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Multivariate Linkage Analysis of Specific Language
Impairment (SLI)

Anthony P. Monaco*
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SUMMARY

Specific language impairment (SLI) is defined as an inability to develop appropriate language skills without explana-
tory medical conditions, low intelligence or lack of opportunity. Previously, a genome scan of 98 families affected
by SLI was completed by the SLI Consortium, resulting in the identification of two quantitative trait loci (QTL)
on chromosomes 16q (SLI1) and 19q (SLI2). This was followed by a replication of both regions in an additional
86 families. Both these studies applied linkage methods to one phenotypic trait at a time. However, investigations
have suggested that simultaneous analysis of several traits may offer more power. The current study therefore applied
a multivariate variance-components approach to the SLI Consortium dataset using additional phenotypic data. A
multivariate genome scan was completed and supported the importance of the SLIT and SLI2 loci, whilst highlight-
ing a possible novel QTL on chromosome 10. Further investigation implied that the effect of SLI1 on non-word
repetition was equally as strong on reading and spelling phenotypes. In contrast, SLI2 appeared to have influences
on a selection of expressive and receptive language phenotypes in addition to non-word repetition, but did not show

linkage to literacy phenotypes.
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Introduction opportunity to improve their language skills. This dis-
order is defined as Specific Language Impairment (SLI
[MIM 606711]).

Studies published in the 1980s and 1990s consis-

tently demonstrated familial aggregation in cases of lan-

During development it is expected that children will
learn their native language relatively quickly and easily
and, by the age of four, be able to construct long sen-

tences with a vocabulary of up to 5000 words (O’Grady guage impairment (Bishop & Edmundson, 1986; Neils

& Aram, 1986; Tallal et al. 1989; Stromswold, 1998).

Subsequent twin studies indicated an increase in con-

2005). There is a proportion of children, however, who
appear to have difficulty in this development. In many
cases this is caused by other medical or developmental

cordance rates of MZ twin pairs over that of DZ twins,

problems, such as autism, deatness or cleft lip and palate. suggesting that much of the familial aggregation can be

0/ __70, 1 —
Nevertheless, 3%—7% of preschool children have a lan attributed to genetic influences (Lewis & Thompson,
1992; Bishop et al. 1995; Tomblin & Buckwalter, 1998;
Viding et al. 2004). Furthermore, heritability of lan-

guage ability has been suggested to increase as a func-

guage impairment but appear to have no known medical
problems that can explain the language delay (Tomblin
et al. 1997; Law et al. 1998). Furthermore, they have

normal non-verbal intelligence and have had adequate . . ‘ . .
tion of the severity of language impairment. In their

twin study, Viding et al. (2004) reported a group heri-
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composite language score 1.5SDs below the mean. This
figure rose to 72% when a more severe cut-off of 3SDs

was applied (Viding et al. 2004).
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In recent years two groups have published genome
scans specifically looking for linkage to SLI. Bartlett
et al. (2002) studied 84 individuals selected from five
extended Canadian pedigrees, originally ascertained for
a schizophrenia study. Each family included at least two
individuals with a spoken language measure >1SD be-
low that expected for their age. All individuals with a
performance IQ below 80, hearing outside the normal
limits, motor impairments or oral structural deviations,
or a diagnosis of autism, schizophrenia, psychoses or
neurological disorders, were excluded. Three dependent
categorical phenotypes were analysed using dominant
and recessive models (reading impaired, language im-
paired and clinically impaired). Results showed linkage
at 13921 using the recessive reading model (maximum
LOD 3.92) (SLI3 [MIM607134]), and at 2p22 using
the recessive language model (maximum LOD 2.86).
A replication of the SLI3 locus was achieved two years
later using an independent sample of 22 American fam-
ilies, both nuclear and extended. These families were
clinically referred and again contained at least two af-
fected individuals. The assessment battery and linkage
approach were identical to those used previously, but in
this replication study they only typed markers on chro-
mosomes 2, 7 and 13. Linkage was again observed on
chromosome 13q under a recessive model of reading
impairment, yielding a maximum LOD score of 2.62
(Bartlett et al. 2004).

The SLI Consortium (2002) collected a sample of
98 families, all containing at least one proband with
language skills >1.5SD below the mean for their
chronological age. In contrast to Bartlett et al. (2002,
2004), they directly utilised quantitative measures of
language ability. Three phenotypes — non-word rep-
etition (NWR), and the Clinical Evaluation of Lan-
guage Fundamentals — Revised (CELF-R) expressive
and receptive language scales — were analysed using
Haseman-Elston (HE) and variance components (VC)
linkage approaches. Two loci exceeded suggestive levels
for genome-wide significance. A QTL on chromosome
16q (SLI1 [MIM606711]) showed linkage using the
non-word repetition phenotype (LOD 3.55). The sec-
ond QTL, on chromosome 19q, provided evidence of
linkage using the expressive language score (LOD 3.55)
(SLI2 [MIM606712]). Replication of both of these loci
was achieved using a second cohort of 86 families with
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identical selection criteria and assessment battery (The
SLI Consortium, 2004). However, within this sample
the non-word repetition phenotype showed linkage to
both regions (chromosome 16 maximum LOD 2.84,
chromosome 19 maximum LOD 2.31), whereas the
expressive language score showed no linkage to either
chromosome. By combining the two waves of data the
LOD score on chromosome 16 increased to 7.46, whilst
that on chromosome 19 decreased to 1.40. This was at-
tributed to the fact that the separate waves were primar-
ily linked to two difterent phenotypes in this region. In
their replication study the SLI Consortium also demon-
strated suggestive levels of linkage between a mea-
sure of spelling ability and the SLIT region (maximum
LOD 2.67).

