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Abstract

Background/Aims: Genetic studies have raised the possibil-
ity of common bases for cognitive linguistic disorders such
as speech sound disorder (SSD), reading disorder (RD) and
language impairment (LI). Thus, some of the same genes
may jointly influence cognitive components within and be-
tween these three disorders. We examined the plausibility
of this theory in a sample of families ascertained on the basis
of a child with SSD. Methods: Using the method of general-
ized estimating equations to solve a bivariate family predic-
tive model we obtained measures of comorbidity and famil-
ial aggregation of SSD and LI. We then used two methods of
multipoint model-free linkage analysis to evaluate SSD and
LI psychometric test measures over a region previously im-
plicated in linkage studies of RD, DYX8 region, 1p34-p36. Re-
sults: Bivariate phenotypic analyses show evidence of co-
morbidity and within family aggregation and coaggregation
of SSD and LI. In addition, two regions on chromosome 1
show suggestive evidence of linkage. The first region was
previously reported in dyslexia studies. Our maximum link-
age signal in this region measured articulation (p = 0.0009)

in SSD sibling pairs. The second region is characterized by
processes involved in language production, with the maxi-
mum linkage signal measuring listening comprehension
(p =0.0019) using all sibling pairs. Conclusion: We conclude
that the DYX8 region could bear genes controlling pleiotro-

pic effects on SSD, LI and RD. Copyright © 2007 S. Karger AG, Basel

Introduction

Speech Sound Disorders (SSD) are characterized by
errors due to poor motor abilities associated with the pro-
duction of speech sounds (articulation or phonetic struc-
ture), and/or errors in applying linguistic rules used to
combine sounds to form words (phonological errors).
SSD are prevalent in childhood, with rates estimated at
15.2% for pre-school age children [1] persisting in 3.8%
of these affected individuals up to 6 years of age. SSD can
be comorbid with reading disorder (RD), or dyslexia [1-
3] and disorders of language [4].

The comorbidity with RD is hypothesized to be, at
least in part, attributable to skills that underlie both writ-
ten and spoken language, broadly phonological process-
ing and more specifically phonological awareness. Dys-
lexic children have been shown to have core deficits in
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phonological processing skills, defined as the ability to
correctly use phonemes to process verbal and written in-
formation in short and long term memory by coding and
decoding information. A critical component of phono-
logical processing, phonological awareness, which is
demonstrated by tasks that assess explicit knowledge of
the sound system, has been shown to be particularly
problematic for children with RD [5-7].

Language impairment (LI) refers to a heterogeneous
group of developmental disorders or delays that are prin-
cipally characterized by deficits and/or immaturities in
language comprehension or production that may involve
semantics, syntax or pragmatics. The reported rates of
co-morbidity between SSD and LI in children with per-
sistent speech delay are 11-15% at 6 years of age [1], with
considerably higher rates of 40-60% reported for pre-
school children [8]. In addition, both children with co-
morbid SSD and LI and those with LI only often present
with reading disorders at school age [9, 10].

Genetic studies of SSD and RD raise the possibility of
a common genetic basis for these disorders [11-18]. Our
prior findings on chromosome 3 [18] and those reported
recently for chromosomes 1, 6 and 15 [19] have demon-
strated that this overlapping etiology, as evidenced in
part by coincident linkage signals, may be due to pleiot-
ropy. Pleiotropy is defined as the same gene(s) influenc-
ing different disorders or influencing seemingly unrelat-
ed components of the same disorder. If coincident linkage
signals were actually pleiotropy then there would also be
a greater than expected level of genetic comorbidity of
SSD, LI and/or RD within individuals and within fami-
lies [20]. There have been reports of both comorbidity
and familial aggregation of SSD and LI [1] and Specific
Language Impairment and RD [21]; however, multivari-
ate aggregation and segregation analyses have only been
performed using RD samples [22-24]. To date there have
been no formal multivariate analyses of the SSD and LI
phenotypes. In this paper we propose such a model as a
preliminary step to linkage analyses.

We therefore examine pleiotropy in two stages. First
we tested for phenotypic aggregation using a bivariate
analysis. This analysis elucidated the extent of familial
aggregation, as well as individual and familial comorbid-
ity of SSD and LI. These estimates are generated using
information across all families in the sample. Second, us-
ing model-free linkage methods we tested for linkage of
quantitative psychometric measures used to test for SSD
and the binary measures of SSD and LI to the DYX8 re-
gion, corresponding to 1p34-p36, which has previously
been implicated in linkage studies of dyslexia. The results
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of the bivariate analyses demonstrate evidence for co-
morbidity and aggregation. In addition our linkage anal-
yses of SSD phenotypes show tight overlap with both a
previous SSD study using an identical test measure and
tight overlap with several existing dyslexia linkage analy-
ses in the DYX8 region at two susceptibility loci.

