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Abstract Numerous studies have examined genetic

influences on developmental problems such as speech

sound disorders (SSD), language impairment (LI), and

reading disability. Disorders such as SSD are often analyzed

using their component endophenotypes. Most studies,

however, have involved comparisons of twin pairs or sib-

lings of similar age, or have adjusted for age ignoring

effects that are peculiar to age-related trajectories for phe-

notypic change. Such developmental changes in these skills

have limited the usefulness of data from parents or siblings

who differ substantially in age from the probands.

Employing parent–offspring correlation in heritability

estimation permits a more precise estimate of the additive

component of genetic variance, but different generations

have to be measured for the same trait. We report on a

smoothing procedure which fits a series of lines that

approximate a curve matching the developmental trajec-

tory. This procedure adjusts for changes in measures with

age, so that the adjusted values are on a similar scale for

children, adolescents, and adults. We apply this method to

four measures of phonological memory and articulation in

order to estimate their heritability. Repetition of multisyl-

labic real words (MSW) showed the best heritability esti-

mate of 45% in this sample. We conclude that differences in

measurement scales across the age span can be reconciled

through non-linear modeling of the developmental process.

Keywords Speech � Language � Longitudinal �
Developmental genetics � Spline fitting

Introduction

Genetic analyses of developmental traits present consid-

erable challenges as speech, language, reading, and other

cognitive abilities change considerably with advancing age.

These skills show rapid growth in early childhood and

continue to develop through school age, adolescence and

sometimes even into early adulthood. However, rates of

development typically slow in later childhood and adoles-

cence, and the difference between skill levels at different

ages decreases over time, suggesting non-linear growth

trajectories. Such developmental trajectories reflect aspects

of developing brain structure (Castellanos et al. 2002;

Posthuma et al. 2000). To the extent that the measure in a

child is predictive of the measure later in life, it is
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reasonable to postulate that both childhood and adult val-

ues reflect some common ability that may be heritable.

Therefore, prior to estimating the heritability of such an

ability, the values for children in early childhood, children

at school age and adolescents/adults need to be age-

adjusted. Often, however, a simple transformation of the

data will not suffice. This problem is particularly relevant

for the longitudinal study of complex genetic traits, where

the change in the phenotype is mediated through age-

related timed mechanisms, offset by environmental influ-

ences. For example, the number of words recalled has been

shown to follow a developmental trajectory, in that it has a

nonlinear relationship with age (Hanten et al. 2007).

Examples of disorders with a developmental trajectory

are speech sound disorders (SSD). SSD include both errors

of articulation or phonetic structure (due to structural or

motor constraints on the production of speech sounds) and

phonological errors (due to cognitive-linguistic constraints

on the underlying representations and retrieval of speech

sounds and sound combinations). Children are diagnosed

with SSD in early childhood, usually between 3 and 6 years

of age. Prevalence estimates suggest rates are as high as

15.6% in 3 year old children (Campbell et al. 2003; Shriberg

et al. 1999b) falling to 3.8% of children at 6 years (Shriberg

et al. 1999a) and 3.6% at 8 years (Wren et al. 2009). The

precipitous decline in rates of SSD during early childhood

may be due to remediation or maturation, but most likely a

combination of both influences. Thus, as children with SSD

age, they present with less severe speech difficulties and

perform better on phonology tasks because their skills have

improved over time. However, many of these children have

persistent speech errors, and/or have reading, academic, and

other difficulties in domains associated with the underlying

etiology. Studies that have followed children with early

childhood SSD to school age have found later academic

difficulties in 50–75% of their samples (Aram and Hall

1990; Bishop et al. 2003; Cantwell and Baker 1987; King

et al. 1982; Young et al. 2004). Our follow-up of young

children with SSD revealed that 18% of participants with an

isolated SSD had reading problems in mid-elementary

school, compared with 75% of those with combined SSD

and language impairment (LI) (Lewis et al. 2000b).

Although individuals with co-morbid conditions may

have more severe impairments in one or both domains,

recent studies have demonstrated that even in individuals

with isolated SSD, speech processing difficulties may persist

in adulthood. One of the few studies of adult outcomes of

childhood speech-language impairments showed that par-

ticipants with histories of SSD alone scored lower than

controls in real word decoding, indicating that individuals

with histories of SSD alone can have significant long-term

deficits (Young et al. 2002). Parents of a proband-child with

a history of childhood SSD differ from parents in families

without a history of SSD on phonology measures (Lewis

et al. 2006). However, these adults no longer present with

overt speech errors and may score significantly better than

their children simply because the age-mediated overt speech

errors resolve either through intervention or maturation

while deficits in written language persist. Hence, the scores

on measures of speech production and phonological pro-

cessing of both older siblings and parents of probands with

SSD require special care when adjusting for age differences.

