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A. SPECIFIC AIMS 
 

The aim of the current proposal is to better understand the complex multifactorial etiology of developmental 
dyslexia, or reading disability (RD), by focusing on possible gene x environment and gene x gene interactions.  
The genetics of RD has advanced to the point of identifying candidate genes, but the identification of these 
genes is unlikely to answer all of the etiological questions about RD, unless interactions with the environment 
and other genes are considered.  As such, this proposal has three specific aims: 

1.)  This project will test for gene x environment interactions using molecular genetic methods and 
measures of the home literacy environment.  At present, there are two competing models that predict opposite 
directions for gene x environment interactions, the diathesis-stress model and the bioecological model.  
Importantly, there have been no previous studies of g x e interactions in RD using molecular genetic methods.   

2.)  Another neglected area in the RD genetics literature concerns the possibility of gene – gene additive 
and epistatic effects.  RD is currently the leader among the complex behavioral disorders for replicated linkage 
peaks.  Despite this evidence for multiple risk loci, there has been little research investigating how these loci 
may combine and interact to result in the RD phenotype.  This project proposes novel methods to examine the 
phenotypic impact of additive genetic risk across loci and of two-locus interactions.  Classification and 
Regression Tree (CART) analysis will be used to assess the impact of higher-order combinations of risk loci on 
RD status. 

3.)  Several lines of research indicate that RD is not a homogenous disorder.  There is evidence for 
subtypes based on the reading profiles of the children and their comorbid disorders.  Given this phenotypic 
heterogeneity, there is likely to be etiological heterogeneity as well.  This project will consider the contribution 
of any detected gene x environment or gene x gene interactions to the development of RD subtypes.   
 

B. BACKGROUND AND SIGNIFICANCE 
 

Developmental dyslexia, or reading disability (RD), is a complex neurobehavioral disorder affecting 
approximately 5-10% of school-aged children {Shaywitz, 1990 #0}.  A consensus definition of dyslexia was 
developed in 2002 by the International Dyslexia Association and adopted by NICHD (www.interdys.org).  The 
consensus definition emphasizes deficits in fluent word recognition that are accompanied by poor spelling and 
decoding abilities, all of which typically stem from underlying weaknesses in the phonological component of 
language.  The definition also recognizes secondary consequences of RD, including reduced vocabulary 
growth and background knowledge because of reduced reading experience.  As these secondary 
consequences make clear, RD limits a child’s chances for academic and occupational success {Lyon, 1998}.  
Moreover, there is evidence that children with reading difficulties will fall further behind their classmates over 
time, the so-called Matthew effect {Shaywitz, 2003}.  Given this state of affairs, it is not surprising that RD is 
associated with decreases in self-esteem, motivation, and social-emotional functioning {Lyon, 1998}.  The 
academic, economic, and psychological sequelae of RD extend the problem beyond just the educational realm 
and into the public health realm {Lyon, 1998}.  Although there are empirically-validated treatments available for 
children with RD {Shaywitz, 2003}, most children are not diagnosed until they have already fallen behind in 
reading and have begun to experience the negative secondary consequences of RD.  Research focusing on 
the etiology of RD, including genetic and environmental contributions, is needed to advance the possibilities for 
early identification.  This proposal seeks to understand the complex multifactorial etiology of RD, including the 
contribution of gene x environment and gene x gene interactions to the development of the disorder.  This 
Background and Significance section will briefly review the evidence for genetic and environmental 
contributions, provide a rationale for the investigation of gene x environment and gene x gene interactions in 
RD, and conclude with a discussion of the possible relevance of these genetic interactions to RD subtypes and 
comorbidities.   
 
GENETIC CONTRIBUTIONS TO RD 

The familiality {Hallgren, 1950 #0; DeFries, 1987 #0} and heritability {Pennington, 2005 #440} of dyslexia 
has been firmly established.  Recent heritability estimates utilizing a large twin sample showed that more than 
half of the group deficit could be attributed to genetic influences (h2

g = .58) {Wadsworth, 2000 #0}.  Molecular 
genetic linkage studies of RD have identified and replicated several linkage peaks in the genome, a notable 
feat considering that linkage findings have been notoriously difficult to replicate in complex disorders {Altmuller, 

http://www.interdys.org/
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2001 #0}.  Currently, the following six loci have been replicated in linkage studies: 1p34-36, 2p11-16, 3p12-
q13, 6p21.3-22, 15q15-21, and 18p11 {for a review see Fisher, 2002 #93; Gayan, 2005}.  Fine-scale 
association mapping of these regions, along with the helping hand of serendipity in some cases, has led to the 
identification of 4 candidate genes for RD.  These candidate gene identifications are especially noteworthy 
because genes for complex behavioral disorders have proven more difficult to find than initially anticipated 
{Plomin, 2005}.  DYX1C1 (or EKN1), which resides in the 15q21 region, was the first candidate gene proposed 
for RD {Taipale, 2003}.  More recently, three new candidate genes have been proposed: KIAA0319 and 
DCDC2 in the 6p22 region, and ROBO1 in the 3p12-q13 region {Cope, 2005; Meng, 2005; Hannula-Jouppi, 
2005}.  Each of the candidate genes is involved in general brain development processes, such as axonal 
guidance and neural migration, with the exception of DYX1C1 whose function is still unknown.  So far, 
attempted replications of these candidate genes have produced mixed results and those studies that have 
replicated an association have not agreed on a causal allelic variant {Wigg et al. (2004); Meng et al. (2005); 
Scerri et al. (2005); Marino et al. (2005); Bellini et al. (2005); Cope et al. (2005); Deffenbacher et al. (2004); 
Francks et al. (2004); Schumacher et al. (2005)}.  Arguably, the most promising prospect for a causal variant 
was identified by Meng et al. {2005} who found an intronic deletion in the DCDC2 gene that segregated with 
RD in several families, although a replication of this result has not yet been attempted.  Overall, the 
identification of several linkage peaks and candidate genes for RD is consistent with a multifactorial etiology for 
the disorder, which likely involves several genes that increase susceptibility to the disorder but are not solely 
causal, termed quantitative trait loci (QTLs) {Eley, 2005 #444}.   
 
