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Results obtained from previous longitudinal
studies of reading difficulties indicate that
reading deficits are generally stable. However, little
is known about the etiology of this stability. Thus,
the primary objective of this first longitudinal twin
study of reading difficulties is to provide an initial
assessment of genetic and environmental influ-
ences on the stability of reading deficits. Data were
analyzed from a sample of 56 twin pairs, 18 identical
(monozygotic, MZ) and 38 fraternal (dizygotic, DZ), in
which at least one member of each pair was classi-
fied as reading-disabled in the Colorado Learning
Disabilities Research Center, and on whom follow-
up data were available. The twins were tested at
two time points (average age of 10.3 years at initial
assessment and 16.1 years at follow-up). A compos-
ite measure of reading performance (PIAT Reading
Recognition, Reading Comprehension and Spelling)
was highly stable, with a stability correlation of .84.
Data from the initial time point were first subjected
to univariate DeFries-Fulker multiple regression
analysis and the resulting estimate of the heritability
of the group deficit (h%) was .84 (+ .26). WWhen the
initial and follow-up data were then fitted to a bivari-
ate extension of the basic DF model, bivariate
heritability was estimated at .65, indicating that
common genetic influences account for approxi-
mately 75% of the stability between reading
measures at the two time points.

The heritable nature of reading disabilities (RD) has
been well established. Heritability estimates for
deficits in reading performance range from .37 to .72
for subjects aged 7 to 20 years (e.g., DeFries &
Alarcon, 1996; DeFries & Gillis, 1991; Harlaar et al.,
2005; Stevenson et al., 1987). Moreover, results
obtained from longitudinal studies indicate that
reading deficits are generally stable (e.g., Satz et al.,
1998), with stability correlations over intervals of 1
to 8 years ranging from .23 to .96 (e.g., Bast &
Reitsma, 1998; DeFries, 1988; DeFries & Baker,
1983; Shaywitz et al., 1992; Spira et al., 2005;

Wagner et al., 1997; Williams & McGee, 1996).
However, because few previous longitudinal studies of
RD have utilized genetically informative designs, little
is known about the etiology of this stability.

The evidence that deficits in reading are both
stable and heritable suggests that genetic influences
may be largely continuous throughout development,
that is, the genetic factors which are important in
early reading development may also be important for
later reading performance. To our best knowledge, no
previous studies have assessed the etiology of the sta-
bility of reading deficits; however, a few studies have
examined the etiology of stability of individual differ-
ences in reading performance. As an early first step in
assessing the etiology of the stability of reading per-
formance, DeFries and Baker (1983) tested 102 RD
and control probands (i.e., 51 pairs matched for sex
and age) in the Colorado Family Reading Study at
average ages of 9.5 and 14.9 years. Reading perfor-
mance was measured using Reading Recognition,
Reading Comprehension, and Spelling subtests of the
Peabody Individual Achievement Test, (PIAT; Dunn
& Markwardt, 1970). Results of structural equation
modeling indicated that for families of reading-dis-
abled children, over 60% of the longitudinal stability
was attributable to parental influences. However, as
this was a family study, rather than a twin or adop-
tion study, genetic effects were not distinguishable
from shared family environmental effects.

A few subsequent studies have used twin and
adoption data to assess the etiology of the stability of
genetic and environmental influences on reading per-
formance within the normal range. Recently, Harlaar
et al. (2007) assessed the stability of genetic influences
on reading achievement in participants of the Twins
Early Development Study (TEDS), a longitudinal
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study of twins ascertained from population records of
twin births in England and Wales. The reading
achievement of 4291 twin pairs was evaluated by
teacher assessment at ages 7, 9, and 10 years, using a
rating scale of general reading achievement based on
UK National Curriculum (NC) achievement goals for
literacy. In addition, at age 10, participants completed
a web-based test at home, which included an adapta-
tion of the reading comprehension subtest of the
Peabody Individual Achievement Test — Revised
(PIAT-R; Markwardt, 1997). Heritability estimates of
.67, .65, and .57 were obtained for reading perfor-
mance at 7, 9, and 10 years respectively. Results from
this study confirm that individual differences in
reading performance are stable (r = .59 - .63) and
suggest that 68% to 77% of the phenotypic stability
correlation is genetically mediated.