Owing to the shape of developmental trajectories of com-

ponent cognitive skills (or endophenotypes) related to SSD,

heritability estimates for endophenotypes incorporating

parental data have typically been considered inestimable if

tests done at approximately the same ages are not available.

However, any age adjustment that results in a significant

parent–offspring correlation, whether environmentally or

genetically caused, implies that there is something common

to an individual’s measures at two different time points.

In summary, children with SSDs, LI, and/or reading dis-

orders (RD) cannot be compared with relatives of widely

varying ages to estimate trait heritability without adjustment

for the age differences. Many methods of estimating familial

correlations assume a linear or simple polynomial relation-

ship between the trait and its covariates, with underlying

bivariate normality of residuals between relationship types.

Familial correlations, and thus heritability estimates, that

make these assumptions will be inaccurate if this assumption

is not met. The method to be described uses a more flexible,

non-polynomial relationship and does not assume multi-

variate normality of the residuals to estimate heritability.

In the present analysis, we had two objectives. First, we

sought to identify endophenotypes that could be used to gain

further insight into SSD in adulthood. Second, we aimed to

develop an age-appropriate model for such phenotypes. We

have adapted a smoothing procedure (Cleveland 1979)

which fits a series of lines that approximate a curve matching

the developmental trajectory. This procedure flexibly adjusts

for changes in measures with age, so that the adjusted values

have a common referent (i.e., age-expected performance) in

examining persons of widely different ages. We then applied

this method to measures of articulation and phonological

encoding in order to estimate their heritability in a sample of

pedigrees ascertained through a proband with SSD.

Subjects and measures

Family ascertainment

The proband children were identified at 4–6 years of age

from the clinical caseloads of speech/language pathologists

working at community speech and hearing centers, schools,

or in private practice in the greater Cleveland area.
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All probands were screened to ensure that they met the

following criteria: (1) moderate to severe expressive SSD

as defined by a score of 1 SD or greater below the mean on

the Goldman–Fristoe Test of Articulation Sounds-in-

Words subtest (Goldman and Fristoe 1986) and by com-

mission of at least three phonological error types as iden-

tified by the Khan–Lewis Phonological Analysis (Khan and

Lewis 1986); (2) normal hearing acuity as defined by

passing a pure tone audiometric screening test at 25 dBHL

ISO for 500, 1000, 2000, and 4000 Hz bilaterally and \6

episodes of otitis media prior to 3 years as reported by the

parent; (3) normal peripheral speech mechanism as docu-

mented by the Total Structure Score on the Oral and

Speech Motor Control Protocol (Robbins and Klee 1987);

(4) absence of a history of neurological disorders or

developmental delays other than speech and language as

reported by the parent; and (5) normal intelligence defined

as a Performance IQ C80 on the Wechsler Preschool and

Primary Scale of Intelligence-Revised (Wechsler 1989).

All of the available siblings and parents of the probands

were invited to participate in the testing. All consenting

children (probands and siblings) and parents in each family

were assessed as described previously (Stein et al. 2004).

Siblings and parents were evaluated at the same time as the

proband.

In this study, we were particularly interested in quanti-

tative traits derived from measures for which age normative

data were not available, and are important predictors of SSD

and reading difficulty in both children and adults. These

particular measures fall into two domains: phonological

memory and articulation. Poor phonological skills in pre-

school put children at risk for developing difficulties in

spelling, reading, and language at school age (Lewis et al.

2000a; Lewis and Freebairn 1998) that persist into adult-

hood (Lewis et al. 2007). In addition, adults with a history of

SSD perform more poorly than adults without a history of

SSD on measures of articulation (Felsenfeld et al. 1992).

Two measures of phonological memory were included: the

Multisylllabic Word Repetition Test (Catts and Kamhi

1986), and the Repetition of Nonsense Words Test (Catts

1986a). Participants were asked to repeat 20 multisyllabic

real and 15 nonsense words in response to audiotaped pre-

sentations of the words. Responses were audiotaped and

transcribed, and the percentage of words correctly repeated

was recorded. These measures were administered to pro-

bands, siblings, and parents individually and audiotape

recorded for later phonetic transcription and analysis. Two

measures of articulation were also obtained. For the Speech

Error Phrases (ERRORW (Catts, 1987, Speech error phrase

repetition task. Personal communication)) task, participants

were asked to repeat difficult to articulate phrases such as

‘mixed biscuits’ or ‘blue plaid pants’; the score was the

percentage of phrases repeated correctly. The other measure

obtained from the audiotaped conversational speech sample

was the Percent of Consonants Correct (Shriberg et al.

