects.   Mean scores for the California Verbal Learning Test and the WAIS Digit Symbol Test are in the expected range.79,80 There are no normative studies for the Seidman CPT Test but the scores in this study appear to be in line with scores on other studies of adults. (private communication, Larry J Seidman PhD)    The two birth cohorts also had differing demographic characteristics in adulthood. CHDS subjects had height mean annual household income than NEFS subjects ($66,800 versus $59,000).  The CHDS subjects also have a higher level of high school graduation than NEFS subjects (79.0% versus 72.2%).  Subjects from the CHDS cohort were larger than NEFS subjects in terms of both birth length and birth weight with an equivalent gestational age.  At age 4 years, mean estimated height for CHDS subjects was over 1 inch greater than for NEFS subjects.   Regression Results  
 The fully adjusted analyses are discussed by outcome below. (Tables 5a and 5b)  
Verbal recall.  In the CHDS group, we found that for a 10-point increase in HPC from ages 1 to 4 years the verbal recall score increased 0.47 points  (0.08 standard deviation (sd) units, p=0.11). In the NEFS group, for a 10-point increase in HPC from birth to age 4 months, the mean verbal recall score decreased 0.29 points (0.05 sd units, p = 0.07).  
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Attention with Interference. In the CHDS cohort, we found that for a 10-point increase in HPC from ages 4 months to 1 year the mean attention with interference score increased 0.61 points (0.18 sd units, p = 0.002). In the NEFS, there was no evidence of an association between HPC in any interval and the attention with interference score.  
Attention.  In the CHDS cohort, the OR of an attention score of 18 compared to a lower score was 0.85 (95% CI 0.71, 1.02) for a 10-point increase in HPC from birth to age 4 months. In the NEFS cohort there is no evidence of an association between HPC in any interval and the attention score.  
Processing Speed. In the CHDS, there were no associations found between HPC in any interval and the processing speed score. In the NEFS group, for a 10-point increase in HPC from ages 4 months to 1 year, the processing speed score increased 0.14 points (0.05 sd units, p = 0.10).   We also analyzed the data from the NEFS cohort without using multiple imputation and the results were similar.  (Supplemental Table 3) These main results, including the imputed data for the NEFS cohort, were generally confirmed in analyses of associations between tertiles of HPC and working memory outcomes  (Supplemental Table 3).    There was evidence of effect modification by sex in analyses of associations between HPC from ages 4 months to 1 year and two working memory outcomes: the processing speed 
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score in the CHDS group (p = 0.03) and the verbal recall score in the NEFS group (p = 0.02) (Table 6).  In both of these analyses, for an equivalent increase in HPC, male test scores increased while female test scores decreased slightly.  Effect modification by sex was also suggested in the relationship between HPC from ages 1 to 4 years and the attention score in the NEFS cohort (p = 0.09) where the direction of the association was inverse in females and positive in males.    Despite limited statistical power in the sex-stratified analyses, there were some notable patterns in the results and additional associations that were not found in the main analyses.  In the associations between HPC from birth to age 4 months and working memory scores, the effect magnitude was somewhat higher in females. For example, in the CHDS analysis of HPC from birth to age 4 months, the estimated beta (sd) for the association with the processing speed score was 0.23 (0.15) in females versus -0.01 (0.16) in males.  In the CHDS, this was found in associations with all working memory outcomes.  In the NEFS group, this was found in associations with the verbal recall, attention with interference and processing speed outcomes.    In the associations between HPC from 4 months to 1 year and working memory outcomes, the effect magnitude was higher in males for most of the analyses.  In the CHDS group, this was found for all working memory outcomes. In the NEFS group, this was found for verbal recall and attention outcomes.    
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The sex-stratified analyses also revealed some associations in females that were not apparent in the main analyses.  In the CHDS group, for a 10-point increase in HPC from ages 1 to 4 years, the processing speed score increased 0.47 points (0.15 sd units, p = 0.01).   In the NEFS cohort, we found two additional associations.  For a 10-point increase in HPC from birth to age 4 months, the verbal recall score decreased 0.54 points (0.09 sd units, p = 0.02). For a 10-point increase in HPC from birth to age 4 months, the processing speed score declined 0.18 points (0.06 sd units, p = 0.08).   There was no evidence of effect modification by SGA status (Supplemental tables 4a and 4b).    Adjustment for birth weight, used in the selection of the sample, did not meaningfully change the results (Supplemental Table 5).   
Discussion 
 
 This is the first study to evaluate the association between early childhood height growth and adult working memory ability. This study is unique because the hypotheses were evaluated in two cohorts with different socio-demographic characteristics at birth, but with identical measures of adult circumstances and working memory.   We found several associations supporting our hypothesis that early childhood height growth is positively associated with adult working memory    In the CHDS subjects, there were positive associations between HPC from 4 months to 1 year and attention with 
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interference, and between HPC from 1 to 4 years and verbal recall. In NEFS subjects, there was a positive association between HPC from 4 months to 1 year and processing speed. We also found a few inverse associations between HPC from birth to age 4 months and the attention score in subjects from the CHDS cohort as well as the verbal recall score in subjects from the NEFS cohort. Despite limited statistical power, the sex-stratified analyses largely confirmed these positive and inverse associations in one or both of the sexes.  In addition we found a few associations that were only apparent in females.   The association patterns across the three HPC intervals for a specific working memory outcome provide some evidence of critical periods of brain development with respect to cognitive ability outcomes.  In the main analyses of both cohorts, associations are found in only one HPC interval for a specific outcome.  For example, in analyses of HPC and the attention with interference score, an association was only found for the HPC interval from 4 months to 1 year. This pattern is also observed in the analyses stratified by sex.     Our finding of effect modification by sex and the higher magnitude of effects in males for the HPC interval from 4 months to 1 year may indicate that adult working memory abilities in males are especially sensitive to development during this interval.  These results for males are more consistent between cohorts in this HPC interval than in any of the other analyses perhaps indicating the strength of the effect in this period.     
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This effect modification result is consistent recent with neurodevelopment research on brain network development. Gao explored changes in connectivity in network formation and between networks from birth to age 2 years using resting state fMRI technology.  He found that the rate of connectivity growth between the left and right frontoparietal networks was higher in males.81 The frontoparietal networks are highly associated with working memory functions.82-84 . It is interesting to note that Gao did not find sex differences in any other network analyses.    While there were no findings of effect modification by SGA status, it should be noted that this result could be due to Type II error, as there were a small number of subjects with SGA.    The inverse associations we found in the HPC intervals from birth to age 4 months year are interesting but the small sample size precludes further analysis.     The results were not consistent between subjects from the CHDS and NEFS cohorts. In many instances, the directions of the associations were opposite. In the stratified analyses, this inconsistency was more pronounced for females while the analyses of males were more consistent. There are possible explanations for these inconsistent results.  First, subjects from these cohorts differed in terms of the distributions of race, socioeconomic status and other variables as described above.  Second, there may be unmeasured confounders or contextual differences that account for the differences. Third, these differences could reflect that findings are due to chance.  
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This study had several strengths compared to previous research.  First, we collected the study sample from two birth cohorts with extensive measures of childhood height and relevant covariates relating to both the subjects and their mothers.  These characteristics allowed us to examine several early childhood growth periods and to adjust the analysis for a wide range of potential confounder variables.    Second, we collected extensive cognitive measures on adult subjects and have four measures that capture different aspects of working memory, allowing for a rich evaluation of this cognitive ability.  Third, as already noted, we were able to analyze two significantly different cohorts with virtually identical data available for analysis.    There are some study weaknesses. First, many study subjects are missing height measures at different age points.  The missing data problem is compounded since the exposure variable, HPC, requires two consecutive height measurements.  The result is lower statistical power than expected. Multiple comparisons are an issue in this study given the high number of analyses.    These study results provide limited evidence for a positive association between early childhood height growth and adult working memory ability.  They also provided evidence that relationships differ by sex; perhaps indicating that adult working memory ability is sensitive to different periods of brain development by sex.  These findings must be interpreted cautiously due to unexplained findings of many inverse associations inconsistencies between the cohorts.      
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Associations Between Early Childhood Height Growth 

and Lifetime Major Depressive Disorder in Adults 

 
Abstract 
 
Background. Early childhood height growth has been positively associated with cognitive function across the life course.  This association may be one indication that height growth and neurodevelopment are correlated in early childhood. Whether height and height growth are related to psychiatric outcomes over the life course is unknown. We hypothesized that early childhood height growth is inversely associated with lifetime major depressive disorder (lifetime MDD) in adults.  We tested this hypothesis in two follow up studies of birth cohorts (the Child Health and Development Studies (CHDS) and the New England Family Study (NEFS)) from the 1960s and assessed in middle age. Methods. We measured height growth as height percentile change (HPC) over specific growth periods. Lifetime MDD was assessed at a mean age of 44 years using modules from the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders-IV version. We analyzed associations between HPC and lifetime MDD in three growth periods: birth to 4 months, 4 months to 1 year, and 1 to 4 years. Cohorts were analyzed separately (i.e. CHDS and NEFS). Mixed logistic models were used to account for inter-sibling correlations. 
Results. We found no associations between HPC and lifetime MDD in most analyses. In the CHDS, the ORs for lifetime MDD given a 10 point increase in HPC for the three periods were:  0.98 (95% CI 0.82, 1.17) for birth to 4 months, 1.00 (95% CI  0.79, 1.26) for 4 months to 1 year, 0.99 (95% CI 0.81, 1.20) for 1 to 4 years.  In the NEFS, the ORs for lifetime MDD given a 10 point increase in HPC for the three periods were:  0.97 (95% CI 0.86, 1.09) 
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for birth to 4 months, 0.96 (95%CI 0.82, 1.12) for 4 months to 1 year, and 0.94 (95% CI 0.80, 1.10) for 1 to 4 years. Conclusions.  Results do not support the association between early childhood height growth and lifetime MDD.  However, the effect modification by sex and SGA status should be examined further.   
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Introduction 
 
 Early childhood height growth has been positively associated with cognitive function across the life course.22,29,36,39,40 This association may be one indication that height growth and neurodevelopment are correlated in early childhood, consistent with neuroscience findings that both brain development and height growth are highly dependent on IGF-1 levels.1-3  Whether early childhood height growth is also associated with neuropsychiatric outcomes is a topic that has received little attention.   We hypothesized that early childhood height growth is inversely associated with lifetime MDD in adults. We used data from the Early Determinants of Adult Health (EDAH) study and its extension, Fetal Antecedents of Major Depression and Cardiovascular Disease (MDCVD) to test this hypothesis.  This study included assessments of neuropsychiatric outcomes in adults with a mean age of 44 years. The EDAH study was a follow up of selected subjects from the Child Health and Development Studies (CHDS) and the New England Family Study (NEFS) birth cohorts.  The MDCVD extension is a follow up of additional selected subjects from the NEFS. 70  Repeated height measures were available for these cohorts and allowed us to examine the growth periods of birth to 4 months, 4 months to 1 year and 1 to 4 years.  The psychiatric assessment, including lifetime MDD, was conducted by clinical professionals using the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders-IV.72  The cohort data also include extensive data on maternal, socioeconomic and demographic factors in early life and adulthood.    
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In addition to the hypothesis, we also explored whether sex and/or small for gestational age (SGA) status were effects modifiers for associations between height growth and lifetime MDD. Females have higher prevalence of MDD than males85 and brain development varies between males and females.63  SGA children often have rapid catch up growth from birth to age two years and different development patterns as a result. 65-67  
 