Similar results were recently obtained by
Wadsworth et al. (2006) using data from participants
in the Colorado Adoption Project (CAP), an ongoing
longitudinal study examining genetic and environ-
mental influences on behavioral development.
Reading performance data (PIAT Reading
Recognition subtest, Dunn & Markwardt, 1970)
from adoptive and nonadoptive sibling pairs who
participated in the CAP at ages 7, 12, and 16 years,
were subjected to Cholesky decomposition analysis.
Similar to the findings of Harlaar et al. (2007), stabil-
ity correlations were substantial and ranged from .58
between ages 7 and 16 years to .71 between ages 12
and 16 years. Moreover, between 53% and 86% of
these stability correlations were due to genetic influ-
ences, suggesting that those genetic factors
influencing reading performance at age 7 are also
operating at ages 12 and 16.

Although a few previous twin and adoption
studies have assessed the etiology of stability of
reading performance within the normal range, we
know of no other studies that have examined the eti-
ology of stability of reading deficits using genetically
informative designs. Thus, the primary objective of
this first longitudinal twin study of reading difficulties
was to assess the genetic and environmental etiologies
of the stability of reading deficits using data from
twin pairs tested initially in the Colorado Learning
Disabilities Research Center (CLDRC; DeFries et al.,
1997), and retested 5 to 6 years later in the
Longitudinal Twin Study of Reading Disabilities
(LTSRD; Wadsworth et al., 2006). Based on previous
evidence of genetic influence on the stability of
reading performance within the normal range of
scores, we hypothesized that genetic influences on
reading difficulties are stable with largely the same
genes influencing reading deficits at both time points.

Materials and Methods

Participants and Measures

The subjects were tested in the CLDRC between
September 1996 and August 2000 and also participated
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in follow-up testing 5 to 6 years later in the LTSRD.
Initially, CLDRC twin pairs were identified by person-
nel of 27 school districts in Colorado. If either member
of the pair had a positive school history of reading
problems, both twins were invited to participate in the
study at the University of Colorado, Boulder, where
they completed an extensive battery of psychometric
tests, including measures of reading, language and per-
ceptual processes, as well as the PIAT (Dunn &
Markwardt, 1970), and the Wechsler Intelligence Scale
for Children — Revised (WISC-R; Wechsler, 1974), or
the Wechsler Adult Intelligence Scale — Revised
(WAIS-R; Wechsler, 1981). In addition, a comparison
sample of control twin pairs was also tested in which
neither member of the pair had a school history of
reading problems. Control twins were matched to the
probands by age, gender, and school district. For the
current analyses, a composite measure of reading per-
formance was used based on age-standard scores from
the Reading Recognition, Reading Comprehension,
and Spelling subtests of the PIAT at initial testing, and
the PTIAT-R (Markwardt, 1989) at follow-up testing. A
discriminant function score was computed for each
subject, employing discriminant weights estimated
from an analysis of PIAT data from an independent
sample of 140 nontwin children with reading disabili-
ties and 140 nontwin controls (DeFries, 1985).

