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Children who fail to develop language normally—in the absence of explanatory factors such as neurological dis-
orders, hearing impairment, or lack of adequate opportunity—are clinically described as having specific language
impairment (SLI). SLI has a prevalence of ∼7% in children entering school and is associated with later difficulties
in learning to read. Research indicates that genetic factors are important in the etiology of SLI. Studies have
consistently demonstrated that SLI aggregates in families. Increased monozygotic versus dizygotic twin concordance
rates indicate that heredity, not just shared environment, is the cause of the familial clustering. We have collected
five pedigrees of Celtic ancestry that segregate SLI, and we have conducted genomewide categorical linkage analysis,
using model-based LOD score techniques. Analysis was conducted under both dominant and recessive models by
use of three phenotypic classifications: clinical diagnosis, language impairment (spoken language quotient !85) and
reading discrepancy (nonverbal IQ minus non-word reading 115). Chromosome 13 yielded a maximum multipoint
LOD score of 3.92 under the recessive reading discrepancy model. Simulation to correct for multiple models and
multiple phenotypes indicated that the genomewide empirical P value is ! .01. As an alternative measure, we also
computed the posterior probability of linkage (PPL), obtaining a PPL of 53% in the same region. One other genomic
region yielded suggestive results on chromosome 2 (multipoint LOD score 2.86, genomic P value !.06 under the
recessive language impairment model). Our findings underscore the utility of traditional LOD-score–based methods
in finding genes for complex diseases, specifically, SLI.

Introduction

Specific language impairment (SLI) is clinically defined
as failure to develop language normally, given adequate
environment for learning language and the absence of
hearing deficits, mental retardation, oral motor/struc-
tural abnormalities, and neurological or psychiatric im-
pairments affecting language acquisition. This disorder
affects ∼7% of children entering school (Tomblin et al.
1997), and, although some children will successfully
learn to compensate as adults, many do not (Bishop and
Adams 1990; Stothard et al. 1998). Individuals with SLI
tend to perform poorly on general assessments of lan-
guage and reading (Reed 1989; Bishop and Adams 1990;
Catts 1993; Snowling et al. 2000, 2001). Research also
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indicates that many, but not all, have difficulty with
higher level phonological processing necessary for the
development of both language and reading and also
demonstrate concomitant difficulties in processing dy-
namic (rapidly changing) sensory information within a
very brief time range (Tallal and Piercy 1973a, 1973b;
Wright et al. 1997, 2000; Witton et al. 1998; Talcott et
al. 1999). Many children identified early in life as having
SLI will subsequently develop characteristics of dyslexia
when entering school (Bishop and Adams 1990; Scar-
borough 1990; Catts 1993; Stothard et al. 1998; Snow-
ling et al. 2000).

Familial aggregation studies, twin studies, and pro-
spective studies, taken together, suggest that SLI has a
genetic component. Several case-control familial aggre-
gation studies of SLI have been reported (Tallal et al.
1989, 2001; Tomblin 1989; van der Lely and Stollwerck
1996; Rice et al. 1998; for review of all familial aggre-
gation studies, see Stromswold 1998). In studies of this
type, incidence of SLI will vary depending on the def-
inition of affection status. However, all of the above
studies show a significantly increased frequency of im-
pairment in first-degree relatives in families containing
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a proband (18%–42%) versus control families (3%–
26%)

Genetic influences on language delay, a risk factor for
SLI, were examined in two-year-old children in a sample
of 3,000 twins (Dale et al. 1998). By consideration of
both the variance of the control group and the variance
of the group with language delay as having separate
distributions, genetic factors were found to contribute
73% of the variance for the group with language delay,
compared with 25% when all individuals in the sample
were considered together. This indicates that individuals
with language delay may have some unique genetic com-
ponent that influences language acquisition, as com-
pared with the general population.

Twin studies using the categorical diagnosis of SLI
demonstrate near 100% concordance for MZ twins and
∼50%–70% concordance for DZ twins (Bishop et al.
1995; Tomblin and Buckwalter 1998), indicating that
SLI as defined by categorical affection status does have
a genetic component. Another twin study systematically
explored pre- and perinatal hazards in children with SLI
(Bishop 1997). This report examined medical records
for relationships with birth weight, Apgar scores, and
other obstetrical factors. Although no decisive evidence
was found for an association between any of these fac-
tors and SLI, suggestive associations of SLI with toxe-
mia of pregnancy, and hypertension were reported. Al-
though it appears that these types of environmental
factors are not essential in the development of SLI, this
does not exclude the importance of other interactions
with the environment over the course of development.

Prospective studies that compare infants who have a
positive family history of reading and language prob-
lems with infants who have a negative family history
may help in the identification of very early stages of the
abnormal phenotype. One example of this kind of work
used auditory temporal processing measures in infants
(Benasich and Tallal 1996). Temporal processing, the
ability to discriminate rapid and successive frequency
changes in brief intervals, correlates with later language
outcomes in infants who have a family history of lan-
guage problems (Benasich and Spitz 1998). These stud-
ies indicate that even before expressive language has
developed into easily recognizable words, children at
genetic risk for difficulties in learning language perform
differently, as a group, from control children on sensory-
processing measures that may subsequently be impor-
tant for phonological development.