 
Methods 
 
 Sample ascertainment  
 The data for these analyses were collected from participants in the CHDS and NEFS birth cohorts who were later followed up in adulthood as part of the EDAH and MDCVD studies.  Data were analyzed separately by birth cohort.  The NEFS birth cohort is comprised of the Boston, MA and Providence, RI cohorts of the multisite Collaborative Perinatal Project (CPP).  The NEFS enrolled 16,557 pregnancies between 1959 and 1965.  The study purpose was to examine antecedents of pediatric, neurological and psychological disorders in children.  The study followed up with 88% of the survivors at age 1 year and 75% at age 4 years.69    The CHDS study enrolled 20,530 pregnancies from the Kaiser Foundation Health Plan in the Oakland, California area between 1959 and 1966. The study purpose was to investigate events of pregnancy, labor and delivery and subsequent childhood development.70,71 The 
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study remained in contact with 99.8% of the participants at age 1 and 89.4% at age 5.71 
 The EDAH study recruited same-sex sibling sets from the NEFS and CHDS. Eligible sibling sets included those where two or more same-sex siblings were discordant on birth weight adjusted for gestational age. In NEFS, the low birth weight proband was below the 20th percentile of the sex-specific birth weight for gestational age distribution and the higher birth weight sibling was at or above the 20th percentile and at least 10 percentile points higher.  These criteria were also used to select approximately half of the CHDS sibling sets; the remainder included sibling sets in which the siblings differed by at least 10 percentile points on the birth weight for gestational age distribution.  Further, both siblings had to be between 38 and 43 weeks completed gestation.  Siblings were required to live within commuting distance of the Boston or Oakland clinics.70  Of the EDAH-eligible subjects, 70.5% of the CHDS subjects and 61.0% of the NEFS subjects were targeted for recruitment.  Resource restrictions limited the recruitment effort but selection was not differential to subject characteristics.   Of these, 243 CHDS subjects and 149 NEFS subjects were successfully recruited and assessed.  These 392 subjects formed the core EDAH cohort (Supplemental Figure 1).70  In the NEFS for the MDCVD study, we extended the size of the cohort and included same-sex sibling sets discordant on maternal preeclampsia status (Supplemental Figure 2).  These sibling pairs were, as above, required to be between 38 and 43 completed weeks of gestation.68  We identified 644 additional subjects and 371 (57.6 %) were eligible for the 
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adult follow up.  Of these eligible subjects, 252 (67.9%) were located and 146 (57.9%) were recruited and assessed.72     In the combined MDCVD and EDAH samples there were 295 subjects from the NEFS cohort: 146 subjects from the MDCVD and 149 subjects from the EDAH cohort.  With 243 subjects from the CHDS, the combined sample size is 538 subjects (Supplemental Figure 3). 72 From this combined sample, we excluded subjects with a history of bipolar or psychotic disorders (15 from the NEFS and 4 from the CHDS). We also excluded those with no cognitive assessments and/or incomplete data on relevant covariates.  With these restrictions, we studied a total of 474 subjects: 247 from the NEFS cohort and 227 from the CHDS cohort (Figure 1).  There are 213 males, 108 of whom are in same-sex sibling pairs.  There are 261 females, 174 of whom are in same-sex sibling sets.68 20 subjects were from mixed sex sets.  The remaining subjects were part of sibling sets in the birth cohorts but their sibling did not enroll in either the EDAH or MDCVD study.68   For this analysis, the study population was further reduced due to missing data on height measures in early childhood, the lifetime MDD outcome and covariate information as described in the Methods sections.  Depending on the height growth period the number of subjects in the CHDS analyses ranged from 149 to 176.  In the NEFS analysis, the number of subjects ranged from 203 to 208 (Supplemental Table 6).  EDAH and MDCVD Outcome Assessments 
 The Institutional Review Boards at Columbia University and other participating institutions 
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and clinics approved EDAH and MDCVD assessment procedures. All assessments were performed during a clinic visit that lasted approximately 4–5 hours. During the visit, a questionnaire was administered to males on social and demographic characteristics and health history; a similar questionnaire had been administered to females as part of a computer-assisted telephone interview.68    Lifetime mood and anxiety disorders and substance use were assessed during the in-person clinic visit under the leadership of Jill Goldstein, PhD at Brigham and Women’s Hospital in Boston.  Clinical interviewers administered relevant modules from the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders-IV to assess lifetime MDD.  These interviewers were trained and Dr. Goldstein’s diagnostic team maintained quality control.  Dr. Goldstein and the clinical coordinator reviewed all diagnostic materials.  Diagnoses were assigned by consensus. A third experienced clinician reviewed the material in the infrequent case of a disagreement among the diagnostic team72   
 Height Growth   
Height and Height Growth Measures.  The measure of a study subject’s height used in this study was the height percentile.  Height percentiles for the subjects in the CHDS and NEFS groups were assigned from height percentile indices for these source birth cohorts.  These indices consisted of height percentiles for birth and ages 4 months, 1 year and 4 years. The methodology of calculating height percentiles is described in more detail in the next section. 
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The measure of a subject’s height growth in this study is the height percentile change (HPC) for a given growth period. This is calculated by subtraction of the subject’s height percentile at the beginning of the period from that at the end of the period. HPC was calculated for the growth periods between birth and age 4 months, ages 4 months and 1 year and ages 1 to 4 years.  
 
Calculation of the Height Percentile and the Indices. Since indices were calculated separately by sex, cohort and gestation week (38 to 43 weeks), 24 indices were calculated. The sizes of these cohort groups are set forth in Section 1 of the Methodology Appendix.  The subjects in these groups are referred to as cohort subjects. 
 
We used smoothing spline methods76 to construct height growth curves from birth to age 4 years for each cohort subject. This was necessary in order to obtain imputed measures of height at exactly ages 4 months, 1 year and 4 years.  For most of the cohort subjects, height was measured in periods surrounding these age points, not exactly at one of these ages. This method calculates growth curves informed by the cohort subject’s height data and by the growth trend for the cohort as a whole.  
 
We excluded inaccurate data points from the smoothing spline calculations.   
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We deleted the small number of observations that were implausible; for example, a recorded height of 72 inches at age 1 year was indicated for one subject.  The number of implausible observations was 9 in the CHDS and 20 In the NEFS cohort.  We also deleted observations that indicated negative height growth. (N = 110 (out of over 14,000) in the CHDS cohort and N = 156 (out of over 12,000) in the NEFS cohort).  In this situation, height measurements at the beginning and end of the negative growth period were deleted.  
Smoothing splines were calculated using R (see Section 2 of the Methodology Appendix).  This method requires at least three data points per cohort subject to estimate individual growth curves in this analysis.  Because of missing data it was not possible to calculate growth curves for 54 subjects from the NEFS cohort and 24 subjects from the CHDS cohorts.  
 We calculated distributions of height for each of the four age points from the smoothing spline results. We normalized the height distributions using a Box & Cox transformation. The power parameter λ in the Box-Cox transformation was allowed to differ by group. 77 The resulting z scores were calculated from these normalized distributions.  The corresponding height percentiles were calculated with a nonparametric ranking procedure. There were 24 separate indices based on cohort, sex and gestation week. (Further details on the Box Cox transformation, standardization of the variables and calculation of the index height percentiles are set forth in Section 3 of the Methodology Appendix.)  



 56

 For the study subjects, height percentiles were assigned from the indices according to birth cohort, sex and gestational week. These were then collated and added to the study dataset. We deleted imputed study subject height measures if they were taken outside windows of time around the age points or if there was no measurement taken for the age point (i.e. it was imputed by the smoothing spline method based on the other height measures for a subject).  These windows were on each side of the age points and were 70 days (140 days total) at 4 months, 240 days (480 days total) at 1 year and 360 days (720 days total) at 4 years.  In total, this resulted in the deletion of 6 measures in the CHDS and 1 in the NEFS.   
 Statistical Methods Summary statistics were calculated for exposure and outcome variables and for other sample characteristics such as sex, race and maternal education.   This includes the estimated height imputed from the spline methodology and the corresponding height percentiles.  We used SAS Version 9.3 for all analyses.  Logistic regression models with generalized estimating equations were used to examine the relationship between HPC and the dichotomous lifetime MDD status outcome. Family identification was included to account for within family correlations. (For further details on the models and corresponding SAS code see Section 4 of the Methods Appendix).  
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For each HPC interval and a lifetime MDD outcome, we estimated three models, progressively adjusting for control variables.  First, we estimated an unadjusted model using HPC as the exposure variable and lifetime MDD status as the outcome. Next, we estimated a model adjusted for sex and the height percentile at the beginning of the relevant HPC interval.  Finally we estimated a model further adjusted for maternal variables (age, height, parity, maternal smoking), SES (maternal education) and subject-related variables (birth order, race and age at follow-up interview, family history of mental illness). We also repeated the fully adjusted modeling described above, replacing the continuous HPC variable by tertiles to examine nonlinear associations.  We assessed effect modification by sex and SGA status using mixed models.  SGA status was defined as birth weight for gestational age in the lowest 10% of the distribution for the underlying cohort (CHDS or NEFS).  We analyzed effect modification by sex with stratified analyses in the fully adjusted models described above.  The Wald test statistic was used to determine the significance of sex differences.  This methodology was not feasible for the evaluation of effect modification by SGA status because only a small number of subjects were SGA.  Therefore, we added an interaction term (SGA*HPC) to the fully adjusted models to test for effect modification. 
 The proportion of missing covariates ranged from 3% to 4% in the CHDS analyses and from 25% to 29% in the NEFS analyses.  (Supplemental Table 7).  Missing maternal height information accounts for most of the missing data in the NEFS cohort.  We used multiple imputation86 to estimate missing maternal height data as well as all missing covariate data 
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in each NEFS analysis. For each imputation, we used the exposure variable, outcome variable, all covariates and other variables correlated to the maternal height variable as the basis of the imputation calculations.  This information was used to generate 20 imputations per missing observation. The imputed covariates were used in all generalized linear models. (Further details on the imputations methods can be found in Section 5 of the Methodology Appendix.)  
  