ENVIRONMENTAL CONTRIBUTIONS TO RD 

Although RD has a well-documented genetic contribution to its etiology, the fact that the heritability of RD is 
not 100% points to the importance of environmental variables.  The environmental influences on literacy 
development that have received the most research attention can be grouped into 4 broad categories: home 
literacy environment, socioeconomic status (SES), family educational values, and home language stimulation 
{for a review see Phillips & Lonigan, 2005}.  Of course, these variables are highly correlated and mutually 
influential.  The primary environmental variable of interest in the current proposal will be the home literacy 
environment, although SES and family educational values will also be included.  Home language stimulation 
has proven difficult to measure except through direct observational techniques {Thorpe, Hart} and so it will not 
be a direct target for this project. 

One dimension of the home literacy environment, shared reading activities between parents and children, 
has been the subject of considerable controversy in the literature due to debates about the magnitude of the 
effect {Bus, 1995; Dunning, 1994; Lonigan, 1994; Scarborough & Dobrich, 1994a; Scarborough & Dobrich, 
1994b}.  In a large review, Scarborough and Dobrich {1994} concluded that there was a consistent positive 
effect of shared reading, which accounted for a modest 8% of the variance in literacy outcome.  Other critiques 
of this review argued that there was reason to be more optimistic about the magnitude of the effect because of 
methodological flaws in the existing studies {Dunning, 1994; Lonigan, 1994}.  Another possible explanation for 
the mixed findings on the impact of shared reading on literacy development could be a gene x environment (g 
x e) interaction, such that the genetic background of the sample studied may moderate the magnitude of the 
shared reading effect.  In a preliminary study, there was suggestive evidence for this kind of g x e interaction 
{see Preliminary Studies section; McGrath, 2005}, highlighting an important direction for future research.   
 
GENE X ENVIRONMENT INTERACTIONS IN RD 
 Although there is evidence for genetic and environmental influences on literacy development, to date, g x e 
interactions have been almost entirely neglected in reading research {for one exception see Kremen, 2005}.  In 
the wider literature, there are two theoretical models for g x e interactions that make opposite predictions about 
the direction of the interaction.  The diathesis-stress model predicts that that a diathesis, or genetic 
vulnerability, coupled with an environmental stress, will lead to disordered behavior {Zuckerman}.  In 
behavioral genetic terms, this model predicts that the heritability of the trait will be higher for individuals in risk 
environments {Rutter, 2006}.  In contrast, the bioecological model predicts that enriched environments will 
enable underlying genetic differences to be actualized, whereas risk environments will mask the genetic 
differences {Bronfenbrenner, 1994}.  In behavioral genetic terms, this model predicts that the heritability of the 
trait will be higher in enriched environments {Rutter, 2006}. 
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In general, research investigating g x e interactions in academic and cognitive traits has tended to find the 
bioecological form of g x e interaction {Turkheimer, 2003; Rowe, 1999; Kremen, 2005}, whereas research on 
psychopathologies has tended to find the diathesis-stress form of g x e interaction {e.g. Caspi, 2002; Caspi, 
2003; for a review see Rutter, 2006}.  For this reason, it is reasonable to predict that the bioecological g x e 
interaction may also be operating in RD.  Initial support for this hypothesis will be presented in the Preliminary 
Studies section of this proposal {McGrath, 2005}.  Additional support for this prediction can be found in the one 
study, to date, that has investigated g x e interactions in reading ability {Kremen et al., 2005}.  In this study, 
parent education moderated the heritability of word recognition skills in a middle-aged sample of twins.  
Results showed that the heritability of word recognition in twins with highly educated parents was higher (h2 = 
.69) than the heritability in twins with less-educated parents (h2 = .21).   

One weakness in these behavioral genetic studies of g x e interactions is that they test for interactions with 
unmeasured genetic influences, but the mechanisms underlying the interaction are likely to involve specific 
genes.  As such, molecular genetic methods are preferable for testing g x e interactions {Rutter, 2006}.  Ideally, 
tests of g x e interaction would involve specific risk alleles (e.g. Caspi, 2003; Caspi, 2003}, but in the case of 
RD, these have not yet been determined, with the possible exception of the intronic deletion in DCDC2 {Meng 
et al., 2005}.  Fortunately, in the absence of identified risk alleles, g x e interactions can still be tested using an 
extended linkage equation.  The current project proposes to test for gene x environment interactions at each of 
the 6 replicated RD linkage peaks with environmental measures of the home literacy environment, SES, and 
family educational values.  This study would be the first to use molecular genetic methods to test for g x e 
interactions in RD.   
 
GENE-ENVIRONMENT CORRELATIONS 
 One complication when studying environmental risk factors is that it is difficult to determine the extent to 
which a measured environment may be genetically-determined {Rutter et al., 1997; Rutter, 2006; Scarr & 
McCartney, 1983}.  Gene-environment correlations have been shown to be influential in the development of 
children’s language abilities {Gilger, 2001}, and such correlations are also likely to play a role in literacy 
development.  Fortunately, simulations have shown that gene-environment correlations do not substantially 
impact detection of g x e interactions {Purcell, 2002}.  In most studies, the strategy for dealing with gene-
environment correlations while testing for g x e interactions has been to test for the correlations directly.  In 
most molecular genetic studies, these correlations have been difficult to find {Rutter, 2006}.  The current study 
will adopt the same strategy as previous studies.  If gene-environment correlations are found, they will be 
taken into account in the interpretation of g x e interactions.  In some cases, the g x e interaction might be 
more appropriately conceptualized as a gene x gene interaction if the environment is substantially genetically-
determined. 
 