Methods

Family Ascertainment

The families were recruited through a proband child with a
moderate to severe SSD referred from the clinical caseloads of
speech language pathologists in Northeastern Ohio. All study
participants were screened to ensure they met the following cri-
teria: (1) normal speech mechanism as demonstrated by the Total
Structure subscale of the Oral and Speech Motor Control Protocol
[25], (2) normal hearing as demonstrated by pure tone audiomet-
ric screening test and impedance audiometry, (3) normal intelli-
gence, defined as a performance IQ of at least 80 on the Wechsler
Preschool and Primary Scale of Intelligence (Revised) [26, 27], or
Wechsler Intelligence Scale for Children (Third Edition) [28], (4)
absence of a history of neurological disorders or developmental
delays other than speech and language as reported by the parent.
The purpose of these procedures was to exclude SSD due to struc-
tural abnormalities such as cleft lip and palate, hearing loss, and
general cognitive impairments, which may be under genetic in-
fluences separate from those affecting the majority of cases.

Probands and siblings were considered SSD affected if their
scores on the Goldman-Fristoe Test of Articulation Sounds in
Words subtest (GFTA) [29] were in the bottom tenth percentile,
and they committed a minimum of four phonological process er-
rors with severity rating 3-4 on the Khan-Lewis Phonological
Analysis Test [30]. Parents were considered SSD or LI affected if
they had ever been enrolled in speech or language therapy. The
qualitative variable SSD therefore includes all individuals meet-
ing these criteria, regardless of their LI affection status.

Binary affection status for language impairment (LI) was de-
fined by a score one standard deviation or greater below the mean
on two or more subtests of the age appropriate Test of Language
Development, Primary (Second Edition) [31], or the Clinical
Evaluation of Language Fundamentals (Revised) [32]. The quali-
tative variable LI therefore includes comorbid individuals. Addi-
tionally we generated the qualitative variable SL which is a com-
posite of the two variables LI and SSD; individuals with SL have
LI=1and/or SSD = 1.

Psychometric Measures

Articulation of speech sounds in initial, medial and final word
positions, as well as consonant blends, was assessed using the
GFTA. For participants over four years of age, phonological short
term memory was evaluated through the repetition of nonsense
words on the Nonsense Word Repetition Task (NSW) [33]. The
multisyllabic word Repetition Task [33] (MSW) and difficult to
articulate phrases such as ‘mixed biscuits’ or ‘blue plaid pants’ on
the Speech Error Phrases (ERRORW) further assessed articula-
tion skills in children who may not present with overt speech er-
rors on the GFTA or in conversational speech. The Colorado Per-
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ceptual Speed Test (CPST) [34] was used to assess visual speed of
processing of letters and numbers using a three-part, timed task
requiring the individual to rapidly scan and circle groups of
matching letter-number clusters.

Verbal short term memory was assessed with the sentence im-
itation task of the CELF-R (CELF-Rsi) or TOLD-P:2 (TOLDP:2si)
[31, 32]. Both receptive and expressive vocabulary was assessed
using the Peabody Picture Vocabulary Test (Third Edition) [35],
and the Expressive One Word Vocabulary Test (Revised) [36], re-
spectively.

Reading decoding was assessed in children at least 7 years of
age using the Word Attack (WRAT) and Word Identification
(WRID) subtests of the Woodcock Reading Mastery Tests (Re-
vised) [37]. Reading comprehension was evaluated using the
Wechsler Individual Achievement Test Reading Comprehension
subtest (WIATRC) which requires children to select the picture
that matches a word or sentence as well as generate a word that
matches a picture and oral description [38]. The Wechsler In-
dividual Achievement Test Listening Comprehension subtest
(WIATLC) assesses auditory language comprehenison, tapping
syntax, vocabulary and verbal short-term memory [39]. Spelling
was evaluated using the third edition of the Test of Written Spell-
ing (TWS-3) [40]. The TWS-3 contains both predictable words
(words with regular phoneme-grapheme associations) and unpre-
dictable words (words that do not adhere to spelling rules).

All quantitative scores were adjusted prior to analysis of the
genetic data using a stepwise regression model including age, age
squared and a rating of socioeconomic status using the Hollings-
head Four Factor Index of Social Class [41]. Two sided t tests, ac-
counting for significantly different variances when appropriate,
were used to determine if the adjusted mean scores differed sig-
nificantly between proband and SSD affected siblings and SSD
unaffected siblings. The residual mean scores were used in all
quantitative linkage analyses in this study.

Genotyping

High molecular weight DNA was isolated from an aliquot of
blood with the Puregene Kit (Gentra Systems, Inc) or from buccal
swabs using the BioRad InstaGene™ Matrix protocol (BioRad
Laboratories, Inc.). Microsatellite markers on chromosome 1p34-
36 were genotyped according to previously described methods
[18]. The 10 markers span an approximately 94 cM region; they
are indicated in bold in figure 1. Marker order, map distance,
physical location and marker heterozygosity was determined us-
ing MAP-O-MATvl.1 (http://compgen.rutgers.edu/mapomat).
Five percent blind replicates and two Centre d’Etude du Polymor-
phisme Humain (CEPH) controls were included on each gel to
serve as internal controls. The genotype error rate, found by com-
paring replicates, was 4.87%.

