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Abstract Longitudinal twin data were analyzed to investigate the etiology of the
stability of genetic and environmental influences on word reading and reading
comprehension, as well as the stability of those influences on their relationship.
Participating twin pairs were initially tested at a mean age of 10.3 years, and
retested approximately five years later. Both word reading and comprehension were
found to be highly stable, and genetic influences were primarily responsible for that
stability. In contrast to studies with younger participants, no unique genetic influ-
ences were observed at follow-up testing in this older sample. High genetic cor-
relations were obtained between word reading and reading comprehension at both
ages, indicating common genetic influences. However, significant genetic influence
on comprehension was also observed, independent of that on word reading. Al-
though the phenotypic relation between the two measures appeared to decline across
time, the genetic etiology of this relation was highly stable.
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Introduction

A number of studies have assessed the stability of performance on word reading
(e.g., Raskind, Gerber, Goldberg, Higgins, & Herman, 1998; Scarborough, 1998,
2005; Shaywitz et al., 1999; Sicoly, 2002; Torgesen & Burgess, 1998; Torgesen,
Wagner, Rashotte, Burgess, & Hecht, 1997) and reading comprehension measures
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(e.g., De Jong & van der Leij, 2002; Seigneuric & Ehrlich, 2005; Torgesen et al.,
1997) with stability correlations ranging from .27 to .62 for word reading and .57 to
.87 for reading comprehension. However, relatively few studies have investigated
the etiologies of stability, and there is a paucity of research using data from
measures of comprehension obtained from older children.

Studies with genetically informative designs, such as twin or adoption studies,
facilitate an assessment of the genetic, shared environmental, and nonshared
environmental contributions to etiology. The classic twin design compares the
similarity within identical, or monozygotic (MZ) twin pairs who share 100% of their
genes with that of fraternal, or dizygotic (DZ) twin pairs, who share on average 50%
of their segregating genes (Plomin, DeFries, McClearn, & McGuffin, 2001). To the
extent that individual differences in a trait are caused by genetic influences, MZ
twins should be more similar than DZ twins. Shared environmental influences are
those factors which make twins pairs more similar to each other, such as having a
common family or school environment. To the extent that the DZ twin correlation is
more than half the MZ twin correlation, shared environmental influences are
implicated. In contrast, nonshared environment independently influences members
of twin pairs, such as one twin having an illness or accident that the other did not
have, and also typically includes measurement error. An extension of this logic
facilitates assessment of the etiology of stability by comparing the cross-time point
similarity of members of MZ and DZ twin pairs. For example, genetic influences on
the stability of a measure are suggested if the cross-time point MZ correlation
(between one twin’s score at the initial assessment and the other twin’s score at
follow-up) is greater than the cross-time point DZ correlation.

There is substantial evidence for genetic influences on reading skills (see Fisher
& DeFries, 2002; Olson, 2004; Pennington & Olson, 2005, for reviews). Univariate
heritability estimates for word reading skill and related reading components range
from .30 to .85 (e.g., Byrne et al., 2005a; DeFries et al., 1997; Gayan & Olson,
2003; Harlaar, Spinath, Dale, & Plomin, 2005; Petrill, Deater-Deckard, Thompson,
DeThorne, & Schatschneider, 2006a; Stevenson, Graham, Fredman, & McLoughlin,
1987; Tiu, Wadsworth, Olson, & DeFries, 2004; Wadsworth, Corley, Hewitt, &
DeFries, 2001; Wadsworth, Corley, Plomin, Hewitt, & DeFries, 2006). While word
reading and its related components are most often studied, some researchers have
also assessed genetic influences on reading comprehension and have noted similar
heritability estimates, in the range of .41 to .76 (e.g., Byrne et al., 2005b; Harlaar,
Dale, & Plomin, 2007; Keenan, Betjemann, Wadsworth, DeFries, & Olson, 2006;
Petrill, Deater-Deckard, Thompson, Schatschneider, DeThorne, & Vandenbergh,
2007). Given that word reading and comprehension skills are both stable and
heritable, we hypothesize that this stability may be due to genetic influences.