In addition to these full genome screens, some investi-
gators have performed linkage analyses in specific chro-
mosomal regions which have previously been linked to
disorders associated with SLI. These studies have all been
performed using families affected by speech-sound dis-
order (SSD), characterised by developmentally inappro-
priate errors in speech production and considered to be
a phonological subtype of SLI (Stein et al. 2004, 2006;
Smith et al. 2005). The first study of SSD (Stein et al.
2004) focussed upon a region of chromosome 3 pre-
viously implicated in dyslexia (DYX5 [MIM606896]).
Probands and siblings were assessed on a battery of
tests covering phonological memory, articulation, vo-
cabulary (expressive and receptive), reading and reading,
comprehension abilities. These data were then used to
derive factor scores for articulation, phonological mem-
ory and vocabulary, which were then analysed for link-
age by applying a model-free approach. The strongest
significant linkage was found using the phonological
factor score (P = 5.6 x 107°) [MIM608445]. Evi-
dence for linkage was also found using the reading scores
(P < 0.006). The same set of families were also used in
an investigation of a region of chromosome 15q which
is deleted in Prader-Willi and Angelman Syndromes and
has been linked to both autism (AUTS4 [MIM209850])
and dyslexia (DYX1 [MIM127700]) (Stein et al. 2006).
The factor scores were not employed in this study, but
instead an affected sib-pair analysis was performed us-
ing a binary affection status. Linkage was found within
a Caucasian subgroup of families (P = 0.007), which
strengthened when quantitative measures of oral-motor
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function, articulation and phonological memory were
included as covariates within a conditional logistic
model (P = 0.004). A second group also found link-
age to chromosome 15q in a cohort of families affected
by SSD. Smith et al. (2005) specifically investigated loci
previously implicated in dyslexia on chromosomes 1p
(DYX8 — [MIM608995]), 6p (DYX3 — [MIM604254])
and 15q (DYX1 — [MIM127700]) within 65 families af-
fected by SSD. They employed both Haseman-Elston
and DeFries-Fulker methodology to analyse a qualita-
tive diagnosis of affection status alongside six quantitative
measures of spoken language ability at these loci. They
reported significant linkage to the affection status on
chromosome 6 (P = 0.0006), and to measures of non-
word repetition and articulation on chromosome 15q.
It therefore appears that the results of studies of families
affected by SSD overlap with those of dyslexia in a way
that investigations of SLI do not. This reflects the aetio-
logical complexities documented by behavioural studies
(Lewis et al. 2000; Raitano et al. 2004) and may, in part,
be attributable to the fact that a diagnosis of dyslexia
or SSD relies heavily upon the presence of phonolog-
ical deficits, whereas SLI may involve impairments in
alternative language domains (e.g. morphology, syntax,
semantics).

The studies described above conveniently illustrate
the issues which surround both the design of and the
interpretation of results from, investigations into com-
plex genetic disorders such as SLI. SLI is phenotypically
heterogeneous, making it difficult to obtain a meaning-
ful and consistent affection status, and often resulting in a
lack of agreement in the methodologies applied between
studies. In addition, there are substantial behavioural and
aetiological overlaps with other developmental disor-
ders such as SSD, dyslexia, attention deficit disorder and
pervasive developmental disorders (Beitchman & Inglis,
1991; Bishop & Snowling, 2004), indicating the prob-
able existence of pleiotropic genetic effects. Moreover,
the direct comparison of results between studies is of-
ten further complicated by the application of alternative
linkage methods, and the way in which different re-
searchers report the significance levels of the loci iden-
tified (e.g. p-values, LOD scores, Z-scores etc). The
extent of linkage found by any given study, therefore,
not only reflects the genetic eftects operating within that

sample, but is also affected by factors such as the sensi-
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tivity and distribution of the psychometric and linkage
tests used, and the ascertainment and size of the samples
collected (Fisher & DeFries, 2002).

Researchers are increasingly turning to multivariate
techniques for the analysis of correlated traits. Such
techniques simultaneously consider quantitative mea-
sures within a linkage model and account for the phe-
notypic correlations between traits (Marlow et al. 2003;
Wang & Elston, 2007). They can therefore increase
the accuracy of linkage estimates and the power to de-
tect QTLs (Boomsma & Dolan, 1998), especially when
there is a large genetic correlation between the traits
(Schmitz et al. 1998). In addition, replacing a set of
univariate analyses with a single multivariate analysis re-
moves the need to correct for the multiple testing of
correlated traits that can result in over-conservative re-
sults. Furthermore, multivariate linkage analysis may be
used to dissect genes with pleiotropic effects, as is ex-
pected to be the case for developmental disorders such
as SLI. The current study therefore applies the multi-
variate method of Vogler et al. (1997) and Marlow et al.
(2003) to the SLI Consortium (SLIC) data. This has al-
lowed us simultaneously to investigate the genetic eftects
upon each of the measures collected by the previous
SLIC studies, and to clarify the common and specific
effects at the SLIT and SLI2 loci identified by these

investigations.

Subjects and Methods

Subjects

In total 840 individuals were recruited from 184 fami-
lies by four separate centres — the Newcomen Centre at
Guy’s Hospital, London; the Cambridge Language and
Speech Project (CLASP); the Child Life and Health
Department at the University of Edinburgh; and the
Department of Child Health at the University of Ab-
erdeen. All families were selected via a single proband
who, either currently or in the past, had language skills
> 1.5 SD below the normative mean for their chrono-
logical age on the receptive and/or expressive scales of
the CELF-R battery (Semel et al. 1992). Any proband
or sibling found to have a performance 1Q of below 80
was excluded from the sample. Full details of all cohort

structures and ascertainment criteria can be found in
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previous publications from The SLI Consortium (2002,
2004).