Inconsistencies in the segregation of the genotypes within
families were examined using MARKERINFO (S.A.G.E. v5.0).
Individuals who demonstrated Mendelian inconsistencies at mul-
tiple markers that could not be resolved by retyping were treated
as missing for the purpose of this analysis. The total of Mendelian
inconsistencies and irresolvable genotypes represented 5.3% of
the data. This error rate, along with the genotype error cited
above, are likely due to poor DNA quality, since 82.74% of the
missing data were found in buccal samples. After this data clean-
ing step, the marker informativity, in terms of Shannon informa-
tion content, ranged from 0.74 (D15255) to 0.86 (D1S2781). Rela-

Speech and Language Pleiotropy in the
DYX8 Region

tionships were confirmed using a likelihood-based analysis of all
available molecular data, implemented in RELPAIR [42].

Bivariate Family Predictive Model

In order to examine aggregation and comorbidity we first cal-
culated some simple odds ratios and then constructed a quadrat-
ic exponential model (QEM) [43]. All individuals with pheno-
typic data were used in both odds ratio calculations and the QEM;
to adjust for ascertainment we did not include the affection status
of the proband. Our rationale for the use of the QEM model was:
(1) the parameters have clear interpretations as conditional odds
and odds ratios, (2) associations within families and within indi-
viduals can be examined, (3) individual characteristics (sex, race,
type of relative, etc.) can be taken into account through the use of
covariates. Hudson et al. [44, 45] derived the logistic regression
equations for the multivariate case detailed below.

The components of the QEM model are as follows. First we
generated a vector of family member j’s binary affection status for
SSD, Ys;, and LI, Y, written as (YLJ, YSI)T, with j = 1 for the pro-
band and j >1 for all relatives. For each person, we then summed
the number of SSD affected in the family, S, _;=>Ygand the num-
ber of LT affected in the family, S; _; = XY}y, subtracting one from
these totals if the individual family member was affected. The five
main parameters in model 1 measure baseline risks of SSD (o)
and LI (o) assuming that there are no other affected members
and that the individual is not comorbid for SSD and LI, the asso-
ciation of SSD and LI within an individual (3), the within family
association of SSD (s), the within family association of LI (y.)
and the within family association of SSD (or LI) given LI (or SSD),
(ysz). The values in the 6 vectors were used to estimate covariate
intercepts for a response’s relative type (offspring = 0, other rela-
tive type = 1) and race (Caucasian = 0, non-Caucasian = 1). The
model for j = 1...n is written

P(Ys, Yy, | Ysj» Y_jp Zj) o exp {asYs + a Y, + 5Ys Y+
)’sYsSs ;+ nYLSe+ Yoo (YsSe + YLSS ,) + (gsZ)Ys
9LZ)YL} (1

This can rewritten as two logistic regression equations with shared
coefficients. One equation has SSD as an outcome, Ys and one
equation has LI, Y, as an outcome. For each person we summed
(i) the number of SSD affected, Ss_; = 2Yg and the number of LI
affected, Sy _; = ZY7, subtracting one in both cases if the individ-
ual family member was affected. In order to differentiate offspring
and parents we used an indicator variable which holds a value of
1 when the pair of equations is individual that is a parent.

IOglt P(YS =1 | YL > ) =ag + 6YL + ‘)/585 -j + ’YS*LSL ~it
Ysrs1.Ssr,-j + YS*SLYL Ss,j+ YrsiYl, SL i+ YorrsYiSsi, + 05Z;

IOgltP(YL =1 | YS’ —j> )— ar + SYL + ’}/LSL_]‘F ’YS*LSS—]
VeesLSsr—j + YL*SLYS St + Yors1Ys,Ss,-j + Vsrrsr YsjSsr,-j + 0/Z;

@)

To adjust for ascertainment of probands on SSD(LI) status, only
the proband’s LI(SSD) equation was used in the estimation of the
coefficients.

Multipoint Linkage Analysis
Genotypes from all family members were used to calculate
both single point and multipoint identity by descent (IBD) allele
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Fig. 1. Genetic and cytogenetic locations with evidence for linkage to RD, SSD and related phenotypes. < =
Closest marker to most significant linkage signal. * Linkage analyses using population ascertained on the basis
of an individual with RD. T Linkage analysis using population ascertained on the basis of an individual with
SSD. GFTA = Goldman Fristoe Test of Articulation; PA = phonemic awareness; PD = phonological decoding;
SWR = single word reading; RN = rapid naming.

sharing distributions using the GENIBD program of S.A.G.E
(v5.0). To allow for covariate-related locus heterogeneity, we ap-
plied a covariate-based affected relative pair LOD score method
as implemented in the LODPAL program of S.A.G.E (v5.0). This
model is a 1 parameter modification of the conditional logistic
parameterization of the Affected Sib Pair (ASP) LOD score meth-
od [47]. An optimal mode of inheritance parameter is specified
that allows one to fit only a single additional parameter per co-
variate. The model is parameterized in terms of offspring recur-
rence risk ratio, \;, conditional on K covariates:

A (x) = exp(B+ 2K ma) 3)

The covariates are centered around the sib pair sample mean
before inclusion in the model in order to improve numeric stabil-
ity, simplify specification of constraints on parameter estimates
and so that B reflects ‘average’ allele sharing in the sample. The
Yk are covariate-specific parameters that measure the change in
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allele sharing as a function of the covariates. While the actual 8
and yy values are coding dependent, conclusions about locus het-
erogeneity are not dependent on the estimated value of .