1997a), which indexes speech competence. The relevance of

these measures to SSD has been described previously (Catts

1986b; Lewis and Freebairn 1992; Shriberg et al. 1997b).

Statistical analysis

Because there is not a suitable parametric regression model

for trajectory data, a robust locally weighted nonlinear

regression model was used to efficiently adjust for effects

of covariates that confound the quantitative trait for each

individual subject (Cleveland 1979). This method is ideal

for modeling complex processes. Based on a smoothing

technique, the procedure is expressed as: yi = g(xi) ? ei,

where g is a smoothing function, the ei’s are random errors

with mean 0 and constant scale. Letting ŷi be the estimate

of g(xi), we can express ŷi as the fitted value of the poly-

nomial regression at xi,

ŷi ¼
Xd

j¼0

b̂j xið Þx j
i ;

where d is the degree of the polynomial regression and bj is

the weighted least squares estimate obtained by minimizing

the expression

Xn

k¼1

wk xið Þ yk � b0 � b1xk � . . .bdxd
k

� �2
:

This allows the neighborhood points of (xi, yi) to be given

more weight to infer ŷi. To provide an robust estimate of bi,

the weight wk(xi) is chosen to be the product of wk(u) and

dk(v). wk(u) is the tricube function defined by

wk uð Þ ¼ 1� u3ð Þ3 uj j\1;
0 uj j � 1

�

where u ¼ xi�xkj j
max

k
xi�xkj j. From this definition, wk(u) is increased

when the points are close to xi, which allows close points to

play a more important role in determining ŷi. dk(v) is the

bisquare function defined by

dk vð Þ ¼ 1� v2ð Þ2 vj j\1;
0 vj j � 1

�

where v ¼ yi�ŷij j
6�median

i
yi�ŷij j. Incorporating dk(v) into the equa-

tion guarantees a robust estimate as extreme values (out-

liers) have less of an impact on the parameter estimates.

The spline fitting function weights more for points locally

(those tend to have similar variance, e.g., those with older

age). It also has a more robust performance than simple

linear regression when there is heteroscedasticity. All the

nonparametric regression analyses in this paper were done

using S-Plus Release 6.2 (1988).
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In the second step, we use the residuals obtained from

this nonlinear spline as adjusted variables for each indi-

vidual. Heritability, which is the proportion of trait vari-

ance attributable to genetic effects, can be estimated using

parent–offspring, sibling, and spousal correlations (Stein

et al. 2003) as follows. We assume there is random mating,

no parent–offspring environmental correlation, no epi-

static components of variance in the siblings, that

Cov parent, offspringð Þ ¼ 1
2
r2

g and Cov siblingsð Þ ¼ 1
2
r2

b þ
r2

c ; and Cov spouseð Þ ¼ r2
c ; where rc

2 is a common envi-

ronmental variance, the same for sibs and spouses, and r2
g

is the genetic variance. Denoting parent–offspring corre-

lation by r(po), sibling correlation by r(sibs), and spousal

correlation by r(spouse), we estimate heritability and

its variance by h2 ¼ 2 w1r poð Þ þ w2r diffð Þð Þ and r2
h2 ¼

4 w2
1r

2
rðpoÞ þ w2

2r
2
rðdiffÞ þ w1w2Cov r poð Þ; r diffð Þð Þ

� �
; where

r(diff) = r(sibs) - r(spouse), and the weights w1 and w2

are inversely proportional to the variances of these

components:

w1 ¼
1

r2
rðpoÞ

1
r2

rðpoÞ
þ 1

r2
rðdiffÞ

and w2 ¼
1

r2
rðdiffÞ

1
r2

rðpoÞ
þ 1

r2
rðdiffÞ

:

This method of estimating heritability allows for non-zero

spousal correlations, thereby accounting for shared envi-

ronment and reducing the chances that heritability esti-

mates are upwardly biased due to shared environmental

effects. Familial correlations for the residuals and their

standard errors were estimated using FCOR from the pro-

gram package S.A.G.E. version 4.5. (2004).

Results

The total sample consisted of 1,291 individuals from 257

families, comprising 1,442 parent–offspring pairs, 288

spousal pairs, 711 sibpairs, and 94 half sibling pairs. First,

we examined the untransformed mean and standard devi-

ations for each trait. As we expected, these trait values

were distributed very differently owing to the develop-

mental trajectory effects (Table 1).

To model these trajectories, a robust locally weighted

regression model (LOWESS spline) was applied to adjust

for covariates, age and sex, as these have been shown in

previous studies to influence the distribution of these traits.