 
Results 
 
 Descriptive Statistics 
 
 Subjects from the CHDS and NEFS cohort differ markedly in outcome and covariate measures. Demographic characteristics are presented in Table 7 and height growth and the lifetime MDD prevalence are presented in Table 8.  In comparison with NEFS subjects, CHDS subjects were more likely to be non-white and more likely to have a family history of mental illness. CHDS mothers were older, less educated and less likely to have been a smoker around the time of birth than NEFS mothers.  In adulthood, CHDS subjects had higher mean annual household income than NEFS subjects ($66,800 versus $59,000).  The CHDS subjects also have a higher level of high school graduation than NEFS subjects (79.0% versus 72.2%).72  These adult results are not included in any of the tables.    The prevalence of lifetime MDD was 25% in CHDS subjects, significantly lower that the 38% prevalence level in NEFS subjects.  
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 Subjects from the CHDS cohort were larger than NEFS subjects in terms of both birth length and birth weight with an equivalent gestational age.  At age 4 years, mean estimated height for CHDS subjects was over 1 inch greater than for NEFS subjects.   
 Regression Results In analyses of subjects from both the CHDS and NEFS cohorts, we found no evidence of associations between HPC in any interval and lifetime MDD (see Table 9).  The odds ratios for lifetime MDD for a 10-point increase in HPC are uniformly near 1.0 and 95% confidence intervals overlap 1.0 in each analysis.  These results were confirmed in analyses of associations between tertiles of HPC and lifetime MDD outcomes in each growth interval. (Supplemental Table 8) The analysis is powered to detect a minimum proportion change of 10-11%.    In subjects from the NEFS cohort, we found effect modification by sex in the association between HPC from birth to age 4 months and lifetime MDD (p=0.02). (Table 10)   A 10-point increase in HPC in this period was inversely associated with lifetime MDD in males (OR = 0.74, 95% CI = 0.58, 0.97) but not in females (OR = 1.07, 95% CI = 0.90, 1.28). While we also found similar inverse associations for males in the later HPC intervals, they were attenuated and there was no evidence of effect modification by sex.  In subjects from the CHDS cohort, we found no effect modification by sex.  
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In subjects from the CHDS cohort, we found some evidence of effect modification by SGA status for the HPC intervals from birth to age 4 months (p=0.06) and from ages 1 to four years (p=0.10). (Table 11a)  For the growth period from birth to age 4 months increases in HPC were inversely associated with lifetime MDD in subjects with SGA.  The effect is opposite for the interval from ages 1 to 4 years, where increases in HPC were associated with increased risk of lifetime MDD.  There was no strong evidence of any association between either HPC or SGA and lifetime MDD. We found no effect modification by SGA status in subjects from the NEFS cohort. (Table 11b)  Adjustment for birth weight, used in the selection of the sample, did not meaningfully change the results (Supplemental Table 9).   
Discussion 
 
 This study evaluated the association between early childhood height growth and lifetime MDD in middle age adults.  This study is unique because the hypotheses were evaluated in two cohorts with very different socio-demographic characteristics at birth, but with identical measures of adult psychiatric outcomes.  We found consistently null results in the main analyses suggesting that, in general, early childhood neurodevelopment (indicated by height growth), is not on the causal pathway to lifetime MDD.  However, since our study sample size could only detect a minimum effect size of 10-11%, there is low statistical power in this analysis and results are possibly explained by Type II error. 
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 However, our effect modification analyses provide some evidence that, in certain circumstances, early childhood height growth may be associated with risk of lifetime MDD.   In male subjects from the NEFS cohort, our finding that HPC increases in early postnatal months were associated with lower risk of lifetime MDD could be evidence of a critical period for male susceptibility to lifetime MDD. Our analysis shows that this protective effect may extend to later HPC intervals as the effect estimates are similar though the associations are attenuated.    In SGA subjects from the CHDS cohort, our finding that increases in HPC from birth to age 4 months were protective against lifetime MDD while increases in HPC from ages 1 to 4 years increased risk of lifetime MDD may also be evidence of critical periods effects.  However, since we did not detect meaningful independent associations between HPC and SGA and lifetime MDD, it is difficult to interpret these findings.   The inconsistencies between the cohorts for effect modification could be due to a few factors.  First, statistical power is limited, especially for effect modification analyses.   Second, subject characteristics differed widely between the two cohorts, as evidenced by the fact that the prevalence of lifetime MDD was 25% in subjects from the CHDS cohort and 38% in subjects from the NEFS cohort.  These prevalence levels, especially for the NEFS cohort, are higher than in some population studies.85  The cohorts varied in many other aspects as discussed in the Results section above.  Third, the associations could be due to chance. 
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Birth weight is a crude but practical measure of fetal development and has been associated with 

several health outcomes including cardiovascular disease, type-2 diabetes and intelligence.87-89  

More recently, one study found that birth weight was inversely associated with adult mental 

disorders, including affective disorders. These associations were found across the distribution of 

birth weight and increased from the highest to lowest birth weight.90  Our study examined birth 

length, not birth weight, and was probably too small to detect the effect sizes found in the study 

cited above.  Nonetheless, out results may provide preliminary evidence indicating that fetal 

development is more important than early childhood development in terms of the risk of adult 

lifetime MDD.    This study had several strengths.  First, we collected the study sample from two birth cohorts with extensive measures of childhood height and relevant covariates relating to both the subjects and their mothers.  These characteristics allowed us to examine several early childhood growth periods and to adjust the analysis for a wide range of potential confounder variables.    Second, as already noted, we were able to analyze two significantly different cohorts with virtually identical data available for analysis.  We are more confident of the results since they are consistent between the cohorts.  However, our confidence is tempered somewhat by the inconsistent findings in the sex-stratified analysis.   Third, we used the Structured Clinical Interview for diagnosis to assess lifetime MDD using trained clinicians which is a strong measure of lifetime MDD and more accurate than self-reported measures.  
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 There are study weaknesses. First, many study subjects are missing height measures at different age points.  The missing data problem is compounded since the exposure variable, HPC, requires two consecutive height measurements.  The result is lower statistical power than expected though the results are consistently and strongly null.  The main results of our study do not support an association between early childhood height growth and risk of lifetime MDD.  However, the effect modification by sex and by SGA results are interesting and should be examined in analyses with sufficient statistical power.  While the effect modification analyses provide some evidence that early childhood height growth is associated with lifetime MDD in males and SGA subjects, these findings must be interpreted cautiously due to inconsistencies between the cohorts.       
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Summary, Special Considerations and Next Steps   Summary  Adult cognitive deficits and psychiatric disorders adversely impact quality of life and productivity of those affected, their family, friends and colleagues as well as the state of society in general.  To date, life course research has helped identify prenatal and early life exposures and experiences that can have lasting affects on adult health but this research has been limited in terms of adult neurodevelopmental outcomes.   The purpose of my dissertation was to add to the knowledge concerning early life growth and adult neurodevelopmental outcomes.  More specifically, I evaluated whether early childhood height growth (birth to age four years), as an indicator of overall early development, is associated with working memory abilities and lifetime major depressive disorder in middle-age adults.  This question has important implications for our understanding of the developmental origins of cognitive ability and of major depressive disorder.  It may have policy implications related to child nutrition, a factor closely related to suboptimal height growth (stunting) and development, found mainly in developing countries.91   In Chapter 1, I prepared a systematic review of the epidemiological literature on the association between height growth and cognitive abilities across the life course.  The purpose of the review was to evaluate the existing body of knowledge on associations 
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between height growth and cognitive abilities and to identify areas appropriate for further research. The review concluded that the evidence that height growth in several periods of early childhood are associated with varied measures of intelligence although the body of research is limited. This review also identified research gaps. There were no studies of early childhood height growth and cognitive outcomes in middle age adults.  Most study outcomes were general measures of cognitive ability such as total IQ or major subsets such as verbal IQ or performance IQ.   In Chapter 2, I used data from the EDAH study, and corresponding birth cohorts, to analyze associations between early childhood height growth and working memory ability.  I examined three growth periods: birth to 4 months, 4 months to 1 year and 1 to 4 years.  Cognitive tests were used to measure four aspects of working memory: verbal recall, attention with interference, attention and processing speed.  I found positive associations in both birth cohorts and the pattern of results suggested critical period effects in each of the three periods noted above.  However, these main analysis results were not consistent by cohort perhaps due to unmeasured cohort differences. I found effect modification by sex in both cohorts with positive associations between height growth and adult working memory ability in males only from age 4 months to 1 year.   In Chapter 3, I used data from the EDAH study, and corresponding birth cohorts, to ascertain whether an association exists between early childhood height growth and lifetime MDD. I did not find any association between early childhood height growth in any period and lifetime MDD in the main analysis in either cohort.  There was some evidence of 
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an inverse association between height growth from birth to age 4 months and lifetime MDD in males in the NEFS cohort.  In the CHDS cohort, there was some suggestive evidence of an inverse association between height growth from birth to 4 months and lifetime MDD for SGA subjects, and a positive association between height growth from 1 to 4 years and lifetime MDD in the SGA subjects.    The ability to analyze the same research questions in two cohorts is a key strength of this dissertation.  Replication of results in an unrelated population can strengthen causal inference and this was found in the main lifetime MDD analysis and in the sex-stratified analysis of males in the working memory study.  A failure to replicate results may indicate that the findings are due to chance or that there are other differences between the cohorts that account for the inconsistent results, as discussed below.  This was observed in the main analyses of the working memory study and in the effect modification by sex analysis in the depression study.  Special Considerations  There are several aspects of this study that must be noted given their importance to analysis and inference. First, EDAH and MDCVD selection criteria provided that many subjects with low birth weight for gestational age were included as well as many subjects exposed to preeclampsia.  In addition, other selections were made in the sample for this study due to missing information on height or cognitive outcomes.  These steps likely resulted in selection bias that may limit the generalizability of the results. 
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 Second, maternal education levels were used as the measure of SES in this study. Other measures are commonly used including maternal job level, family income, paternal education or paternal job level though not all of these were included in the study dataset.  Adding another variable such as family income may have improved the measure of SES.  However, the extent of improvement is questionable since the two variables are typically correlated and statistical power would have declined by adding another variable.  The two variables could have been combined in an index, but it is not clear how each variable should be weighted.  Thus we thought it optimal to include only the maternal education variable.  Third, we included attained maternal height as a covariate in this study as it is associated with cognitive outcomes.  However, it is unknown whether maternal height is associated with the rate and timing of height growth during an offspring’s development.  Our analysis did not indicate that maternal height adjustment had a meaningful impact on results.  Fourth, there is a question of whether or not one or more measures of working memory could have been combined in a type of factor or principal components analysis. However, this approach is not suitable for this study.  As noted in the earlier chapters, we suspect that development of specific brain functions may occur during different periods.  Working memory is considered to be a network of brain functions and these functions may develop at different times.  Therefore combining them may miss obscure important relationships.  
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Fifth, data from both cohorts could be combined for analysis and this would increase statistical power, an issue in the study.  However, there are serious concerns about this approach.  First, the many demographic differences and the inconsistent results between these cohorts suggest important unmeasured differences.  Combining the cohort data may further obfuscate any existing relationships.  In addition, height percentiles were calculated from the source populations at the relevant ages.  If the cohorts were combined, a more standard height percentile index would need to be used.  These charts date back only to the late 1970’s in the United States and therefore would not be nearly as suitable as the cohort based measures.  Finally, we classified any subject in the lowest 10% of birth weight for gestational age as having a positive SGA status.  While this level is typical for SGA classification, we could have used a cutoff of 20% to 25%.   We did a sensitivity analysis on the results using the continuous variable birth weight for gestational age and the results did not change in any meaningful way.    Next Steps  In addition to addressing certain gaps in the literature, this dissertation created new questions about the associations between early childhood growth and both working memory and depression outcomes in middle-age adults.  As noted above, study results by cohort were inconsistent in some cases. The inconsistent results in both studies may be due to chance findings, but the number and magnitude of discrepancies suggest other 
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underlying reasons.  There may be unmeasured contextual differences between the cohorts, or there may be specific characteristics that differ by cohort later in development or adulthood that account for the varying results.  Further evaluation of these characteristics may help to clarify these questions.  The exploratory effect modification analyses in both the working memory and depression papers found evidence of associations but were constrained by statistical power as the studies were designed to have sufficient power for the main analyses.  In order to avoid major questions of Type II error, future analysis should be designed with power calculated at either the sex or SGA status level.   In summary, my dissertation provides some limited evidence of associations between early childhood growth in certain periods and both working memory outcomes and lifetime MDD.  Some of these outcomes are seen only in certain groups such as positive associations between height growth and some working memory outcomes in males, or in the inverse association between height growth and lifetime MDD in males.  Research focused on other growth periods and/or other neurodevelopmental outcomes would fill in the gaps in our knowledge of the association between early childhood height growth and neurodevelopmental outcomes.      
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Main Figures and Tables   
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      Figure 1.  Literature Search Process. 