Currently in the LTSRD, we are recontacting all
subjects who participated in the CLDRC during the
previous 5 to 6 years. As of May 31, 2006, 156 twin
pairs and 46 siblings have participated in the follow-
up study. The average age of the subjects was 10.3
years at initial assessment and 16.1 years at follow-
up. Data from only those twin pairs meeting criteria
for inclusion in the proband sample are included in
the current analyses. Twin pairs were included in the
proband sample if at least one member of the pair
met the following criteria at initial assessment: (1) a
positive school history of reading problems, (2) classi-
fication as affected by the discriminant score, (3) no
serious behavioral or emotional problems, and (4) no
uncorrected visual or auditory acuity deficits.
Zygosity of the twin pairs was determined using
selected items from the Nichols and Bilbro (1966)
zygosity questionnaire, which has a reported accu-
racy of 95% for same-sex twin pairs. In cases which
were questionable, blood or buccal samples were
obtained and twin pairs were genotyped using poly-
morphic DNA markers. The analysis sample of 18
MZ and 38 DZ pairs (18 same-sex, 20 opposite-sex)
meeting criteria for inclusion in the initial proband
sample included 35 male probands and 37 female
probands, a ratio of .95:1. The ethnic composition of
the sample is approximately representative of that in
the state of Colorado from which subjects were
ascertained (i.e., 84% non-Hispanic Caucasian, 8%
Hispanic, 5% African American, 2% Native
American, and 1% Asian).
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Analyses
Multiple Regression Analysis

While a comparison of MZ and DZ concordance rates
facilitates a test for the genetic etiology of a dichoto-
mous variable (e.g., the presence or absence of a
psychiatric disorder), RD is diagnosed using quantita-
tive measures with arbitrary cut-off points. Thus, this
transformation of a continuous measure into a cate-
gorical variable such as RD versus normal, results in a
loss of information regarding the continuum of varia-
tion in reading performance. Consequently, DeFries
and Fulker (1985, 1988) proposed fitting a multiple
regression model to continuous data from twin pairs
in which at least one member of each pair has a
deviant score on the variable of interest. This method
fully utilizes the available information and also pro-
vides direct estimates of group heritability (b°), a
standardized measure of the extent to which perfor-
mance deficits are due to genetic influences. When
analyzing data from probands who are selected
because of deviant scores on a continuous variable
such as reading performance, the differential regres-
sion of MZ and DZ co-twin scores toward the mean
of the unselected population provides an appropriate
test of genetic etiology (DeFries & Fulker, 1985).
Because MZ twins are genetically identical and DZ
twins share only half of their segregating genes on
average, the scores of DZ co-twins should regress
more toward the mean of the unselected population if
the condition is heritable. Therefore, when the MZ
and DZ proband means are approximately equal, a
simple # test of the difference between the MZ and DZ
co-twin means provides a test of genetic etiology.
However, DeFries and Fulker (1985, 1988) proposed
that a multiple regression analysis of such data, in
which a co-twin’s score is regressed on both the
proband’s score and the coefficient of relationship (DF
analysis), facilitates a more flexible and statistically
powerful test. Further, they demonstrated that a
simple transformation of the data prior to multiple
regression analysis yields a direct estimate of 47, an
index of the extent to which the observed proband
deficit is heritable.

In the current study, reading composite data at
initial assessment were fitted to the following basic
multiple regression model:

C=BP+BR+A (1]

where C is the co-twin’s score, P is the proband’s score,
R is the coefficient of relationship (R = 1.0 for MZ
twins and .5 for DZ twins), and A represents the regres-
sion constant. The B, coefficient is the partial regression
of the co-twin’s score on the proband’s score, a measure
of the average MZ and DZ twin resemblance (DeFries
& Fulker, 1985, 1988). The B, coefficient is the partial
regression of the co-twin’s score on the coefficient of
relationship and equals twice the difference between the
MZ and DZ co-twin means after covariance adjust-
ment for any difference between MZ and DZ proband

means. Consequently, the B, coefficient provides a
direct test for genetic etiology. When the data are
transformed prior to multiple-regression analysis (i.e.,
each score is expressed as a deviation from the mean
of the unselected population and then divided by the
difference between the proband and population
means), B, directly estimates 4%. In the current study,
the CLDRC control sample of 1264 subjects repre-
sents the unselected population. Because subjects were
selected based on their initial reading composite
scores, and not reselected at follow-up, only data from
the initial assessment were fitted to the univariate DF
model.