Figure 1 shows the pattern of our data and fitted LOWESS

curves. These plots illustrate how trait values increase

rapidly during younger ages, then hit a plateau, such that

adolescents and adults do not differ much from each other,

but differ dramatically from children. Furthermore, these

results demonstrate that a simple linear or quadratic

adjustment for age would not sufficiently account for this

trajectory. Means and standard deviations for the fitted

values are shown in Table 2. There are two key observa-

tions from these results. First, the standard deviations are

much smaller after fitting the splines, particularly in the

parents. Thus, the spline fitting model stabilized the vari-

ances in the data for the older individuals (the parents),

which is important for heritability estimates using parent–

offspring correlations. Second, there is a much bigger

difference in the means between parents and offspring,

which is what we would expect after accounting for the

developmental trajectory.

We obtained the residuals from this nonlinear fit and

then calculated familial correlations and their asymptotic

standard errors by using the FCOR program in S.A.G.E.

Release 4.5. For comparison purposes, we also estimated

familial correlations from the raw data with no age

adjustment, and also from residuals obtained from linear

regression models with adjustment for age and age2 (simple

age adjustment). Familial correlations obtained using no

adjustment and simple age adjustment are provided in

Table 3, and correlations obtained after spline fitting are

listed in Table 4. First, a comparison of Tables 3 and 4

reveal the effect of not properly adjusting for age effects.

For the data where there was no age adjustment, the par-

ent–offspring and sibling correlations for NSW and PCC

are much lower than the estimates obtained after spline

fitting. This shows that some age adjustment is necessary,

since parents are a different age than the children, and the

siblings are also of different ages, and performance on

these tests improves with age. When comparing the simple

age adjustment to the spline fitted values, the spousal

correlations and sibling correlations for NSW and PCC are

much higher with the simple age adjustment. This is

because a simple age adjustment treats all incremental

differences in age equally. However, as seen in Fig. 1, a

Table 1 Means (and standard deviations) for traits by relative type

Parents only Offspring only Whole sample

MSW (% correct) 90.8 (13.4) 47.6 (31.7) 58.1 (33.8)

ERRORW (% correct) 93.0 (11.8) 53.5 (37.2) 62.8 (37.0)

NSW (% correct) 65.6 (20.8) 42.3 (29.0) 48.1 (29.1)

PCC (% correct) 97.9 (2.4) 89.9 (8.9) 91.2 (9.5)

Table 2 Means (and standard deviations) for traits after spline fitting,

by relative type

Parents only Offspring only Whole sample

MSW (% correct) 92.4 (1.7) 47.2 (22.7) 53.3 (26.1)

ERRORW (% correct) 94.5 (0.9) 51.0 (29.8) 61.3 (31.9)

NSW (% correct) 67.1 (0.3) 40.6 (15.4) 47.1 (17.5)

PCC (% correct) 98.1 (0.1) 90.8 (5.8) 92 (5.9)
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difference between ages 5 and 6 is much different than the

difference between ages 15 and 16 or 30 and 31, for

example. We also see that the familial correlations for

MSW and ERRORW obtained with no age adjustment or

simple age adjustment are higher overall, suggesting

that the spline fitting model reduces a potential upward

bias. Finally, it is interesting that some of the parent–

offspring correlations obtained with simple age adjustment

(ERRORW and PCC) were actually negative, which may

be due to the varying ages of the children. We also

compared the correlations obtained for all sibling pairs

with simple age adjustment to those obtained in a

subsample of sibling pairs age B15 years, the age at which

the ceiling effects begin to occur (Fig. 1). The correlations

in the sibpairs age B15 years were only slightly lower,

further illustrating that proper age adjustment is necessary

to appropriately estimate the similarity between siblings for

measures where performance increases non-linearly with

age (data not shown).

Examination of familial correlations obtained after

spline fitting shows that all of these relative pair correla-

tions were greater than zero (Table 4). Though the sib–sib

correlation was greatest for NSW and PCC, the parent–

offspring correlation was greatest for MSW and ER-

RORW. In addition, the spousal correlations were non-

zero, emphasizing the importance of accounting for these

correlations properly (Stein et al. 2003) and implying that

the adjustments made produce measures that would be

predictive of children’s values later in life. These results

illustrate the importance of transforming the trait values for

the parental generation, so that accurate relative pair cor-

relations can be obtained for heritability estimation.