  a. Ovid Medline (7/5/13) b. Psych Info (7/5/13) 
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

Heinonen K,   2008, 
Pediatrics 1056 Finnish children born at term, (37 to 41 weeks) free of major impairments, mental retardation and developmental delay. Births were in 1985-6.  Children who were admitted to a NICU were recruited at a Helsinki hospital and other children were recruited from three neighboring hospitals.   57% of the sample had been admitted to the NICU.  Loss to follow up was 28% by age 56 months. Those subjects lost to follow up were more likely to have been admitted to the NICU, to have come from less educated families, to have had younger mothers, mothers who smoked during pregnancy  and smaller length and size at birth.    

Longitudinal.  The study is based on data from a prospective birth cohort. 

Height growth variables are based on standardized residuals following from the linear regression models.. Height was regressed on previous height measures at earlier points, creating residuals reflecting growth conditional on previous history.       

Growth periods are birth to 5 months, 5 to 20 months, and 20 to 56 months.  Cognitive abilities were measured at 56 months. 

Four measures:1.  Columbia Mental Maturity Scale to measure general reasoning.   2. The Beery scale to measure visual-motor integration. 3. A verbal competence test devised by Kiese and Koseilsi similar to the Peabody picture vocabulary test. 4. Logopädishe Sprachverständ-nis Test to measure language comprehension. 

SES, sex, maternal height, breastfeeding at age 5 months, maternal age, multiple pregnancy status, NICU admission.  SES was measured as the average of parental education levels. 

According to test results in ‘Cognitive Ability Measures’ column. Results are expressed as increases in cognitive ability test measure score per a 1 SD 
increase in height 
growth 1. No relationships found. 2. The growth period from ages five to twenty months is associated with the Beery Scale (1.29, 95% CI 0.35, 2.22). 3.  The growth period from ages 20 to 56 months is associated with test results  (1.57, 95% CI 0.65, 2.49). 4.  The growth period from ages 20 to 56 months is associated with test results. (1.03, 95% CI 0.05, 2.01). 
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 Yang S, 2011, 
International  
Journal of  
Epidemiolog
y 

11,899 children enrolled in the Promotion of Breastfeeding Intervention Trial and  born in 1996-7 in Belarus.  Participants had a gestation of at least 37 weeks and birth weight of at least 2500 grams.  Study inclusion was also based on mother’s intention to breastfeed, the ability to breastfeed and consent to the breastfeeding trial.  There was 18% loss to follow up by age 6.5 years. Those lost to follow up or missing information were more likely to have highly educated fathers with non-manual occupations and to be first born children, but less likely to have mothers with non-manual occupation.  

Longitudinal.  The study is based on information from a randomized clinical trial.  

Standardized height measures were used to derive height growth trajectories over four time periods: prenatal, birth to age 3 months, ages 3 to 12 months and ages 1 to 5 years.     

Height at ages 1,2,3,6,9, and 12 months and at varying checkup dates to age 5 years.  Cognitive abilities at age 6.5 years. 

Wechsler Abbreviated Scales of Intelligence (Russian version).   
Maternal and family variables at birth, breastfeeding, parental height and  BMI. SES measured  as parental occupation and education. 

Higher height growth rates in each period were associated with higher full IQ, performance IQ and verbal IQ scores after adjustment for confounders and growth in earlier periods.  For each 1 SD of height growth, mean full IQ increased 0.65 points in children ages birth to 3 months, 0.84 points for children ages 3 to 12 months and 0.64 points for children ages 1 to 5 years. The results were similar for Verbal IQ and Performance IQ sub-scales with the relationships somewhat stronger for Verbal IQ.  There were no significant differences by sex.   
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

  Montgomery SM, 2006, 
Arch Dis 
Child 

17,196 mother child pairs enrolled in the 1970 British Birth Cohort Study. This study uses a subgroup of 2296 children.  The subgroup is randomly chosen in part and also oversamples small for gestational age, over-mature and multiple birth children.  Loss to follow up in the subsample was 28% by year 10.  Another 8% were excluded due to missing information.  Differences between those lost to follow up and the remaining cohort is not discussed. 

Longitudinal and cross sectional.    The study is based on data from a prospective birth cohort.   

Height growth was measured as the change in height z scores from the beginning to end of the height growth period.  

Height measures at ages 22 and 60 months. Cognitive ability test at age 10 years. 

Digit recall test.  Sex, multiple births, gestational age.  SES was measured as social class (manual, non-manual and other) 

The difference in 
height z scores from 
22 to 60 months was 
positively related to 
digit recall scores 
after including height 
at age 22 months as a 
covariate. Mean 
increase in the digit 
recall score of 0.35  
(p=0.007). 

Silva A, 2006,  
Annals of 
Epidemiolog
y 

17,196 mother-child pairs were enrolled in the 1970 British Birth Cohort Study.  This sample excludes non-singleton births reducing sample size 3% to 16,588.  Of this reduced sample, the final study sample was 11244, a reduction of 

Longitudinal.   The study is based on data from a prospective birth cohort.  In the 

Height in cms. Height was measured at ages 5 and 10 years. Cognitive ability was measured at age 10 years. 

Cognitive function is the latent construct used as an outcome measures. It includes four intelligence and achievement tests: British Ability Scale 

Confounders were maternal age, smoking during pregnancy, parity, breast-feeding, gender, reading to child, age 

Using structural 
equation modeling,  
the standardized 
total effect of height 
at ages 5 and 10 
years on the latent 
cognitive variable 
was of 0.030 and 
0.061, respectively.  
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

32% due to loss to follow up and missing data.    Cases lost to follow up or missing data were more likely to have fathers with manual or managerial professions or to have parents with at the extremes of educational attainment and to have shorter gestational ages and lower birth weights. 

structuralequation analysis, the variables were birth weight, parental height, gestational age, maternal variables, and ethnicity. SES was represented  by a latent  variable representing father’s social class (based on education) and parent’s education.  

(two verbal and two non-verbal subscales), and Reading, Maths, and Language Tests (achievement tests).   

when the child started school, marital status and ethnicity.   

Richards, 2002, 
International 
Journal of 
Epidemiolog
y 

This study is based in the 1946 British birth cohort.  The initial cohort consisted of 13,867 children or, 93% of those eligible.  
Longitudinal.   The study is based on informatio

Height was categorized into 5 categories for analysis. 
Height at ages 2, 4 and 7 years and cognitive abilities at 

Reading comprehension, word pronunciation, vocabulary, non- verbal 
Birth weight, current weight, sex, birth order, and maternal age.  SES was 

A suggestive relationship existed between height at age 7 and cognitive abilities at age 8 (p for trend=0.06).  The 
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

 (analysis with outcome at age 8 years) 
The cohort size was reduced to 5,362 including all children of non-manual and agricultural workers and a random sample of other children enrolled in the 1946 British Birth Cohort .  All children who were singletons and were not born to unwed mothers were included. At age 8 years, 2,758 children enrolled in the British 1946 birth cohort and had the correct measurements and covariates for this analysis.  51% of the cohort was missing data for this analysis or was lost to follow up by age 8 years.  Those lost to follow up were more likely to be of lower education or from a higher social class. 

n from a prospective birth cohort 
age 8 years. reasoning.  measured from paternal occupation (6 categories ) and mother’s education (2 categories).  

shortest versus tallest groups had a mean score difference of 0.24 SDs (95% CI=0.06, 0.42).  This was reduced by adjustment for height at ages 2 and 4 years (p=0.21). There was a significant association between height at age 4 and cognitive abilities at age 8 (p=0.03).  These results imply that height growth between ages 2 and 4 years is associated with cognitive ability at age 8.  

(Richards)  (analysis with 
2,900 children enrolled in the British 1946 birth cohort.  

Same as above. Same as above. Height at ages 8 and 15 years and 
Verbal and nonverbal intelligence (AH4), reading 

Same as above. At age 15 years. a relationship existed between height levels and cognitive 
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

outcome at age 15 years) 46% of the cohort was missing data for this analysis or was lost to follow up by age 15 years.  Those lost to follow up were more likely to be of lower education or from a higher social class.   

cognitive abilities at age 15 years.  
comprehension (Watts-Vernon), mathematics.       

abilities (p for trend=0.02). The z scores ranged from -0.17 to 0.08 for the lowest to highest height level with the largest change (0.16) between the lowest and second lowest levels.   This relationship was reduced by adjustment for height at age 8 years (p for trend =0.32).   The effect size changes were not disclosed.  This implies that height growth between ages 8 and 15 years is not associated with the measured cognitive abilities at age  15. (analysis with outcome at ages 26 years) 
Children enrolled in the British 1946 birth cohort. At age 26 years, N=2098.   61% of the original cohort was missing data or was lost to follow up by ages 26 and 43 years, 

Same as above. Same as above. Height at ages 15 and 36 years and cognitive abilities at age 26 years.   

At age 26: Reading Comprehension (Watts-Vernon).  
Same as above. Age 26: A significant relationship existed between height level and cognitive abilities (p for trend<0.001). The mean difference in score between the lowest and highest height categories 
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

respectively.  Those lost to follow up were more likely to be of lower education or from a higher social class.  

was 0.46 SDs (0.95%CI 0.27-0.64).  The relationship between height and cognitive abilities was still significant after adjustment for height at age 15 (p=0.001). Raikonnen K, 2009, 
American 
Journal of 
Epidemi-
ology 

2,786 males born 1934-1944, enrolled in the Helsinki Birth Cohort Study and conscripted by the Finnish Defense Forces between 1952 and 1972.  The original birth cohort included 4,630 males that had existing birth and welfare records. 
 The characteristics of conscripts did not differ from the overall birth cohort.     

Longitudinal.  The study is based on information from a prospective birth cohort. 

Height scores (standardized) were used to calculate standardized residuals for each of 5 growth periods.   

Height/length measures were obtained at birth, ages 6 months and 2, 7, 11 and at a mean age of 20 years.  Cognitive abilities  tests were administered at a mean age of 20 years. 