GENE-GENE ADDITIVE AND INTERACTIVE EFFECTS 
 Despite the fact that several risk loci have been identified for RD, there has been very little research 
investigating the contributions of additive and interactive effects of the loci on the RD phenotype {for one 
exception see Grigorenko, 2001}.  By definition, the accumulation of QTLs for RD should quantitatively 
increase the severity of the phenotype {Eley, 2005}.  The current project proposes a novel method to derive 
genetic risk estimates from the linkage equation in order to examine the impact of additive genetic risk across 
the 6 replicated RD linkage peaks.  This method was implemented successfully in a preliminary study 
discussed below {McGrath, 2005}. 
 An added consideration when several QTLs for a disorder have been identified is the possibility of 
epistasis, or gene x gene (g x g) interactions {Grigorenko, 2003; Templeton, 2000}.  There is preliminary 
evidence that epistatic interactions may be important in the genetic etiology of RD.  Grigorenko et al. (2001) 
showed that the linkage signal on chromosome 1 increased when the interaction between the risk loci on 
chromosome 1 and 6 was taken into account.  The current proposal will test for this two-locus interaction and 
other possible two-locus interactions among the 6 replicated RD loci, using an extended linkage equation.  
Because there are too many loci to consider higher-order interactions with adequate power in the linkage 
framework, Classification and Regression Tree (CART) analysis will be used as an exploratory tool to examine 
the effect of higher-order interactions of loci on RD status.   
 
RD SUBTYPES AND COMORBIDITIES 
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Children with RD can be divided into subgroups based on their reading profiles and/or comorbidities.  
Interestingly, there is evidence that some of these subgroups may be associated with distinct etiologies.  For 
example, there is evidence that the surface vs. phonological subtype may be an important etiological 
distinction in RD {Castles, 1999; Gayan & Olson, 2001}.  The phonological subtype is characterized by poorer 
nonword reading than irregular word reading, whereas the surface subtype is characterized by the opposite 
profile.  Evidence that these subtypes may possess somewhat distinct etiologies was reported by a twin study 
showing partly independent genetic influences on phoneme awareness (most closely related to nonword 
reading) and orthographic coding (most closely related to irregular word reading) {Gayan & Olson, 2001}.   
Similarly, children with and without a comorbid disorder in conjunction with their RD may also possess partially 
independent genetic risk factors.  The current “multiple deficit model” of comorbid disorders predicts that the 
two disorders will share some risk alleles, but not others {Pennington, in press}.  In the case of RD, two of the 
most common comorbid disorders are Attention-Deficit/Hyperactivity Disorder (ADHD) and Specific Language 
Impairment (SLI) {Willcutt, 2000; Snowling & Bishop, in press}.  To date, linkage analyses attempting to identify 
shared and unique risk loci for these disorders have produced mixed results {Willcutt, Loo, Gayan, 2005; 
Bartlett; SLIC, 2002; 2004}.  Although differential linkage between subgroups has been difficult to detect for 
various power and methodological reasons {Pennington, 1997}, the multiple deficit model provides a strong 
theoretical basis to expect independent and shared risk factors that determine phenotypic outcomes.  The 
current project proposes analyses to test if any of the replicated RD linkage peaks are differentially associated 
with a particular subtype of RD (reading profile or comorbidity) using an extended linkage equation.  
Furthermore, if g x e or g x g interactions are detected in the analyses described above, this study proposes to 
conduct exploratory analyses to test whether the results vary as a function of the subtype variables.   
 
SUMMARY 
 In conclusion, the overall goal of this project is to advance understanding of the multifactorial etiology of 
RD.  This project fills a large gap in the RD genetic literature by focusing on gene x environment and gene x 
gene interactions using novel extensions of the linkage equation.  This project will also explore how these 
genetic interactions may help to explain RD subtypes and comorbidities.  The results of the analyses have the 
potential to inform future attempts at early identification of RD.  

 
C. PRELIMINARY STUDIES 

 
Many of the methods proposed in the current project were piloted in a master’s thesis examining g x e 

interactions and g - g additive effects in speech sound disorder (SSD) {McGrath, 2005}.  SSD is a 
developmental disorder characterized by delays in the production of intelligible speech {Shriberg, 2003}.  
Children with SSD are at increased risk for RD {Raitano, 2004; Pennington & Lefly, 2001; Scarborough, 1990; 
Gallagher, 2000; Snowling, 2000} and so it is not too surprising that SSD has shown linkage to 4 of the 6 
replicated RD linkage peaks {Smith, 2005; Stein, 2003}.  This preliminary study focused on the linkage peaks 
on chromosome 1, 6, and 15 for SSD/RD.  The study was a sib-pair design in which children with SSD 
between the ages of 5 and 7 years and their siblings between the ages of 5 and 9 years were recruited.  In all, 
60 families participated in the study.  The families were asked to provide buccal samples for DNA extraction.  
The children were tested on phenotypic measures of speech, language, and pre-literacy skills and the parents 
completed questionnaires about the home language and literacy environment.   
 
GENE X ENVIRONMENT INTERACTIONS 

Despite the small sample size, the study detected significant and trend-level g x e interactions with the 
chromosome 6 and 15 linkage peaks and environmental measures of maternal education, parental literacy 
exposure, and shared reading activities.  More specifically, at the chromosome 6 locus, interactions with 
maternal education and parental literacy exposure predicted two pre-literacy skills, phonological awareness 
and rapid naming.  At the chromosome 15 locus, an interaction with shared reading activities predicted 
vocabulary.  This latter interaction is particularly interesting given the debate about the magnitude of the effect 
of this environmental variable {e.g. Scarborough & Dobrich, 1994}.  Interestingly, all of the interactions were 
consistent with the bioecological model of g x e interactions, such that the heritability of the QTL was larger in 
the enriched environment than the poor environment {Bronfenbrenner, 1994}.  Two representative g x e 
interactions are plotted in Figure 1 for children in enriched environments (1 SD above the mean) and poor 
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environments (1 SD below the mean).  In these plots, the co-sib’s score (y-axis) is plotted as a function of 
his/her genetic relationship with the proband.  The y-axis is scaled in terms of SD units below the control mean 
and the proband mean is -1.  The genetic relationship, or identity by descent status (ibd) of the siblings, is 
plotted on the x-axis.  The slopes of the lines reflect the heritability of the QTL, such that a steeper negative 
slop reflects a greater heritability.   