Recently, a genome scan for SLI-susceptibility loci
performed by use of quantitative-trait analyses based
on a sib-pair design was completed by use of a combined
clinical/epidemiological sample (SLI Consortium 2002).
The authors found genomewide suggestive evidence for
loci on 16q and 19q before correction for multiple phe-
notypes and tests. The locus on chromosome 16 was

identified using a children’s test of phonological mem-
ory (Gathercole et al. 1994), whereas the locus on 19q
was identified using an expressive language score. Al-
though SLI and dyslexia have been postulated to be
genetically related, this study did not find any evidence
for linkage in regions previously implicated in dyslexia
on chromosomes 2, 6, 15, or 18 (Cardon et al. 1994;
Grigorenko et al. 1997; Fisher et al. 1999, 2002; Gayán
et al. 1999). Furthermore, there was no evidence for
linkage to 7q near FOXP2, a gene that is implicated in
a severe speech impairment (Lai and Fisher et al. 2001)
and is located in a region that may also include a major
locus for autism (International Molecular Genetic Study
of Autism Consortium 1998; Collaborative Linkage
Study of Autism (CLSA) 2001a [originally published in
1999]).

The present study reports the results of a genome scan
for SLI-susceptibility loci, using an extended family de-
sign. Three different phenotypic classifications were
tested for linkage by use of traditional LOD-score–based
methods and extensions to this basic approach. Although
complex diseases, such as SLI, do not segregate in an
apparent Mendelian framework, parametric analysis us-
ing a single-locus model has been shown to be an effective
method for detection of linkage to oligogenic disorders
(for a review of the relevant literature, see, e.g., Vieland
1998; Hodge 2001).

Subjects and Methods

Families and Phenotype Assignment

The sample consisted of branches of five Canadian
families of Celtic ancestry that were originally identified
during a linkage study of schizophrenia (Brzustowicz et
al. 2000) and were noted to have a history of language
or reading impairments. A total of 73 subjects were
phenotyped with language/reading measures, and these
plus 13 additional subjects (86 total) had DNA availa-
ble. The largest family ( phenotypes and DNA)n p 34
was not directly part of the schizophrenia study, because
they are related to a branch of a family segregating
schizophrenia only by a marriage, which should preclude
any subject for this study from sharing a schizophrenia
locus by descent. A speech/language pathologist screened
families, by telephone interview, for a history of lan-
guage impairment segregating in the family.

Families with a strong history of language impairment
were scheduled for assessment. All subjects received a
comprehensive battery of tests administered by an ex-
perienced tester in their own homes. Assessment tools
included the following:

1. The age-appropriate version of the Test of Lan-
guage Development, which is a comprehensive test of
language functioning that addresses specific subtypes of
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Table 1

Overlap Between Phenotypic Classifications

Phenotypea n

LI only 0
RI only 4
CI only 11
CI�LI 18
CI�RI 6
LI�RI�CI 7

a LI p language impairment, RI p reading im-
pairment, and CI p clinical impairment. Note that,
by definition, individuals classified as LI will also be
CI, but the opposite is not necessarily true. The CI-
only group represents individuals who were identi-
fied by low subtest scores or self-reported history (as
outlined in the “Subjects and Methods” section).

language processes, including comprehension, expres-
sion, syntax, grammar, and phonology (either the Test
of Adolescent Language [TOAL:2; see Hammill et al.
1987], the Test of Language Development–Primary, 2nd
edition [TOLDP:2] [see Newcomer and Hammill 1988],
or the Test of Language Development–Intermediate, 2nd
edition [TOLDI:2] [see Hammill and Newcomer 1988]).

2. Performance portions of the age-appropriate Wechs-
ler Intelligence Test: either the Wechsler Intelligence Scale
for Children (WISC) (Wechsler 1974), the Wechlser In-
telligence Scale for Adults (WAIS) (Wechsler 1981), the
Wechsler Preschool and Primary Scale of Intelligence
(WIPPSI) (Wechsler 1989), or the Wechsler Abbreviated
Scale for Intelligence (WASI) (Wechsler 1999).

3. Self report or parental report questionnaire to as-
sess history of hearing difficulties.

4. Word Indentification (single word reading) and
Word Attack (single non-word reading) subtests from
the Woodcock Reading Mastery Test (Woodcock 1987).

5. The age-appropriate version of the Token Test,
which measures a subject’s ability to perform increas-
ingly complex directions (DiSimoni 1978; for the mod-
ified version for adults, see Tomblin et al. 1992; for the
adult version standardized to the children’s scale, see
Tallal et al. 2001).