Parent–offspring, sibling, and spousal correlations were

then used to estimate heritability. These results can be

found in Table 4 as well. Both PCC and MSW had

Table 3 Relative pair

correlations obtained after no

age adjustment and after age

adjustment using a regression

model

a Adjusted for age and age2

Trait No age adjustment Simple age adjustmenta

r(Spouse) r(PO) r(Sibs) r(Spouse) r(PO) r(Sibs)

MSW 0.2833 0.2868 0.1363 0.1795 0.1521 0.1232

ERRORW 0.0652 0.062 -0.0001 0.2772 -0.1034 -0.0318

NSW 0.0898 0.160 0.1624 0.1235 0.0995 0.1702

PCC 0.0434 0.0798 0.0749 0.4549 -0.1314 0.0613

Table 4 Relative pair correlations and resulting heritability after

applying spline technique

Trait Relative pair correlations Heritability

r(Spouse) r(PO) r(Sibs) Estimate Standard error

MSW 0.1228 0.2553 0.1880 0.453296 0.09805

ERRORW 0.0110 0.0803 0.0355 0.143483 0.10387

NSW 0.0852 0.1407 0.2320 0.283647 0.113062

PCC 0.0465 0.2257 0.2253 0.438847 0.119591
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Fig. 1 Trait (MSW, ERRORW,

NSW, and PCC) is plotted

against age. The best fitting

spline is shown with the

datapoints
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heritability estimates above 40%, which is relatively high

for a complex trait. The heritability for ERRORW was 14.3

and 28.4% for NSW. Given their standard errors, these

heritabilities are all significantly greater than zero.

Discussion

In this study, we developed a strategy to estimate herita-

bility estimates for traits subject to age-related change.

Traits that measure developmentally driven trajectories

tend to have skewed distributions, making variance com-

ponent-based analyses challenging. Heritability estimation

is an important component in planning linkage and asso-

ciation studies. Though heritability may be estimated using

sibling pair and twin data, including the parent–offspring

correlation in the heritability estimation allows for a more

precise estimate of the additive component of genetic

variance. In addition, incorporation of the spousal corre-

lation allows for the estimation of the proportion of vari-

ance due to shared environmental effects. Since the spousal

correlations in these data were nonzero, we have evidence

that shared environment also plays a role in trait similarity

among relatives. However, parent–offspring and spousal

correlations are inaccurate unless the developmental tra-

jectory is appropriately specified. Here, we provide a

method to model this developmental trajectory and present

the corrected fitted means of these values and heritability

estimates.

As expected, the developmental trajectories for these

speech production measures were nonlinear. When chil-

dren are younger, they rely more on oral presentation of

words, but as they age, they are able to successfully use

other inputs. They may rely on the visual written mecha-

nism, as well. In this study, children acquiring the speech

sound system demonstrated rapid improvement in the

percentage of consonants correct (PCC) in conversational

speech, and in the repetition of multisyllabic real words

(MSW), and nonsense words (NSW). Developmental

norms for individual speech sound acquisition have con-

sistently reported that over 90% of children produce all

speech sounds correctly by 8 years of age (Prather et al.

1975; Sander 1972; Shriberg 1993; Smith et al. 1990;

Templin 1957). In fact, there is remarkable similarity in the

age of acquisition of speech sounds cross-linguistically

(McLeod 2007). As seen in the trajectory obtained for the

PCC, very few individuals beyond the age of 10 years

make speech-sound errors in conversational speech. Mea-

sures developed to evoke speech sound errors such as the

repetition of multisyllabic real (MSW) and non-words

(NSW) and difficult to articulate phrases (ERRORW) show

a similar developmental trajectory, although the age at

which development plateaus for these skills is slightly

older and a greater number of individuals continue to make

errors on these tasks throughout the lifespan. Repetition of

nonsense words, a task related to SSD, RD and LI, shows

the greatest amount of variability in acquisition, with many

individuals presenting with persistent errors throughout

adulthood (Estes et al. 2007; Lewis et al. 2006) and with

substantial variability in scores at all ages (see Shriberg

et al. 2009 for discussion of methodological and substan-

tive issues in the use of nonword repetition tasks in speech

genetics and other studies).

Our findings suggest that these traits are heritable, with

PCC (h2 = 0.44) and MSW (h2 = 0.45) demonstrating the

highest heritability. PCC and MSW are based on the

articulation of real words in conversation and in repetition,

respectively. NSW differs from PCC and MSW as it

requires the individual to encode phonemes presented in

novel non-word sequences that are presumably not stored

in verbal memory. The Error Phrases (ERRORW), on the

other hand, are difficult to articulate sequences of real

words that are designed to evoke errors. Thus, these mea-

sures tap different aspects of phonological processing and

speech sound production.

The heritability estimates reported above are difficult to

interpret relative to the published literature because many

studies have used composite measures derived solely from

factor analysis and/or twin data. Most of the twin analyses

employed the ACE model (Neale and Cardon 1992) so it

can be assumed that those are narrow-sense heritability

estimates (using only the additive genetic variance). Within

the articulation domain, published estimates of heritability

include 0.37 for GFTA from a twin study (Kovas et al.