We first examined evidence for linkage of regions on chromo-
some 1 to SSD, LI and SL using only concordantly affected sibling
pairs. We then incorporated the phenotypic indicators for each
sib pair into the conditional logistic regression as covariates. To
do this we generated LOD scores at all marker positions for ASP
analyses of SSD, LI and SL. Using three models, we added the 13
test measures listed one at a time. In total, 3 ASP and 39 single
covariate analyses were run. The likelihood ratio statistics (LRSs)
for all models were calculated by dividing the LOD scores at each
location by 2log,10. The probability values for the ASP LRSs using
only the binary traits were obtained using the chi-square distribu-
tion with one degree of freedom. To calculate the significance of
the additional covariate to each of the three ASP models the LOD
score at each marker location was subtracted from the covariate
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Table 1. General description of SSD

population Characteristics of SSD sample Cau.cgsian Nog-paucasian
families families
Description of families
Pedigrees 126 25
Sibships
Mean sibship size (range) 2.51 (1-7) 1.91 (1-4)
Full (half) sibling pairs 316 (10) 42 (8)
Concordantly affected full (half) sibling pairs 99 (1) 14 (2)
SES: Hollingshead Four-Factor Index (% of total
number of families classified by ethnicity)
Category 1 (low) 2.6 21.4
Category 2 6.9 17.9
Category 3 16.4 25.0
Category 4 46.5 21.4
Category 5 (high) 27.6 35.5
Description of individuals
Individuals (male/female)
Siblings 191 (1.22) 31 (1.07)
Half-siblings 5(4.0) 10 (1.33)
Parents 215 (0.84) 36 (0.50)
Mean age (range), years
Proband 6.02 (3-12) 6.26 (3-10)
Affected siblings 7.05 (3-12) 8.86 (4-11)
Unaffected siblings 7.70 (2-17) 8.22 (3-11)
Description of relative pairs
Affected relative pairs, siblings, parents
SSD 71,53 30,5
With LI 28,8 11,2
With no LI 43,45 0,3
LI 36,13 19, 4
With no SSD 8,5 8,2
Neither disorder 114,152 14,29

based LOD score at the corresponding marker location. The re-
sulting LOD score difference was then converted to a LRS and
evaluated for significance using a chi-square distribution with
one degree of freedom. Lastly, to calculate the overall significance
of the one covariate models a 50:50 mixed chi-square distribution
of 0 and 1 degree of freedom was used [46].

The genetic contribution to pleiotropy was also assessed using
Haseman-Elston regression analysis [47], which regresses a value
for the sibling pair trait on the proportion of alleles shared IBD
using iterative Generalized Estimating Equations (GEE) to ac-
count for the non-independent sibpairs. The weighted combina-
tion of the mean corrected sibpair squared trait sum and squared
trait difference (option w4), is asymptotically most powerful and
was therefore used for all regressions [48]. As we are confirming
linkage and not establishing new evidence for linkage, the thresh-
old for significance was set to a = 0.05. A non-parametric permu-
tation-based procedure for controlling the false discovery rate
was used to correct multiple testing [49]. All p values reported for
ASP linkage analyses and Haseman-Elston regression analyses
are p values generated from this procedure. Linkage signals with-
in 20 cM of one another were considered attributable to the same
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underlying genetic susceptibility. If the maximum LOD score for
different phenotypes was greater than 20 cM apart these peaks
were considered to be generated by different genetic mechanisms
[50].

Results

Description of the Sample

Table 1 describes the characteristics of the 151 families
(358 full sibling pairs) with genetic data available. Cauca-
sian and non-Caucasian groups were considered sepa-
rately in both the bivariate and genetic analyses due to
differences in the sample sizes and the distributions of
family socioeconomic status, SSD and LI. Because of the
small number (<10) of non-Caucasian affected sibling
pairs on which genetic and phenotypic information are
available the maximum likelihood estimates did not con-
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Table 2. Mean proband and sibling test scores (Caucasian only)

Test (range) Sibling mean trait values

Probands mean trait value Test of means®

SSD =0 LI=1 SSD=1 SSD=1 SSD =1 SSD=1vs. proband proband
LI=0 (m=36) (n=71) (n=126) LI=0 SSD=0  vs.SSD=1 vs.SSD=0
(n=114) (n =50) sibling sibling
GFTA (0-100)* 81.88 60.17 61.78 24.22 25.86 * *
NSW (0-100)* 84.91 36.55 42.89 67.48 55.14 * *
MSW (0-100)* 66.85 43.75 47.87 51.57 52.28 <0.01 NS
ERRORW (0-100)* 86.76 56.61 61.67 52.38 46.58 * * *
CPST (-60 to 60)** 28.96 23.18 24.81 16.60 16.37 <0.05 *
CELF-Rsi? (3-17)*** 11.26 7.76 9.36 6.46 13 <0.01 *
TOLD-P:2sib (1-20)*** 11.02 6.71 9.68 7.69 10.38
PPVT (40-160)*** 107.67 95.70 102.53 106.60 108.00 NS * *
EOWPVT (55-145)*** 135.16 104.51 110.30 110.27 113.32 <0.05 NS *
WRAT (10-175)*** 105.39 82.82 93.12 81.21 99.33 * NS *
WRID (10-175)*** 105.88 88.70 97.12 84.72 105.33 * <0.05 *
WIATRC (68-134)*** 121.26 90.94 119.95 87.65 104.50 <0.01 <0.01 *
WIATLC (61-135)*** 122.63 95.71 128.55 95.62 110.33 NS <0.05 *
TWS-3 (60-141)*** 111.80 84.30 89.51 107.50 86.33 <0.01 * *