 
Figure 1. Plots of two representative gene x environment interactions. 

 
One caveat to these findings is 
that the range of represented 
environments is skewed 
toward higher SES.  Thus, 
although these graphs imply 
that children in enriched 
environments with genetic risk 
factors perform worse than 
children in poor environments, 
this conclusion is premature 
because of the limited range of 
environments.  The more 

important take-home message from these graphs is that the heritability of QTLs in enriched environments is 
larger than in poor environments, consistent with the bioecological model {Bronfenbrenner, 1994}.  The fact 
that these g x e interactions were detected for pre-literacy skills at replicated RD loci suggests that a search for 
g x e interactions in a larger sample of children selected for RD is likely to yield interesting results. 
  
GENE – GENE ADDITIVE EFFECTS 
 This study also examined the impact of additive genetic risk across the SSD loci.  In this analysis, only the 
chromosome 6 and 15 loci were included because there was only weak evidence for linkage of SSD to 
chromosome 1.  Probands were grouped according to whether they showed evidence of linkage to 0, 1, or 
both of the risk loci.  Results showed that the number of risk alleles predicted the child’s articulation score.  The 
results are plotted in Figure 2 below where the y-axis shows the child’s articulation score in terms of SD units 
below the control mean and the x-axis shows the estimated number of risk alleles. 
 
Figure 2.  Gene – Gene Additive  Effects on Articulation scores 

 
Figure 2 shows a clear linear relationship between the number of risk 
alleles and the child’s phenotypic score.  Although this analysis only 
included 2 of the 6 replicated RD loci, these preliminary results suggest 
that further analysis of the additive effects of all 6 loci would be a fruitful 
area for further research.  In particular, the current project will examine 
whether this linear trend applies to reading phenotypes and whether a 
linear trend best characterizes the data when more risk alleles are added.   
Furthermore, in this analysis, the linear trend indicated that there was no 
evidence for epistasis between these two loci.  However, it remains an 
empirical question whether other RD loci may show epistatic interactions.   
 

D. RESEARCH DESIGN AND METHODS 
PARTICIPANTS 
 Because a genetic study requires larger numbers of participants than could reasonably be recruited in the 
span of time allotted for a doctoral dissertation, this project will use twins and their siblings that have been 
recruited through the Colorado Learning Disabilities Research Center (CLDRC) {DeFries explanation}.  The PI 
of this center, Richard Olson, Ph.D., has agreed to serve as a consultant on this project (see Appendix).  One 
strength of this twin sample is that it is a population-based sample.  All twin pairs between the ages of 8 and 18 
years are ascertained, without regard to reading status, through 22 different school districts in 928 different 
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schools in Colorado.  Subsequently, permission is sought from the parents to review the school records of both 
twins for evidence of reading problems.  If either member of the twin pair has a positive history for reading 
problems both members of the twin pair are invited to participate in the research project.  The zygosity of the 
same-sex twin pairs is determined using selected items from the Nichols and Bilbro {1966} questionnaire, and 
in ambiguous cases, is confirmed by analysis of blood or buccal samples.  Whenever possible, biological 
siblings of the twin pair that are within the 8-18 age range are also tested.  Additional eligibility criteria include: 
(1) raised in an English-speaking home, (2) IQ score on the Verbal or Performance scale of at least 80 on the 
Wechsler Intelligence Scale for Children-Revised {WISC-R: Ref} or Wechsler Adult Intelligence Scale {WAIS-
R: Ref}, (3) no evidence of neurological problems, (4) no uncorrected visual or auditory acuity deficits, and (5) 
no known genetic disorders or syndromes.   

To date, the sample consists of 603 children from 255 families with viable genetic data.  Altogether, when 
multiple sib-ships are taken into account, there are 348 independent sibling pairs available for linkage analysis.  
These calculations include dizygotic twins (DZ) and their biological siblings as well as the proband from 
monozygotic twin pairs if their biological siblings were also tested.  Otherwise, monozygotic twin pairs are not 
included because they are not informative for linkage analysis.     
 
PROCEDURE  

The twins and siblings completed a battery of tests assessing cognitive, reading/language skills, executive 
functions, and ADHD symptomatology at the University of Colorado, Boulder and the University of Denver.  
The children and their parents also gave blood samples or, alternatively, buccal samples that were shipped to 
the University of Nebraska Medical Center (UNMC) for genetic analysis.  Shelley Smith, Ph.D. is the PI of the 
genetic component of the CLDRC at UNMC and she has agreed to serve as a consultant on this project (see 
Appendix).  The children were paid $100 for their participation.  The research protocols are approved by the 
IRBs at the University of Colorado, Boulder, University of Nebraska Medical Center, and the University of 
Denver.   

Although the genotypes and phenotypes for this project will be obtained from these three sites, measures 
of the home literacy environment are not included in the CLDRC battery, with the exception of a few relevant 
questions.  As a result, this project proposes to mail follow-up questionnaires to parents in order to gather 
additional information about the home literacy environment.  Follow-up mailings to this sample have been 
successful in previous studies {Tunick & Pennington; Friedman}.  Based on the return rates in these previous 
studies, a 50% return rate would be a reasonable expectation.  IRB approval will be obtained to contact the 
families via telephone to introduce the project.  Subsequently, the questionnaires will be mailed with self-
addressed, stamped envelopes.  In order to further encourage responses, parents will also be provided with 
the option to fill out the questionnaires online, if they prefer.  If they choose this option, parents will be directed 
to surveymonkey.com, a secure website for online data collection.  In order to insure confidentiality, parents 
will enter an ID number, rather than personal information, to identify their family.  Parents who complete the 
questionnaires will be reimbursed $10.   