6. Test of diadochokinesis from the Oral Speech
Mechanism Screening Examination (St. Louis and Rus-
cello 1987), to assess oral structure and motor function.

Subjects were classified as an SLI proband if they met
the following inclusionary/exclusionary criteria:

1. Spoken Language Quotient Standard Score (SLQ)
�85 on the age-appropriate version of the Test of Lan-
guage Development.

2. Performance Intelligence Quotient (PIQ) �80 on
the age-appropriate version of the Wechsler Intelligence
Test, as well as PIQ � SLQ.

3. Hearing within normal limits (no history of recur-
rent ear infection or abnormal hearing screen) as as-
sessed by self-report or parental report questionaire.

4. No motor impairments or oral structural devia-
tions affecting speech or non-speech movement of the
articulators.

5. No comorbid diagnosis of autism, schizophrenia,
psychoses, or neurological disorders.

After all family members who agreed to participate
were tested, families were included in the study if at least
two members met the criteria for an SLI proband. All
subjects were enrolled and tested after giving informed
consent that conformed to the guidelines for treatment
of human subjects approved by Rutgers University.

Three diagnostic classifications of impairment were
employed. The classifications were not mutually exclu-
sive; an individual subject could meet the criteria for
more than one of the classifications that follow (see table
1 for the extent of overlap). A subject was classified as

language impaired if his or her SLQ was �85. A subject
was classified as reading impaired if his or her single
nonword reading score (word attack) was 1 SD below
their performance IQ (reading discrepancy score). Fi-
nally, a subject was classified as clinically impaired if one
or more of the following three criteria were met:

1. The subject was language impaired, defined by
SLQ �85, or the subject was reading impaired, defined
by word identification and/or word attack �85.

2. The subject’s overall SLQ was 185, but the subject
scored 1 SD below the mean (�7) on three individual
subtests of TOLD or scored �85 on the Token Test.
This criterion is designed to identify adults who have
compensated for their deficit but still show residual lan-
guage difficulty.

3. The subject had a history of language difficulty
defined by at least 2 years of speech/language therapy
and/or reading intervention with the label of “dyslexic.”

All individuals with schizophrenia or schizophrenia
spectrum disorders ( ) were coded as having ann p 7
unknown phenotype. It was not necessary to exclude
any subject from analysis because of mental retardation,
abnormal hearing, or oral motor or structural defects.

Genotyping

All family members who were willing to submit DNA
samples ( ) were genotyped. DNA was extractedn p 86
from peripheral blood samples by the GenePure system
(Gentra Systems). Buccal-swab DNA was extracted by
use of cell lysis buffer and incubation as described by
Laird et al. (1991), followed by NH4OAc precipitation
and suspension in tris ethylenediaminetetraacetic acid
(TE). Genotyping was conducted in our laboratory and
the laboratories of the Center for Inherited Disease Re-
search (CIDR) at Johns Hopkins University in Baltimore.
Initial genotyping of 381 markers from the Weber
Screening Set, version 6.0, spanning the genome at an
average spacing of 9 cM and average heterozygosity of
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0.76 was conducted by CIDR by use of automated fluo-
rescent microsatellite analysis (see the CIDR Web site
for further details) on 69 subjects. Follow-up genotyping
was performed in our laboratory with these and 17 ad-
ditional subjects, as described elsewhere (Brzustowicz et
al. 1997). Two additional markers on chromosome 13
(D13S1317 and D13S1306), one marker on chromo-
some 2 (D2S352), and one marker on chromosome 17
(D17S809), were also genotyped. PCR primers were or-
dered from Research Genetics as part of the Human Map
Pairs set or were redesigned from the Genome Database
locus sequence with the assistance of the Primer 3
program.

Statistical Analysis

Parametric analysis was performed with FASTLINK
version 4.1P programs (Cottingham et al. 1993; Schäffer
et al. 1994) and the LINKAGE version 5.2 programs (La-
throp and Lalouel 1984; Lathrop et al. 1984). The lan-
guage impairment, reading impairment, and clinical im-
pairment phenotypes were each analyzed under both a
dominant and a recessive model of inheritance, for a total
of six analyses. For the dominant models, penetrance for
individuals with one or two copies of the susceptibility
allele was set to 0.5. For the recessive models, penetrance
for individuals with two copies of the susceptibility allele
was set to 0.8, and penetrance for individuals with one
copy of the susceptibility allele was set to 0.01. For both
dominant and recessive models, the penetrance of indi-
viduals with no susceptibility alleles was set to 0.001. The
disease-allele frequency was set to 0.08 for the dominant
model and 0.3 for the recessive model. These models cor-
respond to an ∼7% rate of affection in the population,
which is one estimate of the population prevalence of SLI
(Tomblin et al. 1997). Although the parameters in our
genetic models are almost certainly not correct, it has been
demonstrated that use of arbitrary penetrance values with
both dominant and recessive modes of inheritance pro-
vides a sufficiently powerful test for linkage in complex
diseases (Greenberg et al. 1998; Abreu et al. 1999). Two-
point linkage analysis was performed by use of the
MLINK program, multipoint linkage analysis by use of
the LINKMAP program, and heterogeneity testing by use
of the HOMOG program. Marker allele frequencies were
estimated by use of all available unrelated individuals.
Recombination fractions (v) between markers were taken
from the Marshfield map supplied with the screening set.
For additional markers, values of v were also taken from
the Marshfield map as D13S1317–.04–D13S800–.04–
D13S1306; D2S405–.028–D2S352–.037–D2S1788;
D17S2180–.064–D17S809–.057–D17S1290. Haplo-
types were generated by a Markov chain–Monte Carlo
approach using simulated annealing algorithms imple-
mented in SimWalk2 version 2.82 (Sobel and Lange