The model applied to the data was only defined for
full sibships of magnitude 2—4 with adequate genetic
data. After excluding any half-siblings to each proband
six families (22 individuals) only contained one remain-
ing offspring (the proband) and therefore were omitted
from the analysis. Since the Aberdeen sample is small
we combined it with the Guy’s sample; this is consistent
with the approach used for previous analyses (The SLI
Consortium, 2004).

The entire cohort can be considered in three separate
ways: in terms of the site at which the proband was iden-
tified (i.e. Guy’s and Aberdeen, Cambridge, Edinburgh);
in terms of the nature of the site at which they were
identified (i.e. Clinical selection — Edinburgh, Guy’s and
Aberdeen, or epidemiological selection — Cambridge);
or in terms of chronologically defined ‘waves’ (i.e. those
samples collected from Guy’s and Cambridge prior to
2002 and used for the SLIC whole genome screen (The
SLI Consortium 2002) —wave 1, and those subsequently
collected by all four of the sites and used for the SLIC
replication study of chromosomes 16 and 19 (The SLI
Consortium 2004) — wave 2).

Phenotypic Measures

Expressive and receptive language abilities were assessed
separately, using the language test battery CELF-R
(Semel et al. 1992), by obtaining a score from three
of the following tests, depending on the age and lan-
guage ability of the child. The expressive language sub-
tests included formulating sentences (FSENT), recalling
sentences (RSENT), sentence assembly (SA) and word
structure (WDST). The receptive language subtests were
oral directions (OD), word classes (WC), semantic re-
lationships (SREL), sentence structure (SST) and lin-
guistic concepts (LCON). These tests can be analysed
separately or used to create two cumulative scores — one
expressive (ELS) and the other receptive (RLS). Due to
small sample sizes, the measures for the under 8’ only,
WDST, SST and LCON, were excluded from this study.

Literacy was tested using the WORD assessment
(Rust et al. 1993), designed for children of ages 6 to
16. WORD consists of three components, each mea-
suring a separate aspect of literacy: single-word reading

© 2007 The Authors
Journal compilation © 2007 University College London

Multivariate Linkage Analysis of SLI

(BRSS), single-word spelling (SPSS), and reading com-
prehension (RCSS). Due to logistical constraints the
WORD tests were only performed for the Guy’s and
Cambridge samples.

Non-word repetition (NWR) requires the child to
repeat nonsense words after hearing them on a cassette
player (Gathercole et al. 1994). There is evidence to sug-
gest that individuals with current and resolved language
difficulties are impaired on this test (Bishop et al. 1996).

In addition to the language measures, performance
IQ (PIQ) was assessed from the Wechsler Intelligence
Scale for Children — III (WISC-III) (Wechsler, 1992).

Thus, the SLIC samples had a total of 13 tests available
for multivariate analyses (ELS, RLS, FSENT, RSENT,
SA, OD, WC, SREL, BRSS, SPSS, RCSS, NWR and

PIQ).

Statistical Analyses

All traits were standardised within each sample and
checked to be normally distributed. Traits FSENT,
RSENT and SA were transformed before standardis-
ing using square root (FSENT and RSENT) and nat-
ural logarithm functions (SA) so that the data were
normal. Correlations were calculated using the SPSS
package.

In order to determine whether the underlying pa-
rameters of each trait are similar for each sample, het-
erogeneity tests were also performed. For each trait a
chi-squared (x?) statistic was calculated using the log-
likelihoods of the full model, using separate parameter
sets for each sample, and its submodel where the famil-
ial effects were equal across samples (see Supplementary
data, Table 1). In the wave 1 and 2 combined sample
significant differences were found for the parameter es-
timates for the CELF subtest scores in the Cambridge
sample compared to the other three clinically derived
samples (see Supplementary data, Table 1). We therefore
decided to fit separate parameters for the background
familial and unique environment components across
samples. This resulted in two sets of parameters in the
multivariate model — one for Cambridge (the epidemi-
ological sample) and another for Aberdeen, Guy’s and
Edinburgh (the combined clinical sample). Although
the wave 1 data did not show significant heterogene-
ity between the Cambridge and Guy’s samples, the
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Table 1a Significant correlations at the 1% level for waves 1 and 2 combined
Sex PIQ OD WC SREL FSENT  RSENT  SA BRSS SPSS  RCSS NWR
Sex 1
PIQ 1
oD 0.467 1
wC 0.401 0594 1
SREL 0.444  0.633  0.652 1
FSENT 0.103  0.418 0541 0.515  0.521 1
RSENT 0.360  0.569  0.686  0.643 0.574 1
SA 0.122 0398 0527 0559  0.634 0.570 0.546 1
BRSS 0.453  0.561  0.605  0.662 0.502 0.567 0.639 1
SPSS 0.138  0.401 0507 0.541  0.626 0.460 0.519 0.632  0.843 1
RCSS 0.130 0529  0.564  0.620  0.656 0.513 0.552 0.617  0.765 0.690 1
NWR 0.248  0.433  0.431  0.383 0.413 0.526 0.386  0.502 0.453  0.439 1

PIQ, Wechsler Performance (non-verbal) IQ; OD, CELF Oral Directions (subtest of the Receptive Language Score (RLS)); WC,
CELF Word Class (subtest of the Receptive Language Score (RLS)); SREL, CELF Semantic Relations (subtest of the Receptive
Language Score (RLS)); FSENT, CELF Formulating Sentences (subtest of the Expressive Language Score (ELS)); RSENT, CELF
Recalling Sentences (subtest of the Expressive Language Score (ELS)); SA, CELF Sentence Assembly (subtest of the Expressive
Language Score (ELS)); BRSS, WORD Single Word Reading Score; SPSS, WORD Single Word Spelling Score; RCSS, WORD

Reading Comprehension Score; NWR, Non-word repetition.