2005a), and locus-specific heritability of a composite

measure containing Percentage of Consonants Correct-

Revised (PCCR), among other traits, ranging between 0.29

and 0.45 (McGrath and Pennington 2005). Our measures of

articulation yielded heritability estimates of 0.143 for

ERRORW, and 0.438 for PCC. Otherwise, these herita-

bility estimates are similar to published estimates. The

heritability of ERRORW is considerably lower than heri-

tability of other articulation measures, but this task may

also tap other cognitive domains.

Within the phonological memory domain, a composite

variable containing a nonword repetition task had a locus-

specific heritability of 0.61 (McGrath and Pennington

2005), and a twin study found a heritability of nonword

repetition of 0.41 (Kovas et al. 2005b). Our estimate of

heritability for NSW was considerably lower (0.284).

However, these various nonword repetition measures may

not be comparable, as McGrath used the measure by Do-

llaghan and Campbell (1998), and the study by Kovas used

the measure by Gathercole and Baddeley (1996). This

result is subject to several interpretations. First, our mea-

sure of NSW may tap a different and less heritable

Behav Genet (2011) 41:184–191 189

123



cognitive process than the other two aforementioned non-

word repetition measures. Second, adjustment for the

developmental trajectory puts the measure on the proper

scale and our estimate of heritability may thus be more

appropriate. Inclusion of parent data may also affect the

estimate, perhaps by providing a more accurate estimate of

the cross-age heritability of traits. Third, other factors such

as level of education may influence these traits and con-

tribute to study-to-study fluctuation in estimates. Finally,

the other two studies also used different ascertainment

criteria to select participants than ours which may also lead

to differences in outcome. Further study is needed to

clarify those hypotheses, since these measures are used in

linkage analyses and a genome-wide association study has

been published on nonsense word repetition in language

impaired children (Newbury et al. 2009). Nevertheless, our

estimate of heritability for MSW approximated the pub-

lished estimates.

There are some limitations to this study. We focused our

analyses on four measures because these had the most

available data (particularly for adults) and because they did

not have published age normative data. This analysis may

be relevant to the other measures we collect, and as our

longitudinal follow-up continues, we will repeat this

analysis on other measures. Another limitation is the pos-

sibility of an ascertainment bias. However, the single

ascertainment scheme used by this study required that only

one child in the family have SSD, so there should not be a

predominance of outlying observations that would skew the

LOESS model. Also, our heritability estimates may not be

directly comparable to the aforementioned studies; because

twins are the same age, a developmental trajectory would

not be evident in a twin design. In studies like ours that

include siblings of varying ages, it is critical to account for

the non-linear association with age. Finally, our heritability

estimates may not be directly comparable to those esti-

mated in twin studies, because of the assumptions made by

the twin design (Elston and Boklage 1978).

In sum, we have developed an approach to modeling

developmental trajectories applicable to behavioral trait

data. This model enables the incorporation of parental data

into heritability estimation, which could not have been

done without properly accounting for the non-linear change

in trait with age. We also show that this method yields

some heritability estimates that are different from the

published literature, suggesting that age-dependant trajec-

tories may bias the analysis of similar measures where

parents and children are both assessed but age trajectories

have not been accounted for. Properly modeling parental

phenotypes for phenotypes such as these will be key in the

analysis of parent-of-origin effects, which have been

shown in SSD (Stein et al. 2006).

Acknowledgments This research was supported by the National

Institutes of Health, National Institute on Deafness and Other Com-

munication Disorders, Grant R01 DC00528 Barbara A. Lewis, Prin-

cipal Investigator, NIH-NIDCD 1 R03 DC004005, Sudha K. Iyengar,

Principal Investigator, and Multidisciplinary Clinical Research Career

Development Programs Grant (KL2RR024990) to Catherine Stein

from the NCRR. We wish to express our appreciation to the speech-

language pathologists who assisted us in recruiting subjects, and to

the families who generously agreed to participate. We also wish to

acknowledge Dr. Zhiying Xu, who helped perform the data analyses.

Some of the analyses were performed using the program package

S.A.G.E., release 4.5, which is supported by the U.S. Public Health

Resource Grant RR03655 from the National Center for Research

Resources.

References

Aram DM, Hall NE (1990) Longitudinal follow-up of children with

pre-school communication disorders: treatment implications.