The Finnish Defense Forces Basic Ability Tests measures general ability and logical thinking verbal, arithmetic and visuo-spatial tests, the latter being analogous to the Raven’s Progressive Matrices.  The test scores were standardized. 

Maternal height, age and parity, history of breastfeeding, subject age at cognitive testing. SES was measured as father’s occupational status. 

Height growth was positively related to cognitive abilities in all growth periods except between 7 and 11 years.  One SD increase was associated with increases in specific cognitive abilities scores (all statistically significant). 
Verbal reasoning  
• birth to 0.5 years = 0.05,   
• 0.5 to 2 years = 0.10,  
• 2 to 7 years = 0.07, 
• 11 to 20 years= 0.07. 
Visuospatial 
reasoning 
• 0.5 to 2 years = 0.06, 
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[Table 1]  
Study   Population/ 

Exclusions/ 
Los to Follow Up/ 

Missing Data 

Study 
Design 

 

Exposure
Measure 

Exposure/
Outcome 
Timing 

Cognitive
Ability 

Measures 

Confounder
Control 

Results

• 2 to 7 years =0.07,  
• 11 to 20 years  =0.07. 
Arithmetic reasoning 
• 0.5 to 2 years = 0.05, 
• 11 to 20 years = 0.05. 

     
Table 1.  Characteristics of Studies of the Relationship between Height Growth and Cognitive Abilities. 
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 CHDS NEFS  
Characteristics  N 

Total 
Mean or 
Percen- 
tage  

Standard 
Deviation 

N
Total

Mean or 
Percen- 
tage  

Standard 
Deviation 

  P value*

Total 174 100% - 194 100% - NA
Sex (% male) 174 48% - 194 44% - 0.30
Subject Age at  
Interview (years) 

174 43.4 (2.1) 193 44.1 (2.4) <0.01
Race  174 - - 194 - - <0.01
    White 115 66% - 179 92% - -
     Other 59 34% - 15 8% - -
Maternal Age (years) 174 26.9 (5.6) 194 24.7 (5.2) <0.01
Maternal Education 174 - - 193 - - 0.01
      High School or less 87 50% - 75 39% - -
      Some college 60 34% - 94 49% - -
      College or higher 27 16% - 24 12% - -
Maternal Height (inches) 167 64.1 (2.5) 148 63.5 (2.6) 0.04
Maternal Parity 
(number) 

174 1.4 (1.1) 194 1.5 (1.1) 0.38
Maternal Smoking at 
Birth   

166 39% - 194 52% - 0.03*The p values are based on a t test of the differences between the 2 groups where there is a standard deviation measure.  The p values are based on a chi square test of the differences where there are proportions. NA, not applicable.  
Table 3.  Chapter 2-Subject Characteristics.   
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 CHDS NEFS 
Characteristics  N 

Total 
Mean or 
Percentage  

standard 
deviation

N
Total

Mean or 
Percentage  

standard 
deviation

P 
value**

Birth weight (lbs) 174 7.5 (7.5) 193 7.1 (0.8) <0.01
Birth length  (ins) 174 20.4 (1.0) 194 20.0 (0.8) <0.01
Gest. age (wks) 174 40.0 (1.2) 193 40.3 (1.2) 0.02
Height at age 4 months 
(ins.)*  

166 24.5 (0.9) 194 24.8 (1.0) <0.01
Height at age 1 year 
(ins.)*  

158 29.3 (1.2) 194 29.2 (1.2) 0.44
Height at age 4 years 
(ins.)* 

148 40.3 (2.0) 194 39.2 (1.7) <0.01
Height Percentile at birth 174 48.8% (28.3) 194 47.7% (26.2) 0.70
Height Percentile at age 4 
months 

166 46.0% (27.9) 190 49.8% (28.9) 0.21
Height Percentile at age1 
year 

158 44.6% (27.4) 193 47.0% (29.9) 0.44
Height Percentile at age 4 
years 

148 47.8% (29.0) 194 45.9% (29.1) 0.55
Height Percentile change 
from birth 
 to age 4 months 

166 -3.1% (27.5) 190 1.9% (30.1) 0.05
Height percentile change 
from ages 4 months to 1 
year 

150 -0.1% (18.2) 189 -3.1% (24.9) 0.22
Height percentile change 
from ages 1 to 4 years 

139 3.9% (21.4) 193 -0.9% (22.5) 0.05
Verbal Recall-California 
Verbal Learning Test  

168 27.6 (6.2) 194 26.0 (5.7) 0.01
Attention with 
Interference-  
(Seidman CPT) 

173 9.9 (3.4) 193 9.2 (2.9) 0.03
Attention- 
(Seidman CPT) 

173 - - 193 - - 0.42
    AV score = 18 137 79% - 146 76% - -
    AV score < 18 36 21% - 47 24% - -
Processing Speed- 
WAIS Digit Symbol Test, 
scaled score 

171 11.2 (3.2) 193 10.3 (2.7) <0.01
*These values are imputed to the exact age as described in the methods section. ** The p values are based on a t test of the differences between the 2 groups where there is a standard deviation measure.  The p values are based on a chi square test of the differences where there are proportions.  
Table 4. Height and Height Growth Measures, Working Memory Test Scores
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Height Percentile Change  

Working  
Memory 
Outcome  
Variable 

Birth to 4 
months 

4 months
to 1 year 

1 to 4
years 

OR
95% CI 

N 

OR
95% CI 

N 

OR
95% CI 

N 
Child Health and Development Studies 

Attention 0.85(0.71, 1.02) 159 1.09(0.83, 1.44) 143 0.96(0.76, 1.22) 131 
New England Family Study

Attention 1.04(0.91, 1.19) 189 0.98(0.84, 1.15) 188 0.93(0.76, 1.13) 192 
         OR, odds ratio; CI, confidence interval.  

            Table 5b. Odds Ratios for an Attention Score                                             Increase Given a 10% Height Percentile Increase.                       The fully adjusted model controls for offspring age                                                at interview, offspring race, height percentile and                                                the beginning of the height percentile change         interval, maternal age, maternal education,         maternal height, maternal smoking, parity and sex.    
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  CHDS NEFS  
Characteristics  N 

Total 
Mean or 
Percentage 
(sd) 

standard 
deviation

N 
Total

Mean or 
Percentage 
(sd) 

standard 
deviation

P 
Value

Total 184 100% - 209 100% - NA 
Sex (% male) 184 50% - 209 45% - 0.32
Age at interview  
(years) 

184 43.4 (2.0) 199 44.1 (2.4) <0.01
Race  184 - - 200 - - <0.01
    White 124 67% - 185 92% -  
     Other 60 33% - 15 8% -  
Family History 
 Of Mental 
Illness 

184 44% - 167 57% - 0.02
Maternal Age  
(years) 

184 27.0 (5.6) 200 24.6 (5.1) <0.01
Maternal Education 184 - - 199 - - <0.01
 High School or less 94 51% - 27 38% -  
 Some college    61 33% - 96 48% -  
College or higher 29 16% - 76 14% -  
Maternal Height  
(inches) 

177 64.2 (2.5) 154 63.5 2.6 0.01
Maternal Parity 
(number) 

184 1.4 (1.1) 200 1.4 (1.1) >0.99
Maternal Smoking 
at Birth  (number of 
smokers) 

176 38% - 200 52% - <0.01
*The p values are based on a t test of the differences between the 2 groups where there are means and a standard deviation measure.  The p values are based on a chi square test of the differences where there are proportions. NA, not applicable.  
Table 7.  Chapter 3-Subject Characteristics.  
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  CHDS NEFS 
Characteristics  N Total Mean or 

Percentage
standard 
deviation 

N
Total

Mean or 
Percentage 

% or  
standard  
deviation 

P 
Value

Birth weight (lbs) 184 7.5 (0.9) 208 7.2 (0.9) <0.01
Birth length  (ins) 184 20.4 (1.0) 209 20.0 (0.8) <0.01
Gestational age 
(weeks) 

184 40.0 (1.2) 199 40.3 (1.2) 0.02
Height at age 4 
months (ins.)*  

176 24.6 (0.9) 204 24.8 (1.0) 0.04
Height at age 1 year 
(ins.)*  

168 29.3 (1.2) 208 29.2 (1.2) 0.42
Height at age 4 years 
(ins.)* 

158 40.3 (2.0) 209 39.2 (1.7) <0.01
Height % at birth** 184 49.3% (28.1) 209 48.0* (26.4) 0.64
Height % at age 4 
months** 

176 46.4% (27.8) 204 49.6* (28.5) 0.27
Height % at age1 
year** 

168 45.2% (27.3) 208 46.5% (29.4) 0.66
Height % at age 4 
years** 

158 49.3% (29.4) 204 46.5% (28.8) 0.36
Height % change 
from birth 
 to age 4 months 

176 -3.2% (27.5) 204 1.1% (29.5) 0.14
Height percentile 
change  
from ages 4 months 
to 1 year 

160 0.03% (18.5) 203 -3.2% (24.9) 0.17
Height percentile 
change  
from ages 1 year to 4 
years 

149 4.6% (21.2) 208 0.2% (22.4) 0.06
Lifetime MDD 
prevalence 

184 25% - 208 38% - 0.05*These values are imputed to the exact age as described in the methods section. ** The p values are based on a t test of the differences between the 2 groups where there is a standard deviation measure.  The p values are based on a chi square test of the differences where there are proportions.  
Table 8. Height and Height Growth Measures, Lifetime MDD Prevalence.    
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Supplemental Figures and Tables 
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Percentile Height Change 
Periods 

CHDS
N 

NEFS
N 

Birth to 4 months 166 190 
4 months to 1 year 150 189 
1 year to 4 years 139 193 

  
Supplemental Table 1.  Chapter 2-Number  
 of Subjects in Study Dataset Groups by   Cohort and Growth Period Percentile. 

 
 
 
 
  

Percent of Observations with Missing Covariate Data 

Cohort 
Height Growth  
from Birth to  
Age 4 Months 

Height Growth  
from Ages 4  
Months to 1 
Year 

Height Growth  
from  
Ages 1 Year to 
4 Years 

CHDS cohort 3%-4% 3%-4% 3%-4% 
NEFS cohort  25%-29% 25%-28% 25%-27%                     Supplemental Table 2.  Chapter 2-Missing Covariates   
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 Height Percentile Change
Child Health and Development Studies

Working 
Memory 
Outcome 
variable 

Birth to 4 
months 

4 months
to 1 year 

1 to 4
years 

 b (sd)
P Value 

N 

b (sd)
P Value 

N 

b (sd)
P Value 

N 
Verbal  
Recall 

0.28 (0.23)0.24 154 0.15 (0.31)0.64 138 0.42(0.28) 0.15 126 
Attention 
With  
Interference 

-0.01 (0.13)0.97 159 0.61 (0.18)<0.01 143 0.04 (0.16) 0.80 131 
Attention -0.13 (0.10)0.17 159 0.09 (0.14)0.50 143 -0.06 (0.12) 0.63 131 
Processing 
Speed 

0.11 (0.11)0.36 157 0.11 (0.16)0.50 141 0.18 (0.13) 0.17 129 
New England Family Studies

Verbal  
Recall 

-0.35 (0.17)0.04 190 0.27 (0.20)0.17 189 -0.30 (0.20) 0.14 193 
Attention 
With  
Interference 

-0.16 (0.09)0.08 189 -0.06 (0.11)0.55 188 -0.07 (0.11) 0.51 192 
Attention 0.04 (0.08)0.59 189 -0.03 (0.08)0.67 188 -0.07 (0.10) 0.44 192 
Processing 
Speed 

-0.12 (0.08)0.10 189 0.13 (0.09)0.12 188 0.01 (0.09) 0.95 192 
b, beta; sd, standard deviation. 
 