1996). Files were analyzed several times by use of slightly
different parameters and random number seeds to ensure
convergence on a stable solution.

Simulations are useful to determine the proper sig-
nificance of linkage results either when a sample is
unique or when multiple correlated tests have been per-
formed, as in this study. Empirical P values for the com-
plete data set were obtained by simulation of 1,500 sets
of 400 markers (representing a genome scan) not linked
to a susceptibility gene generated by the SIMULATE
program (Terwilliger and Ott 1994). Simulated markers
had four alleles of equal frequency, for a heterozygosity
of 0.75. Markers were analyzed by the program MSIM
and were evaluated for heterogeneity by the program
ElodHET. These programs were modified to accom-
modate analysis of six genetic models and report the
maximum homogeneity LOD score and the maximum
heterogeneity LOD score across all six models per sim-
ulated genome scan. The best homogeneity and hetero-
geneity LOD scores over each simulated genome scan
were extracted and compiled into a single distribution.
LOD scores from the real analysis were compared to
this distribution from the simulated data sets, to see how
often a given result would be expected by chance from
an unlinked data set. This is reported as the empirical
P value. Pedigree structures, phenotypic classifications,
and genetic models were the same as those used in the
actual analysis, but marker information was generated
without regard to affection status.

To establish the statistical cutoff for follow-up analysis
on the initial family set with additional pedigree mem-
bers, 1,000 replicates were simulated under the assump-
tion of no linkage for the initial sample and were ana-
lyzed under all six models, as described above. A LOD
score of 1.74 was expected to occur by chance approx-
imately once in every two genome scans, and this score
was used as the cutoff for follow-up genotyping with
the additional DNA samples.

We have also calculated the posterior probability of
linkage (PPL), using the general form of Vieland (1998),
which employs two-point LOD scores in lieu of con-
stituent likelihoods (see also Wang et al. 1999, 2000;
Vieland et al. 2001). The PPL differs from the LOD
score, first, because it directly measures the probability
that the genetic distance between the marker and a pu-
tative disease gene is !50 cM; and second, because it
explicitly incorporates the prior distribution of v, in-
cluding the small prior probability of linkage between
a trait gene and a random marker. Here we have used
a prior probability of linkage of 2% (Elston 1975; Mor-
ton 1998) and have modeled the prior density of v, given
linkage, in terms of the random distance of a trait gene
to its closest marker on a fixed marker map (Vieland et
al. 2001).

We have also implemented a new feature in computing
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PPLs for the SLI data: rather than fixing the trait pa-
rameters at arbitrary values, we have included them as
nuisance parameters in the model by assigning them in-
dependent uniform prior distributions and then inte-
grating them out, to obtain a marginal posterior density
in v alone (see Appendix B of Vieland et al. 2001). The
posterior marginal density of v was approximated via
direct numerical evaluation, by discretizing each param-
eter, computing two-point LOD scores at each possible
combination of parameter values, and then averaging
the resultant set of LOD scores (likelihoods) for each
value of v (M. W. Logue, unpublished data). The three
penetrances (for the AA, Aa, and aa genotypes) were
independently varied from 0 to 1, in increments of 0.10
(but the degenerate case of all penetrances being equal
was skipped, and 0.999 was substituted for 1); v was
varied from 0 to .5 in increments of 0.01; and the ad-
mixture parameter (a) was varied from 0 to 1, in in-
crements of 0.05. The grid for the disease-gene frequency
was 0.001, 0.01, 0.1, 0.3, 0.5, and 0.8. The PPL was
computed from the posterior marginal density of v in-
tegrating over by numerical approximation, as de-v ! .5
scribed above.