@ Means tests were conducted with residuals of scores adjusted for age, age?, sex, SES (when found significant at p <0.05) using a

generalized linear model.
> These measures were combined to form the metric SI.

* Significant at <0.001 level; NS = not significant at <0.05 level.

** Raw score.

*** Standard score.
* Percentile.

* Percent correct.

verge. Additionally, neither familial aggregation nor bi-
nary or quantitative trait regression results for non-Cau-
casian had greater than 15 sibling pairs, thus the results
reported are limited to the Caucasian sample.

While few studies have specifically examined families
of children with SSD, frequency of SSD has been reported
at approximately 26% with higher frequency in brothers
(40.3%) than in sisters (19.4%) [51]. This was similar to
our sample in which the frequency of SSD (either alone
or comorbid with LI), including parents and siblings of
probands, was 29.8% with the ratio of SSD brothers to
sisters 2:1. The frequency of SSD (either alone or comor-
bid with LI) of only the siblings of probands was 37.17%,
with approximately 1/3 of the SSD affected siblings co-
morbid for LI. In contrast, approximately 2/3 of the SSD
probands were comorbid for LI.

Cognitive Test Scores

Table 2 shows the mean scores and ranges for all cog-
nitive test scores for all Caucasian probands and siblings
with genetic data. The p values displayed in table 2 are

52 Hum Hered 2007;63:47-58

generated from tests of means using adjusted values. To
construct the adjusted values a Generalized Linear Model
with variables age, age-squared, sex and SES was gener-
ated for each test score. Significant variables (p < 0.05)
were retained in the model and the best fit model was se-
lected using Akaike Information Criteria (results not
shown). The residual values after adjustment for all sig-
nificant covariates were generated and used in all subse-
quent analyses. For all residual mean test scores, proband
and unaffected sibling scores differed significantly, indi-
cating that all adjusted scores were sensitive to severity of
SSD affection. The SSD proband and SSD affected sibling
mean scores also differed significantly for all but three
measures, specificallyy, MSW, EOWPVT and WRAT.
However, for these three scores SSD affected and unaf-
fected siblings were discernible on the basis of the residu-
al mean values, indicating better score sensitivity within
the continuum of SSD. In contrast, two scores, PPVT and
WIATLC could not be used to discern SSD affected sib-
lings and unaffected siblings. However, for both scores
proband values significantly differed from SSD affected
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sibling means, indicating better test sensitivity to extreme
score values (as determined by the SSD probands).

Odds Ratios and Bivariate Family Predictive Model

Prior to constructing the QEM model we calculated
simple odds ratios of SSD and LI in the study population
without regard to family structure. Table 3 shows the
counts of individuals by SSD and LI affection status; to
adjust for ascertainment we did not include probands.
These numbers reflect all individuals with phenotypic
data available.

The odds of finding SSD (or LI) in an individuals with
LI(or SSD) was 10 times greater than finding SSD(or LI)
alone, indicating that in our sample an individual is sig-
nificantly more often comorbid than affected with only
SSD or LI only. The significant odds justified further
modeling to determine the effect of at both the individu-
al and family level. Table 4 describes all parameters in the
family predictive model and table 5 provides the values
of the model coefficients, the odds ratios and confidence
intervals (CI) and significance levels for all aggregation
parameters. CI are robust and adjusted for correlations
within persons and between persons within families. A

very significant within person association (3) between
SSD and LI was evident as seen in table 5. This is not sur-
prising due to the high proportion of comorbid siblings
(approximately 1/3) in the sample and was indicated in
our simple odds calculation. The QEM also showed the
odds of SSD and LI attributable to one additional SSD and
LI affected family member are approximately 2 and 5, re-
spectively. The coaggregation within the family, g, was
also found significant, indicating that an additional per-
son with LI (or SSD) increases the odds of SSD (or LI)
within a family member. This result is taken into account
when interpreting yges; and <yps;. The odds ratios for
these two terms are both less than one. This indicates that

Table 3. SSD and LI individuals*

N (parent and offspring) LI=1 LI=0
SSD=1 98 174
SSD=0 43 679

* Proband is not included.