Table 1b  Wave one significant correlations at the 1% level

ELS RLS NWR PIQ
ELS 1
RLS 0.766 1
NWR 0.544 0.494 1
PIQ 0.451 0.490 0.187 1

ELS, Expressive Language Score; RLS, Receptive Language
Score; NWR, Non-word repetition; PIQ, Wechsler Perfor-
mance (non-verbal) 1Q.

above method was also applied to the multivariate model
in wave 1 in order to gain an improved fit to the
data.

Since the families were selected through a severely
affected proband, ascertainment-corrected estimates of
familiality were calculated using SOLAR (Almasy &
Blangero, 1998). (see Supplementary data, Table 1). For
the combined wave 1 and 2 sample the variance com-
ponents (VC) approach resulted in familiality estimates
close to zero for the clinical sample (see Supplemen-
tary data, Table 1). Although it is disquieting to see
familiality values close to zero, it is not an uncom-
mon phenomenon in populations where the variance of
the trait is restricted by a selection procedure (Amos &
deAndrade, 2001). For this sample an increase in power
with regards to familiality estimates may be obtained
by the use of DeFries-Fulker methodology (DeFries

Annals of Human Genetics (2007) 71,660-673

& Fulker, 1985). In contrast to variance components
techniques, which derive familiality estimates via the
partition of the variance, DeFries-Fulker analyses use
multiple regression to estimate group heritability of ex-
treme scores. This method is known to be more robust to
selected samples. By using the DeFries-Fulker method
we obtained significant clinical familiality estimates for
all but two traits (11.9% for WC and 12.1% for SA, all
other familiality values between 21.8% and 55.0% — data
not shown). However, as a precautionary measure the
clinical QTL parameters for each of the CELF subtests
were omitted from the multivariate linkage analysis for
the wave 1 and 2 combined sample on chromosomes 16
and 19.

Multivariate Analysis

The multivariate analysis used in this study was devel-
oped by Marlow et al. (2003) where the familial back-
ground and unique environmental components were
modelled using the saturated Cholesky framework. The
QTL effects were considered using a single QTL factor,
with effect q, on trait k. The phenotypic variance due to
the QTL is therefore defined as q7 and the QTL covari-
ance between trait k and trait k' is estimated as q,qy . The
model was incorporated into the Mx package (Neale
et al. 2002) using multipoint IBD values estimated by
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Genehunter (Kruglyak et al. 1996). In Mx, the closest
fit to the data for each point on the chromosome was
obtained by maximum likelihood methods.

Thus the multivariate analyses proceeded as follows.
In order to minimise the degrees of freedom, a full
genome screen was completed for the wave 1 sample us-
ing a multivariate model including just three traits (ELS,
RLS and NWR), with QTL parameters equated across
all samples. Any regions exceeding a P = 0.01 thresh-
old of linkage were then further investigated using the
minimal three trait model in the larger waves 1 and 2
combined cohort. In order to determine which traits
contributed to each QTL, we performed a ‘trait drop-
ping analysis’ in which submodels were fitted at each
peak for each trait k and sample I, restricting the QTL
parameter q, for trait k, to zero. The submodel was
then compared to the full model using a x2 test with
one degree of freedom. If no significant difference was
detected at the 5% level, we excluded the trait from the
model at the QTL. This was calculated by a x? test on m
degrees of freedom, where m is the number of param-
eters dropped when excluding the QTL effect. It has
been shown that the distribution of x? statistics for uni-
variate variance components comprises a 50:50 mixture
of x? distributions of 1 degree of freedom and point
mass O (Self & Liang, 1987). The underlying x? distri-
bution for multivariate variance components is thought
to be more complex (Amos et al. 2001; Marlow et al.
2003), but due to lack of research into this problem the
more conservative x> test on m degrees of freedom was
used instead. Following these parameter reduction pro-
cedures, we looked for further parsimony by equating
a subset of the significant QTL parameters. By setting
qr = qy for traits k and k’ we were able to test whether
the two traits have similar QTL effects. In line with pre-
vious publications on linkage analysis (The SLI Consor-
tium 2002, 2004), we present pointwise p-values.

In addition, chromosomes 16 and 19 were investi-
gated in full detail using all available traits within the
wave 1 and 2 combined sample. This was again achieved
using a two step modelling process. The initial multi-
variate model contained 7 parameters — the 6 CELF
subtests (FSENT, RSENT, SA, OD, WC, SREL) for
the Cambridge cohort only, and the NWR parameter
equated across all samples. This was followed by a full

model which included the significant traits from the first
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stage, in combination with the three WORD tests and
PIQ (if significant). The final model in these regions
therefore contained a maximum of eleven traits — the
6 CELF subtests (FSENT, RSENT, SA, OD, WC and
SREL), non-word repetition (NWR), performance IQ
(PIQ) and the three WORD measures (BRSS, SPSS and
RCSS).