The environmental questionnaires will ask the parents to make a few retrospective judgments about shared 
reading activities when their participating children were in preschool (e.g. how often did you read a picture 
book with your child?).  The preschool period will be targeted because several measures of preschool shared 
reading activities with established psychometric properties have already been developed (Debaryshe; 
Whitehurst; Payne}.  In order to facilitate accurate reports, the parents will be asked to remember events that 
happened during the child’s preschool year (e.g. what school the child attended, what house they lived in etc.).  
For the most part, however, the questionnaires will assess the current home literacy environment (e.g. number 
of books in the home) with the assumption that this variable will be relatively stable.  Indirect evidence of the 
stability of the home literacy environment can be inferred from the moderate test-retest reliability of a widely 
used observational measure of the global home environment, the Home Observation for Measurement of the 
Environment (HOME) {Caldwell, 1984; Bradley, 1993; Totsika, 2004}.  In order to directly assess the stability of 
the literacy environment in this sample, the questionnaires will repeat several items regarding the parent’s 
literacy habits that were asked at the original time of testing.   
 
MEASURES 
Reading and Component Reading Processes 
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The CLDRC’s strategy for choosing measures of the RD phenotype has been to emphasize measures that 
show significant reliability, validity, and heritability {Gayan & Olson, 2001; Gayan & Olson, 2003}.  The 
measures are listed in Table 1 below and grouped into 6 broad constructs with at least 3 indicators each.  
These constructs have been similarly defined in previous studies {Gayan & Olson, 2001; Gayan & Olson, 
2003}.  A confirmatory factor analysis will be performed in this sample to test this proposed factor structure.  To 
preserve the assumption of independence, the sample will be split into unrelated members and the factor 
structure will be tested for equivalence in both subsamples.  If a satisfactory fit is obtained, the composite 
phenotypes will be used in the genetic analyses in order to add to the power of the analysis {Marlow, 2003}.  If 
a satisfactory fit is not obtained, the factor structure of the measures will be examined with an exploratory 
factor analysis in order to guide modifications to the model.   
 

Measure Reliability/ 
Validity 

Reference 

Word Recognition   
          PIAT Reading Recognition .96a Dunn & Markwardt, 1970 {} 
          TOWRE Sight Word Efficiency .84-.97a Torgesen et al., 1999 {} 
          Timed Oral Reading of Single Words .88c Olson et al., 1994 {} 
Phonological Decoding   
          TOWRE Phonemic Decoding .89-.90a Torgesen et al., 1999 {} 
          Oral Nonword Reading .86b Olson et al., 1994 {} 
          Pseudohomophone Nonwords .80c Olson et al., 1994 {} 
Phonological Awareness   
          Lindamood Auditory Conceptualization Test .67c Lindamood & Lindamood, 1971 {} 
          Phoneme Deletion .78c Olson et al., 1994 {} 
          Phoneme Segmentation and Transposition Test .78c Olson et al., 1989 {} 
Verbal Working Memory   
          Nonword Repetition .80b Gathercole et al., 1994 {};  
          Sentence Span .65-.71 Siegel & Ryan, 1989 {} 
          Counting Span .55-.67 Case et al., 1982 {} 
Orthographic Coding   
          Orthographic Choice .63c Olson et al., 1994 {} 
          Homonym Choice .63c Olson et al., 1994 {} 
          PIAT Spelling .56c Dunn & Markwardt, 1970 {} 
Rapid Naming   
          Picture Naming .80 Denckla and Rudel (1974;1976) {} 
          Color Naming .82 Denckla and Rudel (1974;1976) {} 
          Number Naming .86 Denckla and Rudel (1974;1976) {} 
          Letter Naming .86 Denckla and Rudel (1974;1976) {} 
a Test-retest reliability 
b Internal consistency 
c Construct validity – age-adjusted correlations with other measures in the construct 
 
Diagnostic RD Measure 
 A previous discriminant function analysis of non-twin children showed that a weighted average of the 
Peabody Individual Achievement Test (PIAT) Reading Recognition, Spelling, and Reading Comprehension 
subtests best differentiated children with a history of RD from those without such a history {DeFries, 1985}.  
The PIAT Reading Recognition and Spelling subtests are listed above.  The PIAT Reading comprehension has 
a test-retest reliability of .86.  A discriminant score will be calculated for every child in the sample.  This 
discriminant score will be used as the “gold-standard” diagnostic phenotype for the linkage analyses. 
 
Subtyping Variables 
 Although each of the subtypes discussed below can be conceived as a categorical distinction (e.g. ADHD 
or no ADHD), in order to maximize power and the number of children included in each analysis, this project will 
define each of the dimensions continuously. 
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Surface vs. Phonological Subtype: The surface and phonological RD subtypes will be defined using methods 
similar to those outlined by Castles et al. {1999}.  First, standardized z-scores on the orthographic coding and 
phonological decoding latent factors will be created.  Then, the phonological scores will be subtracted from the 
orthographic scores to create a difference score that reflects the relative level of the child’s orthographic skills 
in relation to their phonological skills.    
 
Comorbid SLI: Children with SLI often score poorly on measures of Verbal IQ {Bishop, 1997}.  In this project, a 
composite of standard scores from the WISC-R or WAIS-R Vocabulary, Comprehension, Information, and 
Similarities subtests will be used to index language abilities {WAIS-R; WISC-R}.    
 
Comorbid ADHD: Parents and teachers completed a DSM-IV ADHD Rating Scale for each child in the study 
similar to other DSM IV ADHD questionnaires {Barkley & Murphy, 1998; DuPaul, 1998; Pelham, 1992; 
Swanson, 1995}.  The Or rule will be used to combine information from the 3 raters because it has been found 
to be optimal for identifying children with impairing ADHD {Lahey et al., 1994}.  The number of symptoms 
endorsed according to the Or rule will be used as a continuous measure of ADHD symptomatology.   
 