Etiology of Stability

To assess the heritable nature of the stability of reading
deficits, a bivariate extension of the basic DF model
was employed in which data from the initial and
follow-up sessions were fitted to the following regres-
sion model:

C,=B,P.+B,R+ A 2]

where C, is the co-twin’s follow-up composite reading
score, P_is the proband’s initial composite reading
score, R is the coefficient of relationship, and A is the
regression constant. B, is the partial regression of the
co-twin’s follow-up reading score on the proband’s
initial reading score and is a measure of average MZ
and DZ cross-variable twin resemblance. Thus, B,
estimates the extent to which co-twin scores on the
follow-up measure are related to proband scores on
the initial measure across zygosity. B, is the partial
regression of the co-twin’s follow-up reading score on
the coefficient of relationship. Because the data were
transformed prior to multiple-regression analysis, the
bivariate B, coefficient is a function of the square
roots of the group heritabilities for reading perfor-
mance at the two time points and the genetic
correlation (r;) between them (i.e., ;. X Ppipyap X 73
Light & DeFries, 1995). Therefore, B, provides an
estimate of ‘bivariate heritability’, an index of the
extent to which the proband reading deficit at the
initial participation is due to genetic factors which also
influence the reading deficit at follow-up. Further, the
proportion of the phenotypic stability correlation (r,)
attributable to genetic influences can be obtained by
dividing the B, estimate by 7,.

For the present study, data were analyzed from
twin pairs in which at least one member of the pair
met the criteria for reading disability at their initial
participation, and in which both members of the
pair underwent follow-up testing. Because truncate
selection was employed (DeFries & Gillis, 1991),
pairs in which both members were diagnosed as
reading-disabled were double-entered for all regres-
sion analyses. This is analogous to the computation
of probandwise concordance rates, in which both
affected members of concordant pairs are included
as probands. Standard error estimates and tests of
significance were adjusted accordingly.

436

Twin Research and Human Genetics June 2007

https://doi.org/10.1375/twin.10.3.434 Published online by Cambridge University Press


https://doi.org/10.1375/twin.10.3.434

Stability of Reading Difficulties

Table 1

Proband and Co-Twin Standardized Means (M) and Standard Deviations (SD) of Reading Composite Scores at Initial and Follow-up Testing'

Mz Dz
M SD M SD
Initial
Proband -2.15 + .84 -2.11 + .82
Co-twin -2.12 + 1.03 -1.03 + 1.41
Follow-up
Proband -2.30 + 85 -2.24 + .88
Co-twin -1.94 + 1.36 -1.16 + 1.53

Note: 'Initial scores have been standardized against the mean of 1264 control twins participating in the CLDRC; follow-up scores have been standardized against the mean of

93 control twins participating in the LTSRD.

Results

Table 1 presents the standardized MZ and DZ
proband and co-twin mean reading performance
score, at each time point. Scores at initial assessment
were standardized against the mean of all 1264
control twins participating in the CLDRC, whereas
follow-up scores were standardized against the mean
of the 93 control twins tested at follow-up. The MZ
and DZ proband scores are highly similar at both time
points and are more than two standard deviations
below the control twin mean, suggesting that the
deficit of the probands is highly stable. In addition, at
both time points there is a differential regression of
the MZ and DZ co-twin scores towards the control
mean. In the initial sample, MZ co-twins regress only
0.03 standard deviation units and DZ co-twins
regress 1.08 standard deviation units toward the
control mean. Similarly, for the follow-up sample,
the MZ co-twins regress 0.36 standard deviation
units, whereas DZ co-twins regress 1.08 standard
deviation units toward the control mean.
Corresponding transformed proband and co-twin
means, wherein each score is expressed as a deviation
from the mean of the control population and then
divided by the difference between the proband and
control means, are presented in Figure 1.