Finally, since deviations from multivariate normality
and known difficulties with the x? distribution of mul-
tivariate variance components models can cause unpre-
dictable variations between nominal and true p-values,
we conducted permutations of the data to obtain em-
pirical p-values. At each identified QTL the estimated
multipoint IBD values were permuted between sib-pairs
to obtain 1000 datasets, while maintaining the pedigree
structure and phenotype data. The most parsimonious
model (i.e. a multivariate model containing only those
QTL parameters which were found to be significant
in the trait dropping analysis) at each QTL was then
applied to the dataset, in order to obtain the empiri-
cal p-value distribution. Results implied that all models
tested were overly conservative, leading to reduced type
I errors but increased type II errors ( see Supplementary

data, Table 2).

Results

Descriptive Statistics

Descriptive statistics of the wave 1, and waves 1 and
2 combined, samples can be found in Supplementary
Table 3. As may be expected, both the Edinburgh and
the Guy’s and Aberdeen samples were found to have
lower mean scores than the Cambridge sample when
considering either proband or sibling scores. This is
due to the fact that the clinical samples have persis-
tent language problems severe enough to require special
schooling, and are therefore not representative of the
total population in the community. The one exception
was for sentence assembly (SA) where the Cambridge
means (7.4 proband, 8.2 sibling) were lower than both
the Edinburgh (7.4 proband, 8.7 sibling) and Guy’s and
Aberdeen (7.7 proband, 9.7 sibling) groups (see Supple-
mentary Table 3). The lowest score in each sample was
formulating sentences, followed by recalling sentences,
within the clinical samples (see Supplementary Table 3).
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Table 2 Testing the contribution of each trait to the multivariate linkage on chromosomes 1, 4, 5, 7, 10, 16 and 19 for wave 1.

Trait  Chr 1 (300cM)* Chr 4 (58 cM)* Chr 5 (71 cM)* Chr 7 (2cM)* Chr 10 (163 cM)* Chr 16 (115 cM)* Chr 19 (77 cM)*
ELS  0.0016 0.0005 0.0110 0.0001 0.5639 0.0006 0.0009
RLS  0.7530 0.0099 0.4260 0.0350 0.0098 0.0010 0.0164
NWR  0.4045 0.1413 0.0081 0.5371 0.0025 0.0002 0.0727

*The position indicates the peak of the linkage. This is the point at which we tested whether the traits could be dropped from the

multivariate model.

Nominal p-values exceeding the 5% level, shown in bold, indicated that the trait cannot be dropped from the multivariate model at the
QTL and therefore contributed to the linkage. ELS, Expressive Language Score; RLS, Receptive Language Score; NWR, Non-word

repetition.

Table 3 Testing the contribution of each trait to the multi-
variate linkages on chromosomes 16 and 19 for waves 1 and 2
combined, using the six CELF traits and NWR

Trait Chr 16 (151cM) Chr 19 (106cM) Chr 19 (174cM)
oD? 0.0411 0.0014 0.3455
wCt 0.2476 0.0078 0.2321
SREL*  0.3554 0.0182 0.0059
FSENT®  0.8002 0.0011 0.3292
RSENT* 0.1566 0.0022 0.0017
SA 0.8648 0.0009 0.0921
NWR  0.0026 0.0626 0.0208
PIQP 0.5919 0.0655 0.9807

*Cambridge sample only.

"The significance of PIQ was tested separately, using the full
multivariate model for each chromosome. Note that there are
two QTL parameters for PIQ across samples, therefore this test
was performed on two degrees of freedom.

Nominal p-values exceeding the 5% level, shown in bold, indi-
cated that the trait could not be dropped from the multivariate
model at the QTL and therefore contributed to the linkage.
OD, CELF Oral Directions (subtest of the Receptive Language
Score (RLS)); WC, CELF Word Class (subtest of the Receptive
Language Score (RLS)); SREL, CELF Semantic Relations
(subtest of the Receptive Language Score (RLS)); FSENT, CELF
Formulating Sentences (subtest of the Expressive Language
Score (ELS)); RSENT, CELF Recalling Sentences (subtest of
the Expressive Language Score (ELS)); SA, CELF Sentence
Assembly (subtest of the Expressive Language Score (ELS));
NWR, Non-word repetition; PIQ, Wechsler Performance
(non-verbal) IQ.

Interestingly, although the Edinburgh probands were
selected on the basis of their receptive language abili-
ties, they also achieved low scores for the CELF subtests
which measure expressive language (FSENT, RSENT
and SA). This supports the hypothesis that individu-
als with a receptive language impairment usually have
respectively poor expressive language abilities (Bishop
et al. 1995). Further evidence for this theory is provided
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by the significant correlations between the CELF ex-
pressive (FSENT, RSENT and SA) and receptive (OD,
WC and SREL) subtests scores (0.52 —0.69 — Table 1a).

Correlations between the CELF (FSENT, RSENT,
SA, OD, WC and SREL) and WORD (BRSS, SPSS
and RCSS) measures were all high, between 0.460
(FSENT, SPSS) and 0.843 (BRSS, SPSS), with the
strongest correlations between the WORD tests (Ta-
ble 1a). In general, correlations involving NWR were
slightly lower, between 0.383 (SREL) and 0.544 (ELS
wave 1 only) (Tables 1a and 1b). Correlations with per-
formance 1Q ranged from 0.187 (NWR, wave 1) to
0.526 (RSENT, wave 1 and 2). No sex differences were
evident (Table 1a) and adding the sex variable as a co-
variate made no difference to the multivariate linkage
analysis (results not shown). The covariate was therefore

excluded from the linkage model.