Table 4. Interpretation of the main
parameters of aggregation in family

Param- Description

Interpretation

predictive model in the absence of e
interactions o o . ] ] ]
) Within person association ~ Log odds ratio measuring the increase in log
of SSD and LI odds of SSD (or LI) in a person with LI (or SSD)
compared with a person LI (or SSD)
Ys Aggregration of SSD Increase in log odds of SSD in a person with K+1
within families relatives with SSD compared with a person with
k relatives with SSD
YL Aggregation of LI within Increase in log odds of LI in a person with k+1
families relatives with LI compared with a person with k
relatives with SSD
Vs Coaggregation of SSD and ~ Increase in log odds of SSD (or LI) in a person
LI within different family ~ with k+1 relatives with LI (or SSD) compared
members with a person with k relatives with LI (or SSD)
vsrsi  Coaggregation of SSD Increase in log odds of SSD in a person with k+1
and LI with SSD only in relatives with both disorders compared to a per-
different family members son with only k relatives with both disorders
vixg,  Coaggregation of SSD Increase in log odds of LI in a person with k+1
and LI with LI only in relatives with both disorders compared to a
different family members person with only k relatives with both disorders
vsixs,  Coaggregation of SSD Increase in log odds of both disorders in a person
and LI k+1 relatives with both disorders compared to a
person with only k relatives with both disorders
Speech and Language Pleiotropy in the Hum Hered 2007;63:47-58 53
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Table 5. Model coefficients and the corresponding association
measures for best fitting multivariate familial aggregation model
of binary traits SSD and LI

Parameter Coefficient Odds (C1)? 7

aq* -2.819 0.059 (0.013, 0.281) -7.671
oy** -6.041 0.002 (0.001, 0.005) -15.01!
) 4.096 60.09 (32.88, 109.80) 13.321
Ys 0.720 2.05 (1.60, 2.635) 5.68!
YL 1.637 5.14 (3.49, 7.54) 8.28!
Vs, 0.343 1.41 (1.09, 1.82) 2.62?
Ys*sL -0.183 0.833 (0.780, 0.890) -5.08!
YLrsL -0.313 0.731 (0.608, 0.879) -3.321
N— 0.110 1.16 (0.916, 1.36) 1.09
0, 0.018 1.02 (0.312, 4.40) 1.10
0,¢ 0.839 2.32(1.44,3.73) -2.36!

® Odds ratios were calculated by exponentiating the parameter
coefficient. The confidence intervals for the odds ratios were cal-
culated by exponentiating the parameter coefficients confidence
intervals.

b The coefficient of the product of two indicator variables: one
designating if the response equation is for SSD and the second if
theindividualis an offspring (1=offspring, 0=other relative type).
This value is then added to the intercept for offspring (either pro-
band or proband’s sibling) with LI.

¢ Intercept for offspring (either proband or proband’s sibling)
with LL

1'p <0.001,2 p < 0.025.

* Sum of the model intercept and coefficient of the indicator
variable designating the response equation.

** Model intercept.

while an individual with one disorder increases the risk
of the other disorder, someone who is comorbid for SSD
and LI does not further increase the risk of SSD or LI. Put
another way, individuals who are comorbid do not confer
additional risk for SSD or LI to other family members by
being affected with a second disorder. This is again evi-
dent when we examine the odds ratio generated by the
coaggregation coefficient gy, which although above
one is not significant. This confirms that comorbid indi-
viduals do not increase the risk of comorbidity in a fam-
ily member. In summary, the odds ratios of ys«s;, Y5y and
vsrxsz, show that risk of SSD or LI in an individual does
not increase multiplicatively with each additional co-
morbid family member.

Multipoint Linkage Analyses

We examined evidence for linkage using ASP in a con-
ditional logistic regression as well as Haseman-Elston re-
gression of all sibling pairs. The results of these multi-
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point linkage analyses for p < 0.05 significance are re-
ported in tables 6 and 7.

Tables 6 and 7 show the p-values of the ASP analyses
and Haseman-Elston trait regressions, which after ad-
justment for multiple testing are suggestive of linkage of
two regions on chromosome 1. The first region spans
slightly over 30 cM, beginning ~20 cM from our first
marker, D1S468. ASP analyses of LI, SSD and SL affected
sibling pairs’ GFTA score differences all obtained sugges-
tive evidence for linkage between 20.3 and 24.3 cM from
marker D1S468. Haseman-Elston trait regression of
GFTA scores and an indicator variable for discordant sib-
ling pairs corroborate this result with suggestive evidence
for linkage (p = 0.002) maximizing at D1S228, approxi-
mately 20 cM from D15468. The regression coefficients
for GFTA and SSD indicate that this linkage signal is best
characterized by SSD discordant pairs with a small dif-
ference in GFTA scores. In close proximity, the linkage
signal using Haseman-Elston regression of binary traits
LI and SL demonstrated suggestive evidence for linkage
(p = 0.0042 and p = 0.0098, respectively) and SSD ap-
proached significance (p = 0.058) at ~20.3 cM from our
first marker. Less than 20 cM from this region there is
evidence for linkage of ASP with test measures for articu-
lation and verbal short term memory.

The second region on chromosome 1 that is suggestive
of linkage spans from 69.3-82.3 cM from D15468. Anal-
yses of GFTA score differences between concordantly af-
fectedly LI and SSD siblings showed evidence for linkage,
as measured from the first marker, at 74.4 and 81.9 cM,
respectively and at ~71.3 cM. Haseman-Elston analyses
were suggestive of evidence for linkage of vocabulary
(PPVT; p = 0.0068). In this second region, both types of
linkage analyses were significant for phenotypic indica-
tors of verbal short term memory (Sentence Imitation
and WIATLC) maximizing between at 69.4 and 81.9 cM
from D15468.