Environmental Measures 
 
Socioeconomic status: Parental education, especially maternal education, is often used as a marker variable 
for SES.  It is regarded as a “proxy for the amount of learning provided to the child, the literacy environment of 
the home, the parental engagement in the school, and the belief in the importance of schooling and learning” 
{Smith, 1997, p.135}.  The CLDRC collects information about education level for both the mother and father. 
 
Home Literacy Environment - already collected by the CLDRC 
1.) Parental Reading History Questionnaire (RHQ: Lefly & Pennington, 2000).  Both parents filled out RHQ 
which includes items asking them to rate on a Likert scale the degree to which they currently participate in 
reading activities (e.g. How much reading do you do for pleasure? 0 = a great deal, 4 = none).  Previous 
analyses of the RHQ revealed that these items assessing current reading practices were unrelated to familial 
risk for dyslexia, possibly because busy parents with good reading skills may read infrequently due to their 
hectic schedules (R. Boada, personal communication, September, 2005).  In a previous study, the items 
assessing current reading practices were best split into 3 items assessing reading activities (Cronbach’s alpha 
= .80-.86) and 2 items assessing newspaper activities (r = .66-.72) {McGrath, 2005}.   
2.) Reading Questions: Both parents filled out 4 questions regarding the home literacy environment: 
 a. How many magazines do you read each month?        None, 1-2, 3-6, 7-10, over 10 
 b. How many books do you read each month?         None, 1-2, 3-6, 7-10, over 10 
 c. Estimate how many books you presently have in your home.    0-50, 51-100, 101-200, 201-500, over 500 
 d. Have you ever (or do you presently) read to your children?    Never, Rarely, Sometimes, Regularly 
 
Home Literacy Environment - to be collected (see Appendix)  
 Although the CLDRC collects some measures of the home literacy environment, there is only one question 
that addresses the shared reading practices of the family.  This dimension has been quite controversial in the 
literature {e.g. Scarborough & Dobrich, 1994} and so the current project proposes to mail follow-up 
questionnaires to parents in order to collect more information, albeit retrospectively.  Secondly, the parental 
measures of literacy practices that are collected are quite susceptible to socially-desirable responding 
{Stanovich & West, 1989}. 
1.) Parent Book and Author Exposure {Title Recognition Test (TRT): Allen, 1992; Author Recognition Test 
(ART): Stanovich & West, 1989}.  These surveys list popular children’s books (TRT) and popular adult authors 
(ART) intermingled with false lures.  Parents are instructed to identify the books and authors that are “true” 
authors and are informed that “fake” books and authors are also included.  The goal of these surveys is to 
assess parents’ exposure to print in a format that is less susceptible to socially desirable responses than 
typical questionnaires.  The Cronbach’s alpha is .80 for the TRT and .84 for the ART.  Scores for the ART and 
TRT will be calculated by subtracting the proportion of foils identified from the proportion of correct items 
identified.   
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2.) Shared Reading Practices from the Stony Brook Family Reading Survey {Payne; Whitehurst}: This 
measure contains several items designed to assess shared reading practices during the preschool period 
using a multiple choice format.  The follow-up questionnaires will ask parents to fill out these items 
retrospectively.  Although the measure has been used in several studies, none of these has focused 
exclusively on the shared reading questions and so these specific psychometric properties are undetermined.   
3.) Home Literacy Questionnaire:  This measure was developed in the Pennington lab to assess dimensions 
of the home literacy environment that are often neglected in existing measures, such as library visits, 
letter/email writing, frequency of book purchases etc.  The questions are given in a multiple choice format.  The 
psychometric properties of this measure were first explored in the preliminary study to the current project 
{McGrath, 2005}.  An exploratory factor analysis produced a readily interpretable five factor solution: letters & 
library, enjoyment of books, newspaper reading, child’s independent reading, and shared reading practices.  
For the purposes of the follow-up mailing, items from the Home Literacy Questionnaire and Stony Brook Family 
Reading Survey will be combined and repetitive items will be deleted 
 
Family Educational Values (to be collected) 
1.) Family educational values from the Stony Brook Family Reading Survey {Payne; Whitehurst}:  This 
measure also includes several items designed to assess parental attitudes towards responsibility for the child’s 
intellectual development.  The items instruct the parent to mark the circle that corresponds to the balance of 
responsibility (e.g. Who do you think is more responsible for a child learning to read?  Parent ------- Teacher).  
Although the measure has been used in several studies, none of these has focused exclusively on the 
attitudes dimension of the survey and so these specific psychometric properties are undetermined.   
 
GENOTYPING & IBD ESTIMATION 
Ten cc’s of blood or, alternatively, buccal cell samples were obtained from all children participating in the study 
and their biological parents.  The PUREGENE DNA Isolation Kit (Gentra Systems) was used with minor 
modifications to the protocol to extract the DNA from the samples.  Immediately following the extraction, the 
preamplification extension procedure GenomiPhi (Amersham Biosciences) was used to amplify the amount of 
DNA.  Microsatellite markers in the six replicated RD linkage regions were selected to cover the regions with a 
density of 1-2 cM.  Table 1 below lists the markers that flank the regions of interest and the size of the region of 
interest.  The intervening markers were selected from the deCODE genetic map (NCBI: 
http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9606).   
 