Wave 1 Genome Scan

The results of the multivariate wave 1 genome scan,
using the ELS, RLS and NWR traits, are presented in
Figure 1. Evidence for linkage with a nominal p-value
of less than 0.01 was found on chromosomes 1, 4, 5, 7,
10, 16 and 19 (p-values 0.0045, 0.0048, 0.0039, 0.0002,
0.0051, 0.0032 and 0.0073 respectively).

By testing which QTL eftects were significant at each
peak, we were able to reduce the number of QTL pa-
rameters for each model to find the best fit to the data
(Table 2). This approach decreases the degrees of free-
dom, and also gives some insight into which traits cor-
relate with the QTL and how the QTL parameters
relate to each other. For example, on chromosome 1
it appeared that a single trait (ELS) contributed to the
locus (Table 2). In contrast, all the other putative QTLs
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Figure 1 Complete multivariate genome screen of ELS, RLS and NWR for the wave 1 sample.

appeared to be caused by various combinations of the
three traits under study. On chromosomes 4, 7 and 19
both ELS and RLS were significant components of the
multivariate model (Table 2). However, whilst on chro-
mosomes 4 and 19 it appeared that these two traits con-
tribute equally to the QTL, on chromosome 7 the two
parameters behaved difterently from each other. Simi-
larly, on chromosomes 5 and 10, two traits contributed
to the QTL (ELS and NWR on chromosome 5 and RLS
and NWR on chromosome 10 — Table 2), each with sig-
nificantly different effects. Although all three traits were
significant on chromosome 16 (Table 2), NWR had
a stronger QTL effect than ELS and RLS, which did
not have significantly different QTL eftects. The QTL
effects at each peak under these ‘most-parsimonious’
models remained significant when assessed by permuta-
tion, and in most cases the permutation-based pointwise
p-values obtained were less than the nominal p-values
(Supplementary Table 2).

We then went on to investigate whether any of the
loci identified by the full genome screen could be repli-
cated within the larger dataset, which incorporated the
wave 1 and 2 samples. Of the seven loci identified by
the genome screen, only chromosome 16 remained sig-
nificant (P < 0.01) within the wave 1 and 2 sample
(P = 0.00855 — Figure 2).
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Waves 1 and 2 combined — chromosome 16.

The initial chromosome 16 follow-up multivariate
model used genotypic data from across chromosome
16 and phenotypic data from seven language-related
measures — the NWR measure and the 6 CELF sub-
tests (FSENT, RSENT, SA, OD, WC and SREL). In
contrast to the above multivariate investigations this ap-
proach considered each of the individual CELF sub-
tests, rather than the cumulative expressive and receptive
language scores, and produced the multivariate linkage
results presented in Figure 3a. The increased test bat-
tery, however, conferred an increase in the number of
degrees of freedom (n = 7), which may account for
the poor significance (nominal p-value > 0.1) of the
multivariate results, especially since additional investi-
gations revealed that only two QTL parameters were
significant across this region (OD Cam and NWR —
Table 3). The model was therefore adjusted, restricting
all non-significant QTL parameters to zero, reducing
the degrees of freedom to 2 (‘mv adjusted’, Figure 3a),
and yielding a nominal p-value of 0.026 at the peak of
linkage.

The final, full multivariate model on chromosome 16
therefore contained five parameters, the significant traits
from the follow-up model (OD_Cam and NWR) and
an additional three WORD measures (BRSS, SPSS and

Annals of Human Genetics (2007) 71,660—673
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Figure 2 Multivariate and univariate analysis of the three language traits for chromosomes 1, 4, 5, 7, 10, 16 and 19 for the wave 1
and combined wave 1 and 2 samples. Mv (wave 1) and mv (wave 1 4 2) represent the nominal p-values for the multivariate peaks for
the three parameter model in wave 1 and the wave 1&2 combined samples respectively. All other traces represent the nominal
p-values for the univariate analysis of the respective trait (ELS — CELF expressive language score, RLS — CELF receptive language

score, NWR — non-word repetition).

RCSS). Again, the increase in degrees of freedom re-
sulted in a decrease in linkage significance, which was
improved upon by dropping non-significant QTL pa-
rameters (RCSS) (‘mv’ vs ‘mv adjusted’ Figure 3b, nom-
inal p-value = 0.0089). The two analyses indicated that
the QTL effect of NWR was much stronger than that
of OD, but equally as strong as the reading and spelling
tests from the WORD test battery.

By incorporating the PIQ measure into our analyses
as an additional phenotype, we determined that perfor-
mance 1Q did not contribute to the QTL within this
region (Table 3).

Waves 1 and 2 combined — chromosome 19

The follow-up analysis of chromosome 19 used the same
initial seven traits as used on chromosome 16 (the NWR
measure and the 6 CELF subtests (FSENT, RSENT, SA,
OD, WC and SREL)). Within this model we found
striking significant linkage to the distal end of this re-
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gion with a maximal nominal p-value of 0.0008 (174cM
— Figure 3c¢). This region of linkage is distal to that iden-
tified by the multivariate genome screen, and is towards
the telomeric end of the wider peak originally described
in the univariate linkage analyses (The SLI Consortium,
2002, 2004). The dropping of QTL parameters indi-
cated that this linkage could be attributed to the two
CELF subtests SREL (receptive) and RSENT (expres-
sive), and to a lesser extent NWR. Across the original
proximal region of interest all of the 6 CELF subtest
QTL parameters (OD, WC, SREL, FSENT, RSENT
and SA) were significant within the Cambridge cohort
(106¢cM — Table 3). Across this region we found that
equating the significant QTL parameters did not make
a significant difference to the model, indicating that no
single trait has a larger influence on the linkage com-
pared to the other measures.