Results

Two-point and three-point analysis was conducted on the
initial subject set with follow-up genotyping on markers
that produced multipoint heterogeneity LOD (HLOD)
scores greater than 1.74. Figure 1 summarizes the two
point results for all screening set markers and includes
results of follow-up genotyping (see full table of LOD
scores in online-only supplement). After follow-up ge-
notyping, three areas gave two point results over 1.74
(D13S800, 3.62, recessive reading discrepancy; D2S405,
2.28, recessive language impairment; D17S1290, 1.92,
dominant reading discrepancy). Two additional markers
flanking D13S800 (∼4 cM on each side) also gave positive
two-point LOD scores under the recessive reading model
(D13S1317, 2.99; D13S1306, 1.00). Four-point analysis
done by use of D13S800 and these flanking markers pro-
duced a maximum LOD score of 3.92 at 0.9 cM telomeric
to D13S800 (fig. 2). Haplotypes generated by SimWalk2
version 2.82 indicated recombination events occur in af-
fected individuals between D13S788 and D13S1317, as
well as between D13S800 and D13S1306. Because of the
relatively large spacing between the adjacent markers used
for this study, the placement of these flanking recombi-
nation events cannot be defined with much precision. On
the basis of the Marshfield Comprehensive Human Ge-
netic Map, the flanking recombination events are sepa-
rated by a genetic distance of 4–14 cM. According to the
December 2001 assembly of the Human Genome Project
Working Draft, this corresponds to physical distance of
6.8–25.9 Mb.

Since our sample size is relatively small but does have
complex pedigree structure and since our phenotypes
are moderately correlated, the true false-positive rate
may differ from that suggested by traditional guidelines.
For a full assessment of the significance of our finding,
1,500 simulated genome scans of unlinked markers
were tested under all six models, to determine the em-
pirical significance level. A score �3.92 occurred !1%
of the time under homogeneity and heterogeneity anal-
ysis, indicating that our genomewide empirical signifi-
cance level is .P ! .01

Figure 3 summarizes the PPL results over the length
of chromosome 13 for linkage with reading discrepancy.
D13S1317 gave a PPL of 0.53%, D13S800 gave a PPL
of 27%, and D13S1306 gave a PPL of 9%. Markers
that appeared to be unlinked on the basis of LOD scores
failed to produce a PPL 10.045.

The region with the next highest LOD score was in
2p22 at marker D2S405 ( ) with a maximum two-v p 0
point LOD score of 2.28 under the recessive language
model. Markers near D2S405 produced positive LOD
scores (1.57 at D2S352; 1.31 at D21788). Four-point
analysis of the region that used these three markers gave
a maximum LOD score of 2.79 at 0.05 cM distal to
D2S405. Overlapping three-point analysis of this region
is shown in figure 4. A LOD score of 2.79 corresponds
to an empirical P value !.06 in our sample, as deter-
mined by simulation. PPL analysis of the markers was
only very slightly higher than the prior probability of
linkage (for D2S405, PPL p 0.058; for D2S352, PPL
p 0.037; for D2S1788, PPL p 0.024). The other region
exceeding our screening criteria had a peak near
D17S1290 ( ), with a maximum two-point LODv p .01
score of 1.92 under the dominant reading model after
follow-up genotyping (PPL p 0.036 for reading im-
pairment). Four-point analysis of the region including
the two flanking markers (D17S2180 and D17S809),
performed at ∼11 cM resolution, gave a maximum LOD
score of 2.19, corresponding to an empirical P value of
.20.

Discussion

This study has demonstrated significant evidence for link-
age between 13q21 and susceptibility to SLI, by use of a
reading-based phenotype. Our analysis also suggests two
additional loci, on 2p22 and 17q23, that may play a role
in the overall phenotype associated with SLI. Although
the families in this study were initially ascertained for
schizophrenia, all persons with a diagnosis of schizo-
phrenia (present in three of five families), were coded as
phenotypically unknown. Furthermore, the largest pedi-
gree in our data set, which contributed ∼50% of the link-
age signal on 13q21 and 2p22, was connected to an orig-
inal family with schizophrenia only by a marriage so the
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Figure 1 Maximum two-point heterogeneity LOD scores for all six models, summarized over the entire genome. The three highest peaks
are labeled by marker and model. A list of two-point results for all markers and models is located in the online-only supplement. C p clinical
diagnosis; R p reading discrepant; L p language impaired; “Rec” and “Dom” are recessive and dominant modes of inheritance, respectively.

Figure 2 Four-point analysis of the recessive reading model using
markers D13S1317, D13S800, and D13S1306. This graph shows the
overlap between our observed linkage and the CLSA (2001b; originally
published as Bradford et al. 2001). The horizontal bar indicates the

interval from the CLSA data set.Z � 1max

portion of the family in our data set should not segregate
a schizophrenia locus by descent. As schizophrenia and
SLI are two common disorders, it would be expected to
find families that segregate both these disorders indepen-
dently. Thus it seems most likely that our results relate to
SLI and not schizophrenia.