Supplemental Table 5.  Associations Between a 10% Increase In Height Percentile and Working Memory Outcomes, adjusted  for Birth Weight Percentiles. (These associations are based on  the fully-adjusted model which includes the covariates age at  interview, child race, maternal age, maternal education,  maternal height, maternal smoking, parity, sex).    
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Percentile Height Change 
Periods 

CHDS
N 

NEFS
N 

Birth to 4 months 176 204 
4 months to 1 year 160 203 
1 year to 4 years 149 208 

 
Supplemental Table 6.  Chapter 3-Number  of Subjects in Study Dataset Groups by Cohort  and Growth Period Percentile. 

 
 
 
 
 
  

Percent of Observations with Missing Covariate Data

 
Height Growth  
from Birth to  
Age 4 Months 

Height Growth  
from Ages 4  
Months to 1 
Year 

Height Growth  
from  
Ages 1 Year to 
4 Years 

CHDS Subjects 3%-4% 3%-4% 3%-4% 
NEFS Subjects  25%-29% 25%-28% 25%-27%                  Supplemental Table 7.  Chapter 3-Missing Covariates   
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 Height Percentile Change  Child Health and Development Studies  Birth to age  
four months Age 4 months  

To One Year 
Ages 1 to 
4 Years  T b (sd) p value 

N T b (sd) p value 
N T b (sd) p value 

N 
Lifetime 
MDD 

1  -0.45 (0.57) 0.43
2  -0.68 (0.54) 0.20167 1 0.10 (0.50) 0.84 

2 0.16 (0.48) 0.74 151 1  -0.19 (0.53) 0.72 
2  -0.22 (0.48) 0.64 139  New England Family Study 

Lifetime 
MDD 

1 0.43 (0.42) 0.31 
2 0.37 (0.38) 0.32 204 1 0.27 (0.40) 0.49 

2 -0.16 (0.41) 0.70203 1  0.57 (0.40) 0.15 
2 -0.20 (0.38) 0.59 208 T, tertile; 1, lowest tertile, 2, middle tertile. 

b, estimated beta; sd, standard deviation.  
Supplemental Table 8.  Associations Between an Tertiles of Height Percentile  by period, structured by tertiles and Lifetime MDD.  Model is  adjusted for age at interview, child race, sex, height percentile at the beginning  of the height percentile change interval, maternal age, maternal education,  maternal height, maternal smoking, parity, family history of mental illness.  
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 Height Percentile Change 
 Child Health and Development Studies 
Outcome  
variable 

Birth to 
 4 months 

4 months 
to 1 year 

One to 4 
years 

 OR 
95% CI 

N 

OR 
95% CI 

N 

OR 
95% CI 

N 
Lifetime 
MDD 

1.02 (0.84, 1.24)167 1.00 (0.82, 1.32)151 0.99 (0.80, 1.23) 139 
 New England Family Study 
Lifetime 
MDD 

0.98 (0.85, 1.12)204 0.96 (0.84, 1.10)203 0.94 (0.80, 1.10) 208                         OR, log odds ratio; CI, confidence interval.  
           Supplemental Table 9. Odds Ratios for lifetime MDD             Given a 10% Increase in HPC, Adjusted for Birth Weight.             Model is adjusted for age at interview, subject race,                          sex, height percentile at the beginning of the height             percentile change interval, maternal age, maternal             education, maternal height, maternal smoking, parity,             family history of mental illness.   



 115

CITATIONS 
1. Garcia-Segura LM, Perez J, Pons S, Rejas MT, Torres-Aleman I. Localization of insulin-like growth factor I (IGF-I)-like immunoreactivity in the developing and adult rat brain. Brain research. Sep 27 1991;560(1-2):167-174. 
2. Niblock MM, Brunso-Bechtold JK, Riddle DR. Insulin-like growth factor I stimulates dendritic growth in primary somatosensory cortex. The Journal of neuroscience : the 

official journal of the Society for Neuroscience. Jun 1 2000;20(11):4165-4176. 
3. Torres-Aleman I. Toward a comprehensive neurobiology of IGF-I. Developmental 

neurobiology. Apr 2010;70(5):384-396. 
4. Cline MG, Meredith KE, Boyer JT, Burrows B. Decline of height with age in adults in a general population sample: estimating maximum height and distinguishing birth cohort effects from actual loss of stature with aging. Human biology. Jun 1989;61(3):415-425. 
5. Lampl M, Veldhuis JD, Johnson ML. Saltation and stasis: a model of human growth. 

Science. Oct 30 1992;258(5083):801-803. 
6. Tillmann V, Clayton PE. Diurnal variation in height and the reliability of height measurements using stretched and unstretched techniques in the evaluation of short-term growth. Annals of human biology. Mar-Apr 2001;28(2):195-206. 
7. Gliozzi AS, Guiot C, Delsanto PP, Iordache DA. A novel approach to the analysis of human growth. Theoretical biology & medical modelling. 2012;9:17. 
8. Hermanussen M, Geiger-Benoit K, Burmeister J, Sippell WG. Periodical changes of short term growth velocity ('mini growth spurts') in human growth. Annals of 

human biology. Mar-Apr 1988;15(2):103-109. 
9. Mackintosh NJ. IQ and Human Intelligence. Oxford, UK: Oxford University Press   ; 2011. 
10. Glymour MM, Weuve J, Chen JT. Methodological challenges in causal research on racial and ethnic patterns of cognitive trajectories: measurement, selection, and bias. Neuropsychology review. Sep 2008;18(3):194-213. 
11. Manly JJ. Advantages and disadvantages of separate norms for African Americans. 

The Clinical neuropsychologist. Jun 2005;19(2):270-275. 
12. Knudsen EI. Sensitive periods in the development of the brain and behavior. Journal 

of cognitive neuroscience. Oct 2004;16(8):1412-1425. 
13. Seress L, Abraham H, Tornoczky T, Kosztolanyi G. Cell formation in the human hippocampal formation from mid-gestation to the late postnatal period. 

Neuroscience. 2001;105(4):831-843. 
14. Naglieri JA, Bornstein BT. Intelligence and achievement: Just how correlated are they? Journal of Psychoeducational Assessment. Sep 2003;21(3):244-260. 
15. Watkins MW, Lei, P-W, Canivez, GL. Psychometric Intelligence and Achievement: A Cross-lagged Panel Analysis. Intelligence. 2007;35:57-68. 
16. Link BG, Phelan J. Social conditions as fundamental causes of disease. Journal of 

health and social behavior. 1995;Spec No:80-94. 
17. Freitas D, Maia J, Beunen G, et al. Socio-economic status, growth, physical activity and fitness: the Madeira Growth Study. Annals of human biology. Jan-Feb 2007;34(1):107-122. 



 116

18. Moffat T, Galloway T, Latham J. Stature and adiposity among children in contrasting neighborhoods in the city of Hamilton, Ontario, Canada. American journal of human 
biology : the official journal of the Human Biology Council. May-Jun 2005;17(3):355-367. 

19. Jokela M, Elovainio M, Singh-Manoux A, Kivimaki M. IQ, socioeconomic status, and early death: The US National Longitudinal Survey of Youth. Psychosomatic medicine. Apr 2009;71(3):322-328. 
20. Turkheimer E, Haley A, Waldron M, D'Onofrio B, Gottesman, II. Socioeconomic status modifies heritability of IQ in young children. Psychological science. Nov 2003;14(6):623-628. 
21. Der G, Batty GD, Deary IJ. Effect of breast feeding on intelligence in children: prospective study, sibling pairs analysis, and meta-analysis. BMJ. Nov 4 2006;333(7575):945. 
22. Silva A, Metha Z, O'Callaghan F J. The relative effect of size at birth, postnatal growth and social factors on cognitive function in late childhood. Annals of epidemiology. Jun 2006;16(6):469-476. 
23. Mendola P, Mumford SL, Mannisto TI, Holston A, Reddy UM, Laughon SK. Controlled direct effects of preeclampsia on neonatal health after accounting for mediation by preterm birth. Epidemiology. Jan 2015;26(1):17-26. 
24. Chung WC, Auger AP. Gender differences in neurodevelopment and epigenetics. 

Pflugers Archiv : European journal of physiology. May 2013;465(5):573-584. 
25. Schmithorst VJ, Holland SK. Functional MRI evidence for disparate developmental processes underlying intelligence in boys and girls. NeuroImage. Jul 1 2006;31(3):1366-1379. 
26. Schmithorst VJ, Holland SK. Sex differences in the development of neuroanatomical functional connectivity underlying intelligence found using Bayesian connectivity analysis. NeuroImage. Mar 2007;35(1):406-419. 
27. Haier RJ, Jung RE, Yeo RA, Head K, Alkire MT. The neuroanatomy of general intelligence: sex matters. NeuroImage. Mar 2005;25(1):320-327. 
28. Saenger P, Czernichow P, Hughes I, Reiter EO. Small for gestational age: short stature and beyond. Endocrine reviews. Apr 2007;28(2):219-251. 
29. Heinonen K, Raikkonen K, Pesonen AK, et al. Prenatal and postnatal growth and cognitive abilities at 56 months of age: a longitudinal study of infants born at term. 

Pediatrics. May 2008;121(5):e1325-1333. 
30. Shirley ED, Ain MC. Achondroplasia: manifestations and treatment. The Journal of 

the American Academy of Orthopaedic Surgeons. Apr 2009;17(4):231-241. 
31. Bechtold S, Roth J. Natural history of growth and body composition in juvenile idiopathic arthritis. Hormone research. Nov 2009;72 Suppl 1:13-19. 
32. Walker SP, Wachs TD, Gardner JM, et al. Child development: risk factors for adverse outcomes in developing countries. Lancet. Jan 13 2007;369(9556):145-157. 
33. Waterlow JC. Introduction. Causes and mechanisms of linear growth retardation (stunting). European journal of clinical nutrition. Feb 1994;48 Suppl 1:S1-4. 
34. Pearce MS, Deary IJ, Young AH, Parker L. Growth in early life and childhood IQ at age 11 years: the Newcastle Thousand Families Study. International journal of 

epidemiology. Jun 2005;34(3):673-677. 



 117

35. Wilson DM, Hammer LD, Duncan PM, et al. Growth and intellectual development. 
Pediatrics. Oct 1986;78(4):646-650. 

36. Yang S, Tilling K, Martin R, Davies N, Ben-Shlomo Y, Kramer MS. Pre-natal and post-natal growth trajectories and childhood cognitive ability and mental health. 
International journal of epidemiology. Oct 2011;40(5):1215-1226. 