The incorporation of the three WORD reading tests
and a measure of PIQ into the multivariate model

indicated that none of these measures contributed
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Figure 3 Multivariate and univariate analysis for the combined wave 1 and 2 sample for chromosomes 16 and 19. (a) The
chromosome 16 multivariate model including all six CELF subtests (OD, WC, SREL, FSENT, RSENT, SA (Cambridge only)) and
non-word repetition (NWR). (b) The chromosome 16 multivariate model including any traits from analysis A with p < 0.05 (OD
and NWR), together with the three WORD reading tests (BRSS, SPSS and RCSS). (c) The chromosome 19 multivariate model
including all six CELF subtests (OD, WC, SREL, FSENT, RSENT, SA (Cambridge only)) and non-word repetition (NWR). Note
that the three reading measures were found to be non-significant in this region and are therefore not shown here. ‘mv’ trace
represents multivariate model including all parameters. ‘mv_adjusted’ trace represents the multivariate model of best fit. In these
models all QTL effects with P < 0.05 have been removed. All p-values are nominal. All other traces represent the univariate analysis
of the respective trait (OD — CELF oral directions, WC — CELF word classes, SREL — CELF semantic relations, RSENT — CELF
recalling sentences, SA — CELF sentence assembly, NWR — non-word repetition, BRSS — WORD single word reading, SPSS —
WORD single word spelling, RCSS — WORD reading comprehension). All p-values are nominal. The suffix ‘_cam’ indicates that
these QTL parameters were only significant in the Cambridge (epidemiological) sample.

significantly to the multivariate linkage at either region =~ ment. This genome scan enabled the identification of a

of chromosome 19. novel putative QTL on chromosome 10 and provided
further support for two loci previously identified on
chromosomes 16q and 19q (SLI1 and SLI2, respectively

Discussion ~ The SLI Consortium 2002, 2004).

This report describes a genome-wide multivariate anal-
ysis of three language-related measures (CELF compos-
ite scores for expressive and receptive language (ELS and
RLS, respectively) and Non-Word Repetition (NWR))

in a sample of 98 families affected by language impair-
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As discussed in the Introduction, an advantage of the
multivariate methods over their univariate counterparts
is the additional power afforded by the consideration of
correlations between traits. In the multivariate genome
screen seven loci yielded levels of linkage with P < 0.01.
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Whilst the regions on chromosomes 16 and 19 had pre-
viously been identified by a univariate genome screen,
the remaining five loci on chromosomes 1, 4, 5, 7 and
10 represented novel putative QTLs. However, within
the extended wave 1 and 2 sample only the chromosome
16 linkage remained significant. Of the seven loci inves-
tigated those on chromosomes 1, 4, 5 and 7 showed a
complete lack of linkage within the wave 1 and 2 com-
bined sample. In these cases it is expected that the failure
to replicate indicates the presence of a type I error (false
positive). However, given that the chromosome 19 lo-
cus had previously been shown to be linked within these
samples, it is unlikely that this region represents a false
positive. Furthermore, even the chromosome 16 locus,
which had previously been shown to be consistently
linked to the NWR trait within samples of language
impaired families, only just exceeded the P = 0.01
threshold of linkage (P = 0.008 — Figure 2), and per-
mutations indicated that the nominal p-values may be
over-conservative (see Supplementary Table 2). Thus,
given that the linkage levels on chromosomes 10 and
19 continue to border a P = 0.01 threshold within
the wave 1 and 2 combined sample (P = 0.019 and
P = 0.017 respectively), it remains credible that these
two loci represent valid QTLs for language impairment.
At these loci an alternative explanation for the lack of
replication would be that the regions only contribute
to linkage within a subset of families. Although all the
samples used for this study were ascertained using iden-
tical selection criteria, they were collected from four
different sites spread across the UK, each with their
own individual research interests. The wave 1 samples
were selected from a clinical group at Guy’s Hospital,
London and an epidemiological study in Cambridge,
whilst wave 2 consisted, for the greater part, of sam-
ples from a clinical investigation of receptive Language
Impairments in Edinburgh, supplemented with samples
from Guy’s, Cambridge and a small clinical study in Ab-
erdeen. Thus, for example, if the loci on chromosomes
10 and 19 contributed to SLI susceptibility within the
less severely affected, epidemiological (Cambridge) fam-
ilies alone, or within populations from the South of Eng-
land, one may predict that they would not be replicated
so strongly within the wave 2 samples. Interestingly, on
chromsome 19, when one considered the epidemiolog-
ical (Cambridge) and Clinical (Guy’s and Aberdeen and
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Edinburgh) samples separately, the evidence for linkage
to the expressive language score was much stronger in
the epidemiological cohort (P = 0.000996) than the
clinical samples (P = 0.0612).

Previous research has shown that the power of multi-
variate linkage analysis is at its strongest when the QTL
and residual trait correlations have opposite signs (Amos
etal. 2001; Evans, 2002). The QTL negative correlation
can be represented at each peak by performing a univari-
ate analysis on the QTL factor score, where the factor
loadings are determined by the QTL parameters in the
multivariate analysis. When considering ELS, RLS and
NWR, the chromosome 10 linkage region consisted
of a negative QTL factor loading on NWR and posi-
tive QTL factor loadings on ELS and RLS, indicating
that this locus may be related to a discrepancy between
NWR and the CELF measures, interpretable as a lan-
guage score on which some adjustment for phonological
competence has been made.