The locus on 13q21 was identified using a reading
discrepancy phenotype that might be considered a dys-
lexia phenotype. To date, no studies have strongly im-
plicated 13q21 or the surrounding region in dyslexia.
One possible explanation for this lack of overlap may
lie within the ascertainment definitions of SLI and dys-
lexia. Traditionally, for a subject to be classified with
dyslexia or specific reading disability, language (recep-
tive and expressive grammar, syntax, and vocabulary)
would have to be within the developmentally normal
range. The diagnosis of SLI, however, requires difficulty
in the acquisition of language skills that, by necessity,
would make learning to read more difficult and thus
reduce reading scores. Our reading phenotype in a pop-
ulation selected for SLI is most likely measuring the
resultant reading outcome of an underlying language
deficit as opposed to a reading deficit in isolation. It is
interesting to note that reading discrepancy as a quan-
titative trait was found to have significant heritability
( ; ) in twins selected for reading dis-2h p .46 SE p .15g

ability (Pennington et al. 1992). Although the relation-
ship between a similar, categorical reading discrepancy
and SLI are still unclear, our data suggest that further
work should be done to clarify why such a discrepancy
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Figure 3 PPL across the length of chromosome 13 when the reading discrepancy phenotype is used. Note the height of the linkage peak
relative to the background level of linkage across the chromosome.

shows utility for finding genes in SLI, whereas language-
IQ discrepancy, as demonstrated by Bishop et al. (1995),
does not ( with four language2h p 0–0.17 � 0.5–0.91g

measures in 90 twin pairs).
The 13q21 region has also been suggestively impli-

cated in autism (MIM 209850) by the CLSA (2001a,
2001b [originally published in 1999, 2001]). When the
authors of this study divided their autism sample in
subsets, on the basis of language delay in the probands
(onset of phrase speech 136 mo), and coded the parents
as affected/unaffected according to questionnaire infor-
mation on the parents’ history of language, reading, and
spelling ability, the evidence for linkage was increased.
Virtually all of the linkage signal came from the group
with language-delayed probands. The maximum mul-
tipoint HLOD score was 2.54 at D13S800, the same
marker where the peak LOD score occurs in the present
study. Figure 2 shows the extent of overlap between our
study and the study by the CLSA (2001b, originally
published in 2001). Both autism and SLI appear to fol-
low complex patterns of inheritance, so, if these dis-
orders do share a common gene, then it would not be
responsible for the entire phenotypic presentation of
either disorder. Furthermore, since human disease genes
have been documented to have many separate muta-
tions, even implication of the same gene in both dis-
orders does not necessarily imply the same molecular
mechanism (Noone and Knowles 2001). A recent report
by Kjelgaard and Tager-Flusberg (2001) indicates that
a subset of children with autism show language deficits
that are very similar to SLI. Since SLI is a common
disorder, genes that negatively modulate language may
be segregating independently from autism but still hav-
ing an impact on the phenotypic presentation of that
disorder. The use of special populations with circum-
scribed deficits may prove useful for the elucidation of

other complex disorders, through determination of the
genetic mechanisms for phenotypic components, such
as the language component of autism.

PPL analysis has been used to further characterize our
higher LOD scores. The PPL differs from the HLOD in
a few notable respects. First, it already has incorporated
into it the small prior probability of linkage (which is
not used in calculation of the HLOD, although it is
often invoked as a consideration in judgment of whether
the observed HLOD is large enough to constitute strong
evidence). Second, it incorporates a prior probability
distribution for v (again, the HLOD does not; whereas
the PPL is integrated over v, the HLOD is maximized
over it). Third, whereas the HLOD has been calculated
under the assumption of a particular trait model, the
PPL is written as a function of the parameters of a
(marginal) single-locus trait model, including admix-
ture, and then these parameters are integrated out of
the final statistic (so, again, the PPL is integrated over
the trait parameter-space, whereas the HLOD, in this
case, is taken at two particular fixed points in that space,
one dominant and one recessive). Although all of these
features introduce some differences between the statis-
tics, it is this last item that is most likely to explain the
fact that the HLODs maximize at a slightly different
location than does the PPL. Localization on the basis
of PPL would indicate that the disease gene is closer to
D13S1317 than to D13S800, in contrast to the multi-
point results. Calculation of the PPL is based solely on
two-point analysis, whereas multipoint analysis has the
ability to recover some of the power lost to marker
uninformativeness, which is especially important in
small data sets. Since the two localizations differ only
by !5 cM, it is reasonable to conclude that the 13q21
region is implicated in the etiology of SLI, but further
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Figure 4 Overlapping three-point analysis with the recessive language model of a selected region of chromosome 2. For the purposes of
this graph, LOD scores were plotted by use of successive analyses anchored by each marker. The potential localization of DYX3 is shown by
the black horizontal bar (Fagerheim et al. 1999).

analysis will be required to refine the location estimate
in this sample.