37. Richardson JT. Measures of short-term memory: a historical review. Cortex; a 
journal devoted to the study of the nervous system and behavior. Jul 2007;43(5):635-650. 

38. Montgomery SM, Ehlin A, Sacker A. Pre-pubertal growth and cognitive function. 
Archives of disease in childhood. Jan 2006;91(1):61-62. 

39. Richards M, Hardy R, Kuh D, Wadsworth ME. Birthweight, postnatal growth and cognitive function in a national UK birth cohort. International journal of 
epidemiology. Apr 2002;31(2):342-348. 

40. Raikkonen K, Forsen T, Henriksson M, et al. Growth trajectories and intellectual abilities in young adulthood: The Helsinki Birth Cohort study. American journal of 
epidemiology. Aug 15 2009;170(4):447-455. 

41. Connor Gorber S, Tremblay M, Moher D, Gorber B. A comparison of direct vs. self-report measures for assessing height, weight and body mass index: a systematic review. Obesity reviews : an official journal of the International Association for the 
Study of Obesity. Jul 2007;8(4):307-326. 

42. Hauspie RR, M., ed Adolescent Growth. London, UK: Elsiever/AP; 2012. Cameron N, ed. Human Growth and Development 2nd Edition. 
43. Wadsworth ME. The Imprint of Time: Childhood, History and Adult Life. Oxford, UK: Clarendon; 1991. 
44. Fisch RO, Bilek MK, Horrobin JM, Chang PN. Children with superior intelligence at 7 years of age: a prospective study of the influence of perinatal, medical, and socioeconomic factors. Am J Dis Child. May 1976;130(5):481-487. 
45. Humphreys LG, Davey TC, Park RK. Longitudinal correlation analysis of standing height and intelligence. Child development. Dec 1985;56(6):1465-1478. 
46. Taki Y, Hashizume H, Sassa Y, et al. Correlation among body height, intelligence, and brain gray matter volume in healthy children. NeuroImage. Jan 16 2012;59(2):1023-1027. 
47. Lawlor DA, Batty GD, Morton SM, et al. Early life predictors of childhood intelligence: evidence from the Aberdeen children of the 1950s study. Journal of epidemiology 

and community health. Aug 2005;59(8):656-663. 
48. Weinberg WA, Dietz SG, Penick EC, McAlister WH. Intelligence, reading achievement, physical size and social class. A study of St. Louis Caucasian boys aged 8-0 to 9-6 years, attending regular schools. The Journal of pediatrics. Oct 1974;85(4):482-489. 
49. Lawlor DA, Najman JM, Batty GD, O'Callaghan MJ, Williams GM, Bor W. Early life predictors of childhood intelligence: findings from the Mater-University study of pregnancy and its outcomes. Paediatric and perinatal epidemiology. Mar 2006;20(2):148-162. 
50. Teasdale TW, Sorensen TI, Owen DR. Fall in association of height with intelligence and educational level. BMJ. May 13 1989;298(6683):1292-1293. 



 118

51. Tuvemo T, Jonsson B, Persson I. Intellectual and physical performance and morbidity in relation to height in a cohort of 18-year-old Swedish conscripts. 
Hormone research. 1999;52(4):186-191. 

52. Eide MG, Oyen N, Skjaerven R, Bjerkedal T. Associations of birth size, gestational age, and adult size with intellectual performance: evidence from a cohort of Norwegian men. Pediatric research. Nov 2007;62(5):636-642. 
53. Abbott RD, White LR, Ross GW, et al. Height as a marker of childhood development and late-life cognitive function: the Honolulu-Asia Aging Study. Pediatrics. Sep 1998;102(3 Pt 1):602-609. 
54. Rogol AD, Clark PA, Roemmich JN. Growth and pubertal development in children and adolescents: effects of diet and physical activity. The American journal of clinical 

nutrition. Aug 2000;72(2 Suppl):521S-528S. 
55. Tsujimoto S. The prefrontal cortex: functional neural development during early childhood. The Neuroscientist : a review journal bringing neurobiology, neurology and 

psychiatry. Aug 2008;14(4):345-358. 
56. Baddeley A. Working memory. Science. Jan 31 1992;255(5044):556-559. 
57. Courtney SM, Petit L, Haxby JV, Ungerleider LG. The role of prefrontal cortex in working memory: examining the contents of consciousness. Philosophical 

transactions of the Royal Society of London. Series B, Biological sciences. Nov 29 1998;353(1377):1819-1828. 
58. Ashby FG, Ell SW, Valentin VV, Casale MB. FROST: a distributed neurocomputational model of working memory maintenance. Journal of cognitive neuroscience. Nov 2005;17(11):1728-1743. 
59. Gazzaniga MS IR, Mangun GR. Cognitive Neuroscience: The Biology of the Mind. 2nd ed. New York: W W Norton & Company; 2002. 
60. Bell MA. A psychobiological perspective on working memory performance at 8 months of age. Child development. Jan-Feb 2012;83(1):251-265. 
61. Andreano JM, Cahill L. Sex influences on the neurobiology of learning and memory. 

Learn Mem. Apr 2009;16(4):248-266. 
62. Lynn R IP. Sex differences in mental arithmetic, digit span, and g defined as working memory capacity. Intelligence. 2008;36(3):226-235. 
63. Speck O, Ernst T, Braun J, Koch C, Miller E, Chang L. Gender differences in the functional organization of the brain for working memory. Neuroreport. Aug 3 2000;11(11):2581-2585. 
64. Duff SJ, Hampson E. A sex difference on a novel spatial working memory task in humans. Brain and cognition. Dec 2001;47(3):470-493. 
65. Karlberg J, Albertsson-Wikland K. Growth in full-term small-for-gestational-age infants: from birth to final height. Pediatric research. Nov 1995;38(5):733-739. 
66. Albertsson-Wikland K, Wennergren G, Wennergren M, Vilbergsson G, Rosberg S. Longitudinal follow-up of growth in children born small for gestational age. Acta 

Paediatr. May 1993;82(5):438-443. 
67. Ounsted M, Moar V, Scott A. Growth in the first four years: II. Diversity within groups of small-for-dates and large-for-dates babies. Early human development. Oct 1982;7(1):29-39. 
68. Factor-Litvak P SN, Cherkerzian, Richards M, Liu X, Sher A. Neils G, Goldstein J. Associations between birth weight, preeclampsia and cognitive functios in middle-



 119

aged adults. Journal of Developmental Origins of Health and Disease. October 2011;2(6):365-374. 
69. Gamma F, Goldstein JM, Seidman LJ, Fitzmaurice GM, Tsuang MT, Buka SL. Early intermodal integration in offspring of parents with psychosis. Schizophrenia bulletin. Sep 2014;40(5):992-1000. 
70. Susser E BS, Schaefer CA, Andrews H, Cirillo PM, Factor-Litvak P, Gillman M, Goldstein JM, Ivey Henry p, Lumey LH, McKeague IW, Michels KB, Terry MB, Cohn BA. The Early Determinants of Adult Health. Journal of Developmental Origins of 

Health and Disease. 2011;2(6):311-321. 
71. van den Berg BJ, Christianson RE, Oechsli FW. The California Child Health and Development Studies of the School of Public Health, University of California at Berkeley. Paediatric and perinatal epidemiology. Jul 1988;2(3):265-282. 
72. Goldstein JM, Cherkerzian S, Buka SL, et al. Sex-specific impact of maternal-fetal risk factors on depression and cardiovascular risk 40 years later. J Dev Orig Health Dis. Dec 2011;2(6):353-364. 
73. Delis DC  KJH, Kaplan E, Ober BA. California Verbal Learning Test – second edition. Adult version. Manual. San Antonio, Texas: Psychological Corporation; 2000. 
74. Seidman LJ, Breiter HC, Goodman JM, et al. A functional magnetic resonance imaging study of auditory vigilance with low and high information processing demands. 

Neuropsychology. Oct 1998;12(4):505-518. 
75. Wechsler D. Wechsler Adult Intelligence Scale, 3rd edition. San Antonio, TX: Psychological Corporation; 1997. 
76. Ullah S, Finch CF. Applications of functional data analysis: A systematic review. BMC 

medical research methodology. 2013;13:43. 
77. Box GEP CD. An analysis of transformations. Journal of the Royal Statisical Society, 

Series B. 1964;26(2):211-252. 
78. He Y. Missing data analysis using multiple imputation: getting to the heart of the matter. Circulation. Cardiovascular quality and outcomes. Jan 2010;3(1):98-105. 
79. Sattler JM. Age effects on Wechsler Adult Intelligence Scale-Revised tests. Journal of 

consulting and clinical psychology. Oct 1982;50(5):785-786. 
80. Norman MA, Evans JD, Miller WS, Heaton RK. Demographically corrected norms for the California Verbal Learning Test. Journal of clinical and experimental 

neuropsychology. Feb 2000;22(1):80-94. 
81. Gao W, Alcauter S, Smith JK, Gilmore JH, Lin W. Development of human brain cortical network architecture during infancy. Brain structure & function. Mar 2015;220(2):1173-1186. 
82. Darki F, Klingberg T. The Role of Fronto-Parietal and Fronto-Striatal Networks in the Development of Working Memory: A Longitudinal Study. Cereb Cortex. Jan 9 2014. 
83. Takeuchi H, Taki Y, Sassa Y, et al. Verbal working memory performance correlates with regional white matter structures in the frontoparietal regions. 

Neuropsychologia. Oct 2011;49(12):3466-3473. 
84. Majerus S, Salmon E, Attout L. The importance of encoding-related neural dynamics in the prediction of inter-individual differences in verbal working memory performance. PloS one. 2013;8(7):e69278. 



 120

85. Kessler RC, Berglund P, Demler O, et al. The epidemiology of major depressive disorder: results from the National Comorbidity Survey Replication (NCS-R). JAMA : 
the journal of the American Medical Association. Jun 18 2003;289(23):3095-3105. 

86. He Y, Weinberg MS, Hirsch M, et al. Kinetics of Adeno-Associated Virus Serotype 2 (AAV2) and AAV8 Capsid Antigen Presentation In Vivo Are Identical. Human gene 
therapy. May 2013;24(5):545-553. 

87. Richards M, Hardy R, Kuh D, Wadsworth ME. Birth weight and cognitive function in the British 1946 birth cohort: longitudinal population based study. BMJ. Jan 27 2001;322(7280):199-203. 
88. Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and death from ischaemic heart disease. Lancet. Sep 9 1989;2(8663):577-580. 
89. Barker DJ, Hales CN, Fall CH, Osmond C, Phipps K, Clark PM. Type 2 (non-insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia (syndrome X): relation to reduced fetal growth. Diabetologia. Jan 1993;36(1):62-67. 
90. Abel KM, Wicks S, Susser ES, et al. Birth weight, schizophrenia, and adult mental disorder: is risk confined to the smallest babies? Archives of general psychiatry. Sep 2010;67(9):923-930. 
91. Lifshitz F. Nutrition and growth. Journal of clinical research in pediatric 

endocrinology. 2009;1(4):157-163. 
  