Discussion

We first examined evidence for comorbidity and ag-
gregation within our SSD sample using a bivariate fam-
ily predictive model. Secondly, using model-free linkage
methods we tested for the presence oflinkage of SSD and
LI to the DYXS8 region, corresponding to 1p34-p36,
which has previously been implicated in linkage studies
of dyslexia [13, 17, 52, 53] and speech sound disorder
[19]. The results of the bivariate analyses demonstrate
evidence for comorbidity, familial aggregation and co-
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Table 6. Relative position of Multipoint LOD score maximal linkage for binary phenotypes and trait covariates

using affected sibling pairs (ASP)

Linkage Affected Covariate Location Marker Zi VA Z— 7 p* p'
peak sibling of peak (cM)
pairs from D15468
1 LI GFTA 24.4 D18228 0.1 1.72 1.62 0.024 0.012
44.1 D18§234 0 1.26 1.26 0.055 0.036
SSD GFTA 20.3 D1S228 0.06  2.85 2.79 0.002 0.0009
ST 44.1 D1S234 0 1.43 1.43 0.037 0.0103
SL GFTA 22.3 D18228 0.1 1.32 1.22 0.060 0.031
ST 8.5 D1S214 0.1 1.81 1.71 0.049 0.028
WIATLC 444 D1S1676 0 2.52 2.52 0.009 0.006
2 SSD GFTA 81.9 D1S§220 0.04 1.12 1.08 0.083 0.014
ST 92.6 D1S8220 0 1.12 1.12 0.076 0.023
WIATLC 81.9 D18§220 0 2.52 2.52 0.003 0.0019
SL WIATLC 81.9 D1S220 0 2.85 2.85 0.0044  0.003

Z" Baseline LOD score, no covariate.
Z*LOD Score with covariate.

Z*-Z' Change in LOD score attributable to covariate.
p* Covariate p value, adjusted for multiple testing.
p' Model p value, adjusted for multiple testing.

Table 7. Relative position and empirical p values, p < 0.10 (adjusted for multiple testing) of maximal linkage for
binary and quantitative SSD measures using all Caucasian sibling pairs in a Haseman-Elston regression

Linkage SSD Trait Covariate Location of Nearest Empirical
peak measure peak(s) incM  marker p value
from D15468
1 Binary LI - 12.3 D18S214 0.0042
SSD - 20.3 D1S228 0.058
SL - 12.3 D1S214 0.0098
Quantitative =~ GFTA - 16.4 D18228 0.069
SSD sibpair affection 20.3 D1S228 0.002
status (discordant = 1)
EOWPVT - 2.4 D1S214 0.0058
2 ST - 71.4 D1S8197 0.038
PPVT - 71.4 D1S197 0.0068
WIATLC - 71.4 D1S197 0.081

aggregation of SSD and LI. Our two maximum linkage
signals, while not meeting genome-wide criteria, are
suggestive of linkage and being over 20 ¢cM apart are
suggestive of evidence for linkage to markers in the
DY X8 region at two locations [50]. Thus, the phenotyp-
ic and genetic analyses provide preliminary evidence
that this region likely bears genes with pleiotropic ef-
fects.

Speech and Language Pleiotropy in the
DYX8 Region

Figure 1 maps three published results of linkage anal-
yses of RD and one of SSD to a cytogenetic and physical
map of chromosome 1 [13, 17, 19, 52, 53]. Three indepen-
dent studies of RD show evidence for linkage to chromo-
some 1 from ~15-30 Mb (~24-48 cM from D1S468) and
a recent meta-analysis of these studies found that this re-
gion exhibits some of the strongest evidence for the pres-
ence of a dyslexia gene [52]. Multipoint results from
Grigorenko et al., 2001 [13] and Tzenova et al., 2004 [53]
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indicate localization of a dyslexia gene at ~20 Mb. Both
studies found Phonological Decoding achieving maxi-
mum significance closest to marker D1S199, with sugges-
tive evidence for linkage of the categorical variable RD
presenting proximal to the estimated gene location. Ad-
ditionally, slightly distal to D1S199, Grigorenko et al.,
2001 [13] and Tzenova et al., 2004 [53] reported evidence
of linkage to Single Word Reading (orally, of printed
words) and Tzenova et al., 2004 [53] reported a linkage
signal to Spelling spanning ~10 Mb. As figure 1 shows,
this signal encompasses the marker loci linked to a dys-
lexia phenotype [17] and a measure of articulation [19].