The PPL has an additional advantage over LOD scores
in that it can be interpreted directly as a measure of the
probability of linkage, given the data. A 53% PPL means
that, more likely than not, there is a susceptibility gene
at this location, and failure to follow up on this result is
likely to miss a valid finding. It is important to note as
well that the prior distribution for all nuisance param-
eters was taken to be uniform, which is likely to be con-
servative. The uniform distribution for penetrance will
weight a model that has a 90% phenocopy rate equal-
ly with one that has a very low phenocopy rate. How-
ever, a 90% phenocopy rate would not be consistent with
the behavioral genetics of SLI, which suggests a strong
genetic component and therefore would indicate use of
a very small prior distribution for such unlikely mod-
els. Yet, definition of the genetically likely parame-
ter space is not a straightforward undertaking, and thus
the observed PPL can be considered conservative. Fig-
ure 3 graphically demonstrates the signal-to-noise ratio
of the PPL across chromosome 13, which indicates both
the conservative nature of the statistic and the relative
strength of a 53% PPL.

Our findings on 2p22 are plotted in figure 4, with
the location of the dyslexia locus, DYX3, indicated (Fa-
gerheim et al. 1999). The maximum LOD score in our
sample is ∼40 cM from the location of DYX3. Since
40 cM approaches the approximate limit of detectable
linkage, it is very unlikely that our locus represents link-
age to DYX3. The PPLs in this region were also low
(3.7% and 2.4%) but were higher than the prior prob-
ability of linkage. Thus, it would be premature to en-
tirely exclude this locus for SLI. The locus on 2p22 was
suggested only with the language impairment model,
which is analogous to the 13q21 locus being found only
under the reading impairment model. Although the two
models do correlate to a modest extent (see table 1),

they are not derived from the same phenotypic measures
and are likely to have somewhat differential sensitivities
for the respective domains of reading and language,
which may account for our results. Further, the clinical
impairment classification may have been unconservative
in that it would increase the phenocopy rate for either
language or reading impairments, since it also included
self-reported history information, which—although in-
creasing sensitivity to detect compensated adults—may
not be as reliable as direct testing (Tallal et al. 2001).

This study has used a population with Celtic an-
cestry to map genes that either are involved in a lim-
ited but distinct disruption of language acquisition
(SLI) or represent part of the lower tail of normal
variation in language ability. There remains an unre-
solved controversy in the field of language learning
with regard to the exact etiology of SLI (Aram 1991;
Johnston 1991; Leonard 1991; Bishop 1994, 2001;
Fitch et al. 1997; Dale et al. 1998; Leonard 1998).
This debate may be resolvable, within limits, once the
gene at 13q21 and other SLI-susceptibility genes are
successfully found and characterized.

Lai and Fisher et al. (2001) recently cloned the
FOXP2 gene (MIM 606354) at the SPCH1 locus (MIM
602081) responsible for a more severe and complex
speech/language abnormality. The presumably causal
gene was shown to have a point mutation in one ex-
tended pedigree (the KE family) and not in 364 ethni-
cally matched controls. The only other case this group
reports resulted from a disruption of FOXP2 due to a
de novo translocation event. As a result, the rather
unique phenotype of the KE kindred (severe oral motor
dyspraxia and, in some cases, very low IQ), which en-
compassed more than the isolated language deficits de-
fining SLI, does not appear to be part of normal genetic
variation in language ability. Conducting linkage studies
in samples that show only language and reading deficits
may prove to be more useful in further definition of the
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etiology of SLI and may illuminate molecular mecha-
nisms that are part of normal genetic variation.

The present study differs from the genome scan by
the SLI Consortium (2002) in several ways. The SLI
Consortium presented suggestive evidence for linkage
on 16q and 19q, whereas our study did not. Such dif-
ferences may reflect the statistical difficulty of the rep-
lication of loci or may reflect locus heterogeneity. It is
possible that susceptibility alleles within the fairly ho-
mogeneous sample of Celtic ancestry that we studied
(although it was not a population isolate) do not seg-
regate within the United Kingdom as a whole with great
enough frequency for the SLI Consortium study to de-
tect the 13q21 locus, particularly because nuclear fam-
ilies do not provide very much power to detect admix-
ture. Furthermore, the statistical approach used by the
SLI Consortium was based solely on quantitative genetic
analysis. Although quantitative traits in sib pairs/nu-
clear families overcomes certain constraints inherent to
research of disorders based on quantitative measures
and have been proven useful by the SLI Consortium’s
suggestion of SLI loci on chromosomes 16 and 19, our
study represents another demonstration of the utility of
using categorical phenotypes with the traditional LOD-
score–based method for implication of loci in complex
diseases. It is important to keep in mind that different
statistical methods require different assumptions and
require different data structures/dependencies. This
study indicates that using categorical techniques in ex-
tended pedigrees may reveal important genetic factors
in disease etiology that could potentially be missed by
sib-pair analysis.
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quential genetic linkage computations. Am J Hum Genet 53:
252–263

Dale PS, Simonoff E, Bishop DVM, Eley TC, Oliver B, Price
TS, Purcell S, Stevenson J, Plomin R (1998) Genetic influence
on language delay in two-year-old children. Nat Neurosci
1:324–328