Sch Psychol Rev 19:487–501

Bishop DV, Price TS, Dale PS, Robert P (2003) Outcomes of early

language delay: II. Etiology of transient and persistent language

difficulties. J Speech Lang Hear Res 46(3):561–575

Campbell TF, Dollaghan CA, Rockette HE, Paradise JL, Feldman

HM, Shriberg LD, Sabo DL, Kurs-Lasky M (2003) Risk factors

for speech delay of unknown origin in 3-year-old children. Child

Dev 74(2):346–357

Cantwell DP, Baker L (1987) Clinical significance of childhood

communication disorders: perspectives from a longitudinal

study. J Child Neurol 2(4):257–264

Castellanos FX, Lee PP, Sharp W, Jeffries NO, Greenstein DK,

Clasen LS, Blumenthal JD, James RS, Ebens CL, Walter JM,

Zijdenbos A, Evans AC, Giedd JN, Rapoport JL (2002)

Developmental trajectories of brain volume abnormalities in

children and adolescents with attention-deficit/hyperactivity

disorder. JAMA 288(14):1740–1748

Catts HW (1986) Speech production/phonological deficits in reading-

disordered children. J Learn Disabil 19(8):504–508

Catts H, Kamhi AG (1986) The linguistic basis of reading disorders:

implications for the speech-language pathologist. Lang Speech

Hear Serv Sch 17:31

Cleveland WS (1979) Robust locally weighted regression and

smoothing scatterplots. J Am Stat Assoc 74(368):829–836

Dollaghan C, Campbell TF (1998) Nonword repetition and child

language impairment. J Speech Lang Hear Res 41(5):1136–1146

Elston RC, Boklage CE (1978) An examination of fundamental

assumptions of the twin method. In: Nance WE (ed) Twin

research: psychology and methodology. Alan R Liss, New York,

pp 189–199

Estes KG, Evans JL, Else-Quest NM (2007) Differences in nonword

repetition performance of children with and without specific

language impairment. J Speech Lang Hear Res 50(1):177–195

Felsenfeld S, Broen PA, McGue M (1992) A 28-year follow-up of

adults with a history of moderate phonological disorder:

linguistic and personality results. J Speech Hear Res 35(5):

1114–1125

Gathercole SE, Baddeley AD (1996) The children’s test of nonword

repetition. Psychological Corporation, London

Goldman R, Fristoe M (1986) The Goldman-Fristoe test of articu-

lation. American Guidance Services, Circle Pines

Hanten G, Li X, Chapman SB, Swank P, Gamino J, Roberson G,

Levin HS (2007) Development of verbal selective learning. Dev

Neuropsychol 32(1):585–596

190 Behav Genet (2011) 41:184–191

123



Khan L, Lewis N (1986) Khan-Lewis phonological analysis. Amer-

ican Guidance Services, Circle Pines

King RR, Jones C, Laskey E (1982) In retrospect: a fifteen-year

follow-up report of speech-language disordered children. Lang

Speech Hear Res 13:24–62

Kovas Y, Hayiou-Thomas ME, Oliver B, Dale PS, Bishop DV,

Plomin R (2005) Genetic influences in different aspects of

language development: the etiology of language skills in

4.5-year-old twins. Child Dev 76(3):632–651

Lewis BA, Freebairn L (1992) Residual effects of preschool

phonology disorders in grade school, adolescence, and adult-

hood. J Speech Hear Res 35(4):819–831

Lewis BA, Freebairn L (1998) Speech production skills of nuclear

family members of children with phonology disorders. Lang

Speech 41(Pt 1):45–61

Lewis BA, Freebairn LA, Taylor HG (2000a) Follow-up of children

with early expressive phonology disorders. J Learn Disabil

33(5):433–444

Lewis BA, Freebairn LA, Taylor HG (2000b) Academic outcomes in

children with histories of speech sound disorders. J Commun

Disord 33(1):11–30

Lewis BA, Freebairn LA, Hansen AJ, Miscimarra L, Iyengar SK,

Taylor HG (2006) Speech and language skills of parents of

children with speech-sound disorders. Am J Speech Lang Pathol

16:108–118

Lewis BA, Freebairn LA, Hansen AJ, Miscimarra L, Iyengar SK,

Taylor HG (2007) Speech and language skills of parents of

children with speech sound disorders. Am J Speech Lang Pathol

16(2):108–118

McGrath LM, Pennington BF (2005) Speech sound disorder: genes,

environments, and interactions. Dissertation, University of

Denver

McLeod S (ed) (2007) The international guide to speech acquisition.