The location of our first linkage peak spans approxi-
mately 30 cM beginning distal to marker D1S228 and en-
compasses the linkage signals reported in all three dys-
lexia studies. In addition, Grigorenko’s localization of the
dyslexia gene places it within ~1 Mb of two of our maxi-
mum suggestive linkage signals measuring verbal short
term memory (p = 0.0009) and articulation (p = 0.002).
This gives some evidence that a gene in this region is po-
tentially contributing to the linkage signals of both RD
and SSD phenotypes. The validity of an SSD linkage sig-
nal in this region is strengthened by the agreement be-
tween the results of our analyses and those of Smith etal.,
2005 [19] in a different SSD population. Using GFTA to
measure articulation and the S.A.G.E. software program
SIBPAL to perform regression based linkage analysis, our
linkage signal, p = 0.036, and that of Smith et al., 2005
[19], p = 0.064, were within ~1 Mb (see fig. 1). Although
we did not find evidence for linkage of any of our phono-
logical psychometric measures used in the dyslexia stud-
ies to this chromosomal region, this could be attributable
to the difference between the age distribution of our SSD
participants and the participant age distribution of the
dyslexia studies. Several of our study participants were
not yet of reading age (3/4 of the Caucasian probands
were less than 6 years of age) and therefore could not be
scored on the reading based metrics used in the dyslexia
studies. As these children reach reading age they will
be tested on reading and spelling measures so that the
RD and SSD populations can be compared more thor-
oughly.

Our first linkage peak also demonstrates evidence for
a common underlying genetic factor between SSD and LI
when both the binary and quantitative traits are analyzed
together. This peak is best characterized by three groups
of siblings: concordant LI, concordant SSD and discor-
dant SSD. When GFTA was included as a covariate in
LODPAL analyses, the beta and gamma coefficients in-
dicated that as the evidence for linkage maximizes in this
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region, the sibling pair GFTA score difference decreases.
This means that siblings with similar GFTA scores, re-
gardless of SSD binary affection status, comprise the
linkage signal. This conclusion is supported by signifi-
cant evidence for linkage shown using Haseman-Elston
regressions. Including SSD affection status (discordant =
1) with GFTA sibling pair scores resulted in an overall
increase in significance (from p = 0.069 to p = 0.002). In
order to determine if the linked SSD discordant pairs
were phenotypically similar, the SSD unaffected sibling
GFTA measure was compared with that of their SSD af-
fected sibling. Discordant sibling pairs with the strongest
evidence for linkage to this region were found to have a
GFTA sibling pair score difference that was less than the
average concordantly SSD affected sibling pair GFTA
score difference. While use of the binary linkage model
gave similar results, dichotomizing phenotypes imposes
an artificial threshold on these disorders [54], making
the model less sensitive than direct use of the quantitative
data. Using both results ensured that neither was in direct
contradiction to the other and we concluded that in this
case, some of the SSD discordant pairs are more accu-
rately described as concordant sibling pairs based on the
GFTA measure. Examining the data using these different
approaches and measurements provided valuable infor-
mation about the true phenotypic and genetic state of na-
ture.

Our second peak, with suggestive evidence of linkage
spanning from slightly distal of D1S2781 to 2 ¢M proxi-
mal of D1S197 can be characterized by processes that are
involved more with language rather than in speech pro-
duction. We draw this conclusion based on the following.
The addition of LI sibling pairs to SSD sibling pairs to
form a composite measure, SL, results in WIATLC show-
ing additional evidence for linkage at ~92 cM. However,
ASP analysis of WIATLC shows no evidence for linkage
at this location using only SSD concordantly affected sib-
lings (table 6). Thus, the addition of concordantly affect-
ed LI pairs produces an additional linkage signal. Also
the results of our Haseman-Elston regression help cor-
roborate that the second locus is more involved with lan-
guage, as SI, WIATLC and PPVT show maximum evi-
dence for linkage slightly proximal D1S197 (table 7).

The locational similarity of our linkage signals but
phenotypic differences with those of dyslexia studies
could be attributable to the study participants’ age distri-
bution differences. A validated characterized protein-
coding gene, KIAA1836, lies within ~1 Mb of the D15197
marker locus and is predominantly expressed in the brain
of juveniles. If the effect of a shared allelic variant on cog-
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nitive abilities changed over time this could manifest as
linkage to multiple phenotypes at different ages, which is
exactly what is seen in our results. Additional evidence
this region contains a gene linked to language comes
from comparative genomics studies. Because language is
believed to have evolved in the human lineage under the
influence of natural selection, genes were chosen for their
ability to incrementally improve multiple components of
language [55, 56], we would expect to see chromosomal
regions with evidence for natural selection and language
to consistently overlap. Our region on chromosome 1,
specifically a 4 Mb interval, spanning from 48.58 Mb
(containing KIAA1836) as well as a 7.6 Mb interval on
chromosome 7q, containing FOXP2, a gene associated
with articulation and speech production, demonstrated
significant evidence for natural selection, defined as a re-
duction in overall allele diversity and an excess of derived
alleles with high frequency [55, 57]. As we have suggestive
evidence of linkage to a language phenotype future re-
search will be directed towards testing for allelic associa-

We examined and found evidence for individual co-
morbidity, familial aggregation and coaggregation of
SSD and LI. Additionally, quantitative SSD phenotypes
showed linkage to the DYX8 region, providing further
evidence of a common genetic basis for SSD and RD. This
area on chromosome 1 merits further exploration using
fine mapping, sequencing and mutation detection in or-
der to elucidate the extent of genetic effects on these var-
ious cognitive disorders.
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