DiSimoni F (1978) The Token Test for children. Teaching Re-
sources, Boston

Elston RC (1975) The prior probability of autosomal linkage.
Ann Hum Genet 38:341–350

Fagerheim T, Raeymaekers P, Tønnessen FE, Pedersen M, Tra-
nebjærg L, Lubs HA (1999) A new gene (DYX3) for dyslexia
is located on chromosome 2. J Med Genet 36:664–669

Fisher SE, Franks C, Marlow AJ, MacPhie IL, Newbury DF,
Cardon LR, Olson RK, Pennington BF, Smith SD, DeFries
JC, Stein JF, Monaco AP (2002) Independent genome-wide
scans identify a chromosome 18 quantitative-trait locus in-
fluencing dyslexia. Nat Genet 30:86–91

Fisher SE, Marlow AJ, Lanb J, Maestrini E, Williams DF, Rich-
ardson AJ, Weeks DE, Stein JF, Monaco AP (1999) A quan-
titative-trait locus on chromosome 6p influences different
aspects of developmental dyslexia. Am J Hum Genet 64:
146–156

Fitch RH, Miller S, Tallal P (1997) Neurobiology of speech
perception. Annu Rev Neurosci 20:331–353

Gathercole SE, Willis CS, Baddeley AD, Emslie H (1994) The
Children’s test of nonword repetition: a test of phonological
working memory. Memory 2:103–127

Gayán J, Smith SD, Cherny SS, Cardon LR, Fulker DW,

Brower AM, Olson RK, Pennington BF, DeFries JC (1999)
Quantitative-trait locus for specific language and reading
deficits on chromosome 6p. Am J Hum Genet 64:157–164

Greenberg DA, Abreu P, Hodge SE (1998) The power to detect
linkage in complex disease by means of simple LOD-score
analyses. Am J Hum Genet 63:870–879

Grigorenko EL, Wood FB, Meyer MS, Hart LA, Speed WC,
Shuster A, Pauls DL (1997) Susceptibility loci for distinct
components of developmental dyslexia on chromosomes 6
and 15. Am J Hum Genet 60:27–39

Hammill DD, Brown VL, Larsen SC, Wiederhodl JL (1987)
Test of Adolescent Language—2. Pro-Ed, Austin, TX

Hammill DD, Newcomer PL (1988) Test of Language Devel-
opment—2, Intermediate. Pro-Ed, Austin, TX

Hodge SE (2001) Model-free vs. model-based linkage analysis:
a false dichotomy? Am J Med Genet 105:62–64

International Molecular Genetic Study of Autism Consortium
(1998) A full genome screen for autism with evidence for
linkage to a region on chromosome 7q. Hum Mol Genet 7:
571–578

Johnston JR (1991) The continuing relevance of cause: a reply
to Leonard’s “Specific language impairment as a clinical cat-
egory.” Lang Speech Hear Serv School 22:75–79

Kjelgaard MM, Tager-Flusberg H (2001) An investigation of
language impairment in autism: implications for genetic sub-
groups. Lang Cognit Process 16:287–308

Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F, Monaco AP
(2001) A forkhead-domain gene is mutated in a severe
speech and language disorder. Nature 413:519–523

Laird PW, Zijderveld A, Linders K, Rudnicki MA, Jaenisch R,
Berns A (1991) Simplified mammalian DNA isolation pro-
cedure. Nucleic Acids Res 19:4293

Lathrop GM, Lalouel JM (1984) Easy calculations of LOD
scores and genetic risks on small computers. Am J Hum
Genet 36:460–465

Lathrop GM, Lalouel JM, Julier C, Ott J (1984) Strategies
for multilocus analysis in humans. Proc Natl Acad Sci 81:
3443–3446

Leonard LB (1991) Comments on specific language impair-
ment as a clinical category. Lang Speech Hear Serv School
22:84–87

——— (1998) Children with specific language impairment.
MIT Press, Cambridge, MA

Morton NE (1998) Significance levels in complex inheritance.
Am J Hum Genet 62:690–697

Newcomer PL, Hammill DD (1988) Test of language devel-
opment–2, Primary. Pro-Ed, Austin, TX

Noone PG, Knowles MR (2001) “CFTR-opathies”: disease
phenotypes associated with cystic fibrosis transmembrane
regulator gene mutations. Respir Res 2:328–332

Pennington BF, Gilger JW, Olson RK, DeFries JC (1992) The
external validity of age- versus IQ-discrepancy definitions of
reading disability: lessons from a twin study. J Learn Disabil
25:562–573

Reed MA (1989) Speech perception and the discrimination of
brief auditory cues in reading disabled children. J Exp Child
Psychol 48:270–292

Rice ML, Honey KJ, Wexler K (1998) Family histories of chil-
dren with SLI who show extended optional infinitives. J
Speech Lang Hear Res 41:419–432



Bartlett et al.: Locus for SLI on 13q21 55

Scarborough H, Dobrich W (1990) Development of children
with early language delay. J Speech Hear Res 33:70–83
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