 121

Methods Appendix 
 1. Index Groups  The table below lists the sizes of groups by cohort, sex and gestational age expressed in weeks.   Sex and  Gestational Age (weeks) 

Number of  Subjects CHDS cohort Number of  Subjects NEFS cohortMale-38 1000 725 Male-39  1870 1332 Male-40  2039 1807 Male-41  1309 1419 Male-42 656 757 Male-43  273 300 Female-38 856 648 Female-39 1712 1255 Female-40 2005 1702 Female-41 1470 1470 Female-42 660 778 Female-43 269 309 Total 14,119 12,502    Table 1.     CHDS and NEFS Cohort Sizes 
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2. Height Measures and Smoothing Spline Analysis.  Height measurements were obtained from existing data files. Data included birth length and length at approximately 4 months and 1 year and height at 4 years.  Exact ages at height measurements were also included in each file.  Each file was reformatted as a .csv file and then input to the R statistical program. The height estimates at each age were exported to .csv files.    Below is an example of the R statistical program used for the study analyses.  The purpose of this program is to transform the height measurement and age at height measurement for each subject into a height curve from birth to approximately age 4, depending on the subject’s age at the last measurement.  From this curve, a subject’s height at ages 4 months, 1 year and 4 years are estimated.    The major purposes of the code are outlined below and the code follows. 

• Lines 1 to 39 is code prepares for the calculation for height curves and formats output.  This includes downloading the data file, specifying variables and the smoothing parameter, setting up the growth curve formats. 
• Lines 40 to 42 specifies that if there are 2 or less height measures for a subject then a growth curve will not be calculated and the output will be labeled ‘N/A’.   
• Lines 43 calculates a growth curve for each subject if there are 3 or more height 
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measures. 
• Lines 44 to 45 specifies the estimated heights at ages 4 months, 1 year and 4 year based on the height curves. 
• Lines 46 to 50 to puts the estimated heights into the output data set. 
• Lines 51 to 53 is formatting code.  R Code 1. library(cobs) 2. data.path="/Users/mkilty/Documents/Dissertation and R/NExcel Source Folder/"; 3. result.path="/Users/mkilty/Documents/Dissertation and R/NR Results Folder/"; 4. plot.path=result.path; 5. data.name="nefs141c.csv"; 6. study="nefs141c"; 7. var.m="height";  8. var.id="eid";  9. var.t="age"; #1 10. if(study=="nefs141c"){df.h=1;} #else {df.h=1;}  11. lambda.h=0; 12. extra=100 13. nefs141c=read.table(paste(data.path,data.name,sep=""),header=T,sep=",",na.strings = "."); 14. if(study=="nefs141c"){nefs141c=nefs141c[,c(var.id,var.t,var.m)];} 15. nefs141c=nefs141c[!is.na(nefs141c[,var.m])&!is.na(nefs141c[,var.t])&!is.na(nefs141c[,var.m]),] 
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16. nefs141c=nefs141c[order(nefs141c[,var.m],nefs141c[,var.id],nefs141c[,var.t]),] 17. c.eid=unique(nefs141c[,var.id]) ;  18. #changed edah_id to eid; 19. N=length(c.eid); 20. grid1=c(0,4/12,1,4) 21. label1=c("0","4m","1y","4y") 22. xlimh=range(nefs141c[!is.na(nefs141c[,var.m]),var.t],na.rm=T) 23. ylimh=range(nefs141c[,var.m],na.rm=T); 24. grid141=seq(from=0,to=xlimh[141],length.out=100); 25. xgrid1=NULL; 26. xgrid1NA=NULL; 27. xgrid141=NULL; 28. plotname=paste(plot.path,study,var.m,"All.pdf",sep="") 29. pdf(plotname,height=11,width=8) 30. par(mfrow=c(5,3),cex.main=0.8) 31. for (i in 1:N) 32. {eid.h=c.eid[i] 33. nefs141c.here=nefs141c[nefs141c[,var.id]==eid.h,]; 34. t.h=nefs141c.here[,var.t]; 35. m.h=nefs141c.here[,var.m]; 36. plot(t.h,m.h,type="p",xlim=xlimh,ylim=ylimh,pch=1,cex=1,xlab="Time(days), 37. ylab=var.m,main=paste(study," eid=",eid.h,sep="")); 38. abline(v=grid1,lty=141); 
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39. axis(side=3,at=grid1,labels=c("0","4m","1y","4y")); 40. if (length(t.h)<=2){ 41. xgrid1.h=data.frame(id=eid.h,T=matrix(rep(NA,length(grid1)),nrow=1)); 42. xgrid1=rbind(xgrid1,xgrid1.h); } 43. else{if(length(t.h)==3){smooth.res=cobs(t.h,m.h,constraint="increase",degree=1,lambda=lambda.h)}else{smooth.res=cobs(t.h,m.h,constraint="increase", lambda=lambda.h,degree=df.h);grid141=seq(from=min(t.h),to=max(t.h),length.out=100);xgrid1.h=predict(smooth.res,grid1)[,2];xgrid141.h=predict(smooth.res,grid141)[,2]; 44. xgrid1.h[grid1>=(max(t.h)+extra)]=NA; 45. points(grid1,xgrid1.h,pch=2,cex=2); 46. lines(grid141,xgrid141.h,lty=1); 47. xgrid1.h=data.frame(id=eid.h,T=matrix(xgrid1.h,nrow=1)); 48. xgrid1=rbind(xgrid1,xgrid1.h); 49. rm(smooth.res) }if (i%%100==0){cat("finish the ",i,"th \n",sep="")}} 50. dev.off() 51. names(xgrid1)=c(var.id,paste(var.m,label1,sep="_")) 52. write.table(xgrid1,paste(plot.path,study,var.m,"all.csv",sep=""),sep=",",row.names=F,na=".") 53. save.image(paste(plot.path,study,var.m,"all.RData",sep=""))  3. Calculation of Height Percentiles  
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The 24 .csv output files were then reformatted into .xls files and imported separately into the SAS statistical program.  The Box Cox statistical transformations were accomplished using the PROC TRANSREG function. For each file the PROC TRANSREG function determined an exponent, known as lambda, to derive normally distributed values from the input data.  These transformed distributions were calculated for 96 files given that there are 24 cohorts and 4 age distributions to be calculated.    Next, the PROC TRANSREG output datasets were input into the PROC STANDARD function.  This function transformed the data into values with a mean of  ‘0’ and a standard deviation of ‘1’.    These transformed values were then input into the PROC RANK function to determine percentiles from 0 to 99.  Height percentile data was exported to an .xls file.    An example of SAS coding for the PROC TRANSREG, PROC STANDARD AND PROC RANK functions is set forth below.   data c138trexmd; set c138trex;  if height_0 = '.' then delete; run; ods graphics on; data c138trexz; set c138trexmd;       z = 0; run;  proc transreg data=c138trexz maxiter=0 nozeroconstant details; model BoxCox(height_4y/ lambda=-9 to 9 by 0.1) =    identity(z); output out=c1384trans;run;      
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Proc standard DATA=c1384trans MEAN=0 STD=1 OUT=c1434;VAR theight_4y;run; proc rank data=c1434 groups = 1000 out=c1434p;  var Theight_4y; run;   
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4.  SAS Code for Generalized Linear Models-The following SAS code is for a fully adjusted linear model with a continuous outcome variable and a random effects variable, edah_fam to control for family correlations.   Proc mixed data=cmerge5 covtest ORDER=formatted; class edah_fam; model dig3 = b4mptbirthhtp height_mom_in me white par ageterm_mom smk age_agg sex/ solution; repeated / type = cs subject= edah_fam r ; run;  The following SAS code is for a fully adjusted linear model with a dichotomous outcome variable and a random effects variable, edah_fam to control for family correlations.    proc genmod data=cmerge5 descending; class edah_fam ; PARAM=REFERENCE REF=FIRST ; model av = oney4ypnumt ht1p  height_mom_cm me white par  ageterm_mom smk age_agg  /dist=bin link=logit;  repeated subject=edah_fam / type=exch corrw;  run;  Both of these models were used in the analyses of the CHDS data.   
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5. Imputation for Missing Data   The missing maternal height and other covariate data were imputed in the NEFS dataset. The imputation methods are described below.  1. The imputation data set included all variables in the NEFS fully adjusted model including the outcome variable. 2. Other variables from the NEFS dataset were included if they were significantly correlated with height_mom_cm but not included in the generalized model.  For instance, the pre-pregnancy weight variable is correlated with height_mom_cm but is not included in the generalized linear model. 3. The imputation process included 20 ‘iterations’ and used a random seed number chosen by the website random.org.   4. There are several SAS procedures to impute the missing data and then using imputation methods along with the linear mixed models.  a. The following SAS codes creates new variables to include both future imputed data points as well as original NEFS data points.  We included variables from the linear mixed models used in the analyses as well as other variables that are correlated with maternal height since that variable had by far the most missing data.         data nmerge4impute; set nmerge7; mother_racei=mother_race; incomei=income; 
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religion_momi=religion_mom; prepreg_weighti=prepreg_weight; mei=me; smki=smk; sexi=sex; pari=par; ageterm_momi=ageterm_mom; age_aggi=age_agg; whitei=white; height_mom_cmi=height_mom_cm; dig3i=dig3; oneypi.=oneyp; oney4ypti=oney4ypt; run; b.  The following SAS code creates imputed values for missing data.  After this step, the variables ending in ‘i’ will include original and imputed data. proc mi data=nmerge4impute seed=413490 nimpute=20 out=nmerge20;  var oney4ypnumti oneypi dig3i mother_racei incomei religion_momi prepreg_weighti mei height_mom_cmi smki sexi pari whitei ageterm_momi;run; 
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6.  The following generalized linear models are the same as those used for the CHDS dataset but have been modified to incorporate imputation methods.  There are 20 imputations of the results for each model.  The imputed data points for the covariates but not the exposure or outcome variables are used in the models.  The PROC MIANALYZE procedure following each model combines the results of the analyses of imputations and generates valid statistical inferences.  
proc mixed data=nmerge4 covtest ORDER=formatted;  by _imputation_;   class edah_fam ;   model irecall= b4mpt zeropi sexi age_aggi ageterm_momi    WHITEi height_mom_cmi MEi pari smki / solution;   repeated / type = cs subject= edah_fam r ;   ods output SolutionF=mxparms; run;    proc mianalyze parms=mxparms;   modeleffects intercept b4mpt zerop age_aggi ageterm_momi    WHITEi height_mom_cmi MEi pari smki sexi; run;  
proc genmod data=nmerge21 descending; by _imputation_; class edah_fam ; PARAM=REFERENCE REF=FIRST ; model av = oney4ypt oneyp sex height_mom_cmi mei whitei pari ageterm_momi smki 
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age_aggi /dist=bin link=logit;  repeated subject=edah_fam / type=exch corrw;  ods output GEEempPest=gnparms; run; 
proc mianalyze parms=gnparms;  modeleffects intercept oney4ypt oneyp age_aggi ageterm_momi sgai  sexi WHITEi height_mom_cmi MEi pari smki/;run;    

 
 
  