Thomson Delmar Learning, Clifton Park

Neale MC, Cardon LR (1992) Methodology for genetic studies of

twins and families. Kluwer Academic Publishers, Dordrecht

Newbury DF, Winchester L, Addis L, Paracchini S, Buckingham LL,

Clark A, Cohen W, Cowie H, Dworzynski K, Everitt A, Goodyer

IM, Hennessy E, Kindley AD, Miller LL, Nasir J, O’Hare A,

Shaw D, Simkin Z, Simonoff E, Slonims V, Watson J, Ragoussis

J, Fisher SE, Seckl JR, Helms PJ, Bolton PF, Pickles A, Conti-

Ramsden G, Baird G, Bishop DV, Monaco AP (2009) CMIP and

ATP2C2 modulate phonological short-term memory in language

impairment. Am J Hum Genet 85(2):264–272

Posthuma D, de Geus EJ, Neale MC, Hulshoff Pol HE, Baare WEC,

Kahn RS, Boomsma D (2000) Multivariate genetic analysis of

brain structure in an extended twin design. Behav Genet

30(4):311–319

Prather EM, Hendrick DL, Kern CA (1975) Articulation develop-

ment in children aged two to four years. J Speech Hear Disord

60:179– 191

Robbins J, Klee T (1987) Clinical assessment of oropharyngeal motor

development in young children. J Speech Hear Disord 52(3):

271–277

S.A.G.E. Statistical Analysis for Genetic Epidemiology, Release 4.5

(2004) Case Western Reserve University. http://darwin.cwru.edu/

Sander EK (1972) When are speech sounds learned. J Speech Hear

Disord 37:55–63

Shriberg LD (1993) Four new speech and prosody-voice measures for

genetics research and other studies in developmental phonolog-

ical disorders. J Speech Hear Res 36(1):105–140

Shriberg LD, Austin D, Lewis BA, McSweeny JL, Wilson DL

(1997a) The percentage of consonants correct (PCC) metric:

extensions and reliability data. J Speech Lang Hear Res 40(4):

708–722

Shriberg LD, Austin D, Lewis BA, McSweeny JL, Wilson DL

(1997b) The speech disorders classification system (SDCS):

extensions and lifespan reference data. J Speech Lang Hear Res

40(4):723–740

Shriberg LD, Tomblin JB, McSweeny JL (1999) Prevalence of speech

delay in 6-year-old children and comorbidity with language

impairment. J Speech Lang Hear Res 42(6):1461–1481

Shriberg LD, Lohmeier HL, Campbell TF, Dollaghan CA, Green JR,

Moore CA (2009) A nonword repetition task for speakers with

misarticulations: the Syllable Repetition Task (SRT). J Speech

Lang Hear Res 52(5):1189–1212

Smith AB, Hand L, Freilinger JJ, Bernthal JE, Bird A (1990) The

Iowa Articulation Norms Project and its Nebraska replication.

J Speech Hear Disord 55(4):779–798

S-PLUS [S-PLUS for Windows] (1988) Insightful Corporation,

Seattle

Stein CM, Guwatudde D, Nakakeeto M, Peters P, Elston RC, Tiwari

HK, Mugerwa R, Whalen CC (2003) Heritability analysis of

cytokines as intermediate phenotypes of tuberculosis. J Infect

Dis 187(11):1679–1685

Stein CM, Schick JH, Taylor HG, Shriberg LD, Millard C, Kundtz-

Kluge A, Russo K, Minich N, Hansen A, Freebairn LA, Elston

RC, Lewis BA, Iyengar SK (2004) Pleiotropic effects of a

chromosome 3 locus on speech-sound disorder and reading. Am

J Hum Genet 74(2):283–297

Stein CM, Millard C, Kluge A, Miscimarra LE, Cartier KC, Freebairn

LA, Hansen AJ, Shriberg LD, Taylor HG, Lewis BA, Iyengar SK

(2006) Speech sound disorder influenced by a locus in 15q14

region. Behav Genet 36:858–868

Templin M (1957) Certain language skills in children. Institute of

child welfare monograph series. University of Minnesota,

Minneapolis

Wechsler D (1989) Wechsler preschool and primary scale of

intelligence, revised. Psychological Corporation, San Antonio

Wren Y, Roulstone S, Miller L, Emond A, Peters T (2009) Prevalance

of speech impairment in 8-year old children. In: Symposium on

research in child language disorders

Young AR, Beitchman JH, Johnson C, Douglas L, Atkinson L,

Escobar M, Wilson B (2002) Young adult academic outcomes in

a longitudinal sample of early identified language impaired and

control children. J Child Psychol Psychiatry 43(5):635–645

Young RM, Lawford BR, Feeney GF, Ritchie T, Noble EP (2004)

Alcohol-related expectancies are associated with the D2 dopa-

mine receptor and GABAA receptor beta3 subunit genes.

Psychiatry Res 127(3):171–183

Behav Genet (2011) 41:184–191 191

123

http://darwin.cwru.edu/

	Heritability Estimation for Speech-Sound Traits with Developmental Trajectories
	Abstract
	Introduction
	Subjects and measures
	Family ascertainment

	Statistical analysis
	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