Table 1. Flanking microsatellite markers for the RD regions of interest  

Region Marker 1 Position cM Marker 2 Position cM Span cM 

1p34-36 D1S507 26.24 D1S1622 48.69 22.45 
2p11-16 D2S2378 71.94 D2S337 83.98 12.04 
3p12-q13 D3S1566 94.76 D3S1278 129.73 34.97 
6p21.3-22 D6S1597 43.93 D6S1549 61.87 17.94 
15q15-21 D15S1012 38.12 D15S1033 56.60 18.48 
18p11 D18S452 17.62 D18S53 37.67 20.05 

 
Following PCR amplification with dye-labeled primers (IDT, Coralville, IA), the ABI 3730 DNA Analyzer was 

used to perform genotyping.  Inheritance checking was done with the Genetic Analysis System version 2 
software (Young, 1995).  In Dr. Smith’s genetics lab, the initial genotype error rate detected by the Genetic 
Analysis Systems is approximately 3.2% (Smith, S. D., personal communication, November 12, 2005).  When 
errors were detected by the Genetic Analysis System, the allele calls were double-checked by the 
technologists.  Following this procedure, the count recs feature in GENEHUNTER 2.1_r5b (Kruglyak, Daly, 
Reeve-Daly, & Lander, 1996) and the error feature in MERLIN (Abecasis et al., 2002) were also used to detect 
errors in map placement or genotyping.  The Graphical Relationship Representation (GRR: 
http://www.sph.umich.edu/csg/abecasis/GRR) was also used to visually inspect the genetic data from the 
twins, parents, and siblings to insure that the biological relationships specified correctly.  After all detectable 
errors were corrected or deleted, it was estimated that the genotype error rate was less than 1% (Smith, S. D., 
personal communication, November 12, 2005).  In order to perform the following linkage-based analyses, 

http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9606
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multipoint identity by descent (ibd) estimations (pihat) will be calculated using the ibd feature of Merlin 
{Abecasis, 2002}.   

 
PLANNED ANALYSES 
 
Linkage Analyses 
 Before conducting tests of g x e and g x g effects, a linkage analysis will be performed in order to identify 
the linkage peaks at each of the 6 replicated RD loci with each of the latent factors and the discriminant score.  
Subsequently, the tests of g x e and g x g will be performed at these linkage peaks with the most informative 
phenotypes.  Because this sample has been selected for an extreme phenotype, regression-based linkage 
methods are most appropriate.  Two of the most widely-used regression-based linkage methods are the 
DeFries-Fulker method (DF) and the Merlin-regress method {Fulker, 1991; Sham, 2002}.  The DF method 
capitalizes on the phenomenon of regression to the mean.  In this method, at least one member of each sib-
pair (the proband) is selected to be extreme on a phenotype and then the equation attempts to predict the co-
sib’s phenotypic score based on the genetic relationship (ibd) of the siblings {Fulker, 1991}.  The logic is that, 
given a risk locus that affects a phenotype, a co-sib who carries the same alleles as the proband will not 
regress as far to the population mean as a co-sib who does not share the same genotype.  In other words, if 
the ibd status of the sib-pair at the locus being tested is a significant predictor of the co-sib’s score, then there 
is evidence for linkage {Plomin et al, 1997}.  The DF basic equation is given below, where C stands for co-sib, 
P stands for proband, and π represents the ibd status of the sib-pair. 

C = B1P + B2π + K 
Figure 3 illustrates the predictions for the co-sib’s score based on the sib-pair’s ibd status, assuming there is 
evidence for linkage.   

 

One advantage of the DF model is that it is particularly flexible and can 
incorporate tests of gene x environment interactions {Fulker, 1991}.  
Because of this property, the DF method will be the primary linkage 
analysis employed in this project.  However, because convergence 
among methods is always desirable, a secondary linkage method will also 
be employed, Merlin-regress {Sham, 2002}.  Linkage peaks that receive 
converging evidence from both methods will be emphasized in 
subsequent analyses.   

Multipoint DF analyses will be conducted with QMS2 {website} using 
an extremity selection of 1 standard deviation below the control mean.   
Because the sample was truncate selected, sib-pairs in which both 
members meet the extreme selection criteria will be double-entered 

(DeFries & Gillis, 1991).  The standard errors of the regression coefficients will be corrected for the number of 
double-entered pairs using the procedures documented in Stevenson, Pennington, Gilger, DeFries and Gillis 
{1993}, which is a conservative correction procedure {Rodgers & Kohler, 2005}.  In addition to this conservative 
correction, we will also use the p<.01 criteria proposed by Lander and Kruglyak {1995} for replicating a linkage 
result, to minimize false positives.  In this case, there is not another more appropriate correction for multiple 
tests, such as a Bonferroni correction, because the phenotypes are highly correlated and the markers are 
tightly linked {Francks et al., 2004}.     

The power to detect linkage with a sample size of approximately 350 sibling pairs is XX.  This estimate is 
based on the effect size obtained from the preliminary study to this project.  This effect size was chosen 
because the prior project used the same linkage methods, overlapping risk loci, and similar composite 
phenotypes.   
 
Gene x Environment Interactions 
 As previously discussed, the extended form of the DF equation can easily incorporate g x e interactions  
{Fulker, 1991}: 

C = B1P + B2π + B3e + B4Pe + B5πe + K 

Figure 3.  An illustration of the 
DeFries-Fulker linkage method.  
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The new term, “e” represents the environmental measure.  The beta weight of interest in this equation is B5, 
which gives an estimate of the significance of the gene x environment interaction.  This extended model will be 
run with SPSS regression at each of the significant linkage peaks across all 6 replicated RD loci with the 
collected environmental measures: SES, home literacy environment, and family educational values.  
Significant interactions will be plotted according to the recommendations of Aiken and West {1990} in order to 
determine the directionality of the interaction. 
 As before, the standard errors of the B weights will be corrected for the double-entry of concordant sibling 
pairs.  Because considerable power is necessary to detect interactions and because the double-entry 
correction is known to be conservative, the p value will be set at .01, but trends at p <.05 will also be noted.  
According to effect size calculations from the preliminary study, the power to detect an interaction is XX.   
 In addition to these linkage-based analyses, this project will conduct the first allele x environment 
interaction in RD using the intronic deletion in the DCDC2 gene as a measure of risk allele status. 

 
Gene-Gene Additive and Epistatic Effects. 