Our initial strategy had been to perform a detailed
follow-up investigation of any locus which consistently
showed linkage above P = 0.01 within the three-trait
(ELS, RLS and NWR) model applied to the wave 1
and wave 1 and 2 combined samples. However, the
multivariate analyses demonstrated that this was only
true for a single region on chromosome 16. Thus, we
instead chose to apply the follow up model to both
of the regions which had previously been shown to
be of importance in SLI (i.e. chromosomes 16 (SLI1)
and 19 (SLI2)). The comprehensive model applied in
these regions made use of the complete dataset avail-
able, comprising 178 families and eleven traits (CELF
subtests Oral Directions (OD), Formulating Sentences
(FSENT), Recalling Sentences (RSENT), Word Classes
(WC), Semantic Relations (SREL) and Sentence As-
sembly (SA), WORD subtests Basic Reading (BRSS),
Spelling (SPSS) and Reading Comprehension (RCSS),
Non-Word Repetition (NWR) and Performance 1Q
(PIQ)). The sheer number of traits in this dataset had
previously precluded the direct use of the CELF sub-
tests, which may be expected to provide cleaner mea-
sures than the composite ELS and RLS scores. Thus
it was hoped that the multivariate modelling of these
traits would allow a better evaluation of which linguistic
processes are important in the development of SLI than

would be allowed by univariate analysis alone.
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Our initial multivariate study of chromosome 16 us-
ing the combined waves 1 and 2 dataset implied that
two traits were significant across SLI1: oral directions
in the Cambridge cohort (qop_cam) and NWR in the
combined sample. However, by considering the under-
lying QTL parameter estimates it became clear that the
SLI1 effect on NWR was substantially stronger than that
on OD. By incorporating the WORD literacy measures
(Rust et al. 1993) into the model, together with the two
phenotypes above, we could determine that the larger
SLIT influences were shared between NWR, single-
word reading (BRSS) and single-word spelling (SPSS).
Other studies have also suggested shared genetic influ-
ences between NWR and literacy tests. Bishop (2001)
used bivariate DeFries-Fulker analysis to examine the
genetic relationship between N'WR and literacy tests
(reading and spelling tests taken from the British Ability
Scales (Elliott et al. 1983) and the Vernon Graded Word
Spelling test (Vernon, 1977), respectively. The bivariate
heritabilities were significant for both NWR and read-
ing, and NWR and spelling, with estimates of 0.864 and
0.700, respectively, before adjusting for 1Q, implying
that genes affecting NWR may also influence literacy
abilities. Hsu et al. (2002) performed reciprocal aggre-
gation analysis on various reading, spelling and language
measures, by estimating parent-offspring and sibling-
sibling correlations for each measure while using a sep-
arate measure as a covariate. This approach suggested
that non-word memory, NWM (Wagner et al. 1999),
accounts for a large proportion of the familial pattern of
spelling, taken from the Wide Range Achievement Test,
WRAT-3 (Wilkinson, 1993), implying that phonolog-
ical short-term memory may have some shared genetic
influences with spelling ability. In addition, Catts (1993)
indicated that phonological measures seemed to be the
best predictors for word recognition (single-word read-
ing), whereas semantic-syntactic language abilities, such
as the traits measured in CELE, accounted for a larger
proportion of the variation in reading comprehension.
Although the SLIC univariate investigations found a
LOD score of 1.99 for the WORD reading compre-
hension score (RCSS) on chromosome 16q (The SLI
Consortium, 2004), the multivariate analysis indicated
that this linkage could be explained by correlations be-
tween NWR, BRSS and SPSS. Therefore RCSS was
not found to be significant in the multivariate study,
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again suggesting that SLIT may influence phonological
short-term memory.

Previous univariate studies on chromosome 19 found
linkage across the two waves of families but with two
separate measures. In wave 1 the linkage on chromo-
some 19 appeared to be specific to the ELS trait, with
no evidence for linkage to NWR or RLS (The SLI
Consortium, 2002). In wave 2, however, the converse
appeared to be true, with suggestive levels of linkage to
NWR but only nominal levels of linkage to ELS and
RLS (The SLI Consortium, 2004). Both of these uni-
variate linkages were characterised by broad peaks which
spanned the majority of the q arm of chromosome 19.
The multivariate analyses confirmed linkage at SLI2,
and reflected the findings of the univariate analyses in
that two distinct linkages were found in this region. The
proximal multivariate linkage coincided with the uni-
variate peak at 106cM, where linkage was strongest to
the ELS trait within the wave 1 samples. At this lo-
cus linkage could be equally attributed to each of the
six CELF subtests (both receptive (OD, WC, SREL)
and expressive (FSENT, RSENT and SA)). The sec-
ond, distal multivariate locus at 174cM overlapped with
the telomeric end of the univariate peak, in a region
where linkage had previously been demonstrated with
the NWR trait in the Edinburgh cohort. In contrast
to the proximal locus, the multivariate linkage in this
region could be attributed to just two CELF subtests,
SREL (receptive) and RSENT (expressive), and to a
lesser extent NWR. Thus, since different traits con-
tributed to each of the multivariate linkages on chro-
mosome 19, one may postulate that the divergence of
the univariate results may be explained by the existence
of two adjacent loci on chromosome 19. Alternatively,
a single gene variant may underlie the linkage on chro-
mosome 19. Under such a hypothesis we would expect
this gene to influence a fundamental linguistic process,
and therefore be reflected in a range of deficits across
multiple measures in different groups.

In conclusion, this study uses multivariate linkage
techniques to extend previous univariate studies of a
sample of families affected by Specific Language Impair-
ment (SLI). This investigation has provided support for
previously identified loci on chromosomes 16 and 19,
and allowed an exploration of the interaction between

additional phenotypes in these regions.
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