When the transformed proband and co-twin
initial scores were fitted to the basic regression
model (Equation 1), B, = /% = .84 = .26 (p < .002),
indicating that the proband reading deficit in this
subsample is due substantially to genetic influences.
Further, when the transformed proband initial
scores and co-twin follow-up scores were fitted to
the bivariate model (Equation 2), B, = .65 = .32
(p < .05), suggesting that about two-thirds of the
proband deficit in reading at initial assessment is
due to genetic factors that also influence reading
difficulties at follow-up. Moreover, the ratio of B, to
the observed correlation (.84) between initial and
follow-up scores suggests that common genetic influ-
ences account for approximately 75% (.65/.84 = .77)
of the stability between reading difficulties at the
initial and follow-up sessions.

Discussion

Although a few previous studies have shown that
reading deficits are stable and heritable, the genetic
and environmental etiologies of this stability have not
been previously investigated. The goal of this first lon-
gitudinal twin study of RD was to assess the etiology
of the stability of reading deficits at two time points
using behavioral genetic methods. Accordingly, data
from twin pairs first tested in the CLDRC, and again
5 to 6 years later in the LTSRD, were subjected to
bivariate DF analysis (Light & DeFries, 1995).

In the current study, the reading composite scores
were highly stable over the 5 to 6 year interval
(r, = .84), somewhat higher than the stability correla-
tions reported by Harlaar et al. (2007) and
Wadsworth et al. (2006). In addition, the reading
deficit of the probands was remarkably stable, with
proband means more than two standard deviations
below those of the controls at each assessment. This is
especially noteworthy given that two different test ver-
sions were administered at initial and follow-up
sessions (i.e., the PIAT at initial assessment and the
PIAT-R at the follow-up).

When composite reading performance data col-
lected from twin pairs at their initial assessment were

W Proband 7 Co-twin

I

MZ Initial DZ Initial MZ Follow-up DZ Follow-up
|

Figure1

1.20

1.00 4

0.80 4

0.60 -

0.40 -

Mean Reading Score

0.20 -

0.00 +

Proband and co-twin transformed means of reading composite
scores at initial and follow-up testing.
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subjected to DF multiple regression analysis, an 5%,
estimate of .84 (+ .26) was obtained. Although this /°,
estimate is somewhat higher than that obtained from
the full CLDRC proband sample of 283 MZ and 402
DZ pairs (b= .61 = .06) for same-sex and opposite-
sex pairs combined, the two estimates are not
significantly different (p > .30).

When the bivariate extension of the multiple
regression model (Equation 2) was fitted to proband
scores at initial assessment and co-twin scores at
follow-up, the resulting estimate of bivariate heritabil-
ity was .65 = .32 (p < .05), indicating that about two
thirds of the proband deficit at initial assessment was
due to genetic influences which also influence reading
deficits at follow-up. Further, these results suggest that
approximately 75% of the observed stability correla-
tion is due to shared genetic influences. These findings
are highly consistent with those of Harlaar et al.
(2007), and Wadsworth et al. (2006), who found that
53% to 86% of the stability of reading performance
in the normal range between ages 7 and 16 was due to
genetic influences.

The preliminary results of this first longitudinal
twin study of reading difficulties suggest that reading
deficits are not only stable, but that this stability is
due largely to heritable influences. Although this and
other studies of reading disability suggest significant
stability, about 30% of the variation in reading per-
formance at follow-up is independent of initial reading
performance in this sample, and 25% of the stability
of reading performance is due to environmental influ-
ences. Thus, although our finding of significant
genetic influence suggests that persistent reading
deficits may be somewhat difficult to remediate, novel
teaching/remediation methods may be highly effective.

It should be noted that the current sample of twin
pairs meeting criteria for inclusion in the proband
sample and on whom we have follow-up data is still
very small, and results should be interpreted with
caution. Nevertheless, these findings are highly consis-
tent with those of previous longitudinal studies of
reading performance within the normal range and both
the univariate and bivariate /#° estimates are statistically
significant. Moreover, follow-up testing of RD and
control twin pairs continues in the LTSRD, thereby
eventually facilitating more rigorous assessments of the
etiology of difficulties in various reading-related cogni-
tive processes and their stabilities.
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