A novel measure of genetic risk can be derived from the influence statistic, standardized DF beta, provided 
by SPSS Regression when the DF basic equation is computed.  DF beta is the change in the regression 
coefficient that results from the exclusion of a particular case.  In this case, the change in the regression 
coefficient for the ibd value (B2) when a particular sib-pair is deleted is an estimate of the genetic risk to the 
proband at a particular marker.  The DF beta value can also be used to assess additive genetic risk across 
different chromosomal linkage peaks.  For the purposes of this study, a categorical decision about whether a 
proband is likely to possess a risk allele or not will be made for each of the 6 RD linkage peaks.  Probands that 
contribute to linkage at a single locus with 2 or more phenotypes will be considered to possess a risk allele.  
This criterion will be set because it was discovered in the preliminary study that a criterion requiring only 1 
phenotype was too liberal {McGrath, 2005}.   
 One complication when assessing additive genetic risk across loci is that this calculation is only meaningful 
when a phenotype has shown linkage to all of the included loci.  As a result, to conduct these analyses, it will 
first be determined which phenotypes show the most consistent linkage across multiple loci.  Subsequently, the 
additive genetic risk estimate will be used to group individuals into those possessing 0, 1, 2, 3, 4, 5, or 6 risk 
alleles (if there is a phenotype that shows linkage to all 6 risk loci).  A one-way ANOVA with phenotype as the 
DV and risk alleles status as the IV will be conducted.  According to the effect size estimates derived from the 
preliminary study, the power to detect an effect is XX.  This power calculation takes into account the fact that 
only unrelated individuals can be included in the analysis in order to preserve the assumption of independence. 
 To test for gene x gene interactions, the extended form of the DF equation will be used with the 
environmental measure replaced with the ibd status of the siblings at a second locus (π2): 

C = B1P + B2π1 + B3π2 + B4Pπ2 + B5 π1π2 + K 
The primary analysis will be to test the interaction of the chr1 and chr6 interaction found by Grigorenko et al. 
{2001}.  This interaction will be tested for every phenotype that shows linkage to both of these risk loci.  
Because this is a targeted hypothesis, the p-value for this analysis will be set at .05.  Follow-up exploratory 
analyses of other two-locus interactions will be conducted with a more stringent p-value of .01.  Because 
Grigorenko et al. {2001} did not use the DF analysis to detect the two-locus interaction, it is difficult to translate 
the effect size of her result into a partial R2 calculation relevant for the DF analysis.  As an approximation, the 
power analysis will assume that the interaction term will be of the same magnitude as the interaction term in 
the g x e interactions from the preliminary study.  In that case, the power to detect a two-locus interaction is 
XX. 
 Finally, Classification and Regression Tree (CART) analysis will be used to determine the higher-order 
combinations of alleles that place an individual at most risk for RD (as defined by the discriminant function 

score).  The CART 5.0 software from Salford systems will be used (http://www.salford-systems.com/).  CART 

derives a classification tree to best predict dichotomous outcomes from dichotomous IVs.  In this case, the 
dichotomous outcome is RD status and the dichotomous predictors are categorical judgments of risk allele 
status at each of the replicated RD linkage peaks.  These dichotomous predictors will be derived from the DF 
beta calculations for genetic risk explained previously.  In deriving a tree structure, CART first picks the 
dichotomous predictor that best separates the two groups.  The analysis then repeats this process iteratively 
until the most homogenous groups are obtained.  One can specify an end node where the analysis will stop.  

http://www.salford-systems.com/
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For example, in the case of RD, it might be reasonable to specify a cut-off of 85%, such that when a node has 
85% of cases at risk for RD, the analysis will stop.  Figure 4 below gives a hypothetical example of a CART 
analysis.  In this example, individuals with the chromosome 6 and chromosome 15 risk allele would be at 
significantly increased risk for RD.   

 
Figure 4: Hypothetical CART analysis 

 
 
 
 
 
 
 
 
 
 

 
RD Subtypes and Comorbidities 
 The extended form of the DF equation can also incorporate the continuous subtype dimensions discussed 
earlier: phonological vs. surface subtype, comorbid SLI, and comorbid ADHD.   

C = B1P + B2π + B3S + B4PS + B5πS + K 
The new term, “S” represents the continuous subtype dimension.  Again, the beta weight of interest in this 
equation is B5, which gives an estimate of the significance of the gene x subtype interaction.  The question of 
interest in this analysis is whether there is evidence for heritability differences at any of the QTLs as a function 
of subtype.  One specific hypothesis is that children with RD and ADHD should show higher heritability at the 
chromosome 6 linkage peak because it has shown evidence of pleiotropy {Willcutt, 2002}.  Thus, for 
phenotypes showing linkage to chromosome 6, this specific hypothesis will be tested.  In the case of the 
phonological vs. surface subtype and comorbid SLI, the analyses will be more exploratory because there are 
no a priori predictions, except to say that it is likely that comorbid disorders possess unique and shared risk 
factors {Pennington, in press}.    
 As before, the standard errors of the B weights will be corrected for the double-entry of concordant sibling 
pairs.  The p value for these exploratory analyses will be set to .01, with the exception of the specific RD/ADHD 
hypothesis.  Assuming that the effect size of the interaction term would be similar to the g x e interaction effect 
size obtained in the preliminary study, the power to detect an interaction is XX.     
 A final exploratory analysis will depend on the results from the g x g and g x e analyses.  If significant 
interactions are obtained, this project will explore whether these interactions differentially affect any of the 
subtypes. 

Chr 6 – YES - 60% RD 

Chr 6 – NO - 40% RD 

Chr 15 – NO - 55% RD 

Chr 15 – YES - 60% RD 

Chr 15 – NO - 30% RD 

Chr 15 – YES - 85% RD 

Chr 1 – YES - 75% RD 

Chr 1 – NO - 50% RD 

Chr 1 – YES - 65% RD 

Chr 1 – NO - 45% RD 

Chr 1 – YES - 40% RD 

Chr 1 – NO - 20% RD 

Total Sample – 50% RD 