Previous research suggests that changes in the etiology of word reading may level
off by the middle-elementary school years, but we know of only one study to assess
this beyond middle childhood (Wadsworth et al., 2001, 2006). Moreover, the
emphasis on comprehension in reading and reading instruction increases around the
middle-elementary school years, when the demands of reading transition from
‘“‘learning to read’’ to ‘‘reading to learn’’ (e.g., Catts, Hogan, & Adlof, 2005; Chall,
1983; Harlaar et al., 2007; Leach, Scarborough, & Rescorla, 2003), making it
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especially important to include data from older children in the assessment of the
etiology of its stability. Despite this, no previous studies have assessed longitudinal
etiology of comprehension using genetically informative data from children beyond
the second grade (Petrill et al., 2007). Thus, in the current study we explore the
etiologies of stability of both word reading and reading comprehension in older
children tested at 5—-6-year intervals, and assess how the relationship between these
skills may change over time.

Etiology of the stability of reading

There have been only a few projects investigating the longitudinal stability of
genetic influences on reading. The Longitudinal Twin Study of Early Reading
Development (LTS; see Byrne et al., 2002 for overview) has been studying pre-
reading and reading skills developmentally, so far reporting on over 600 pairs of
children tested in preschool and kindergarten. The Western Reserve Reading Project
(WRRP; Petrill et al., 2007) has investigated reading measures in 350 twin pairs
who are slightly older, but still in the very early stages of reading development,
testing children through the second grade. Both of these studies have found shared
genetic influences between time points, as well as genetic influences unique to the
second assessment, for component measures of reading. Byrne et al. (2005a, 2006)
obtained mixed evidence for shared environmental influences, but when significant,
shared environmental influences appeared to be the same over time. Petrill et al.,
noted significant shared environmental effects for most reading measures, with the
exception of comprehension. However, in both projects, most of the continuity over
time appears to be accounted for by genetic influences.

In both the LTS and WRRP projects, the children tested have been very young, in
an effort to investigate the very beginning stages of reading development. Two other
longitudinal studies have investigated this genetic etiology in older groups of
children. Harlaar et al. (2007) assessed reading skill at ages 7, 9, and 10 among 4291
twin pairs participating in the Twins Early Development Study (TEDS; Trouton,
Spinath, & Plomin, 2002). Consistent with the studies of younger children, they
found common genetic influences between ages for reading scores, but also noted
unique genetic effects at each age. While most of the phenotypic stability was again
due to genetic influences, they did find a single shared environmental factor that was
significant and consistent over time.

Finally, Wadsworth and colleagues reported on data from an even older sample,
the Colorado Adoption Project (CAP; Wadsworth et al., 2001, 2006; Wadsworth,
Fulker, & DeFries, 1999), assessing the stability of word recognition scores in
related and unrelated sibling pairs at ages 7, 12, and 16. In contrast to the other
longitudinal studies with younger participants, they found no new genetic influences
at ages 12 or 16 for word reading; instead they noted a single genetic factor common
to all three time points. While they also found a single shared environmental factor
that was common across time points, this factor was negligible; the majority of the
observed stability was due to genetic influences.

As a whole, these studies suggest that although new genetic influences for word
reading may continue to be expressed through middle childhood, as children get
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older, genetic influences may become more stable. However, most of these
longitudinal results reported thus far have investigated word reading performance
and related skills, rather than higher level comprehension.

Etiology of the stability of reading comprehension

As reading skills develop, the demands of reading may gradually shift, requiring
more complicated comprehension processes as children get older (e.g., Catts
et al., 2005; Chall, 1983; Curtis, 1980; Harlaar et al., 2007; Leach et al., 2003).
It is also possible that the etiology of this development could continue to change.
However, to our knowledge, the etiology of the stability of comprehension has
only been studied in children through the second grade (Petrill et al., 2007), so
there is no prior evidence as to whether there are indeed changes in the etiology
of comprehension at later ages. Thus, the current study assesses the stability
of both reading comprehension and word reading in these later years of
development.

Relation between word reading and comprehension

In addition to studying stability across time within the same measure, we are also
interested in investigating the etiology of the relation between the measures and
whether these influences change over time. Results of several studies suggest a core
set of genetic influences common to many components of reading (e.g., Davis,
Knopik, Olson, Wadsworth, & DeFries, 2001; Gayan & Olson, 2001, 2003; Petrill,
Deater-Deckard, Thompson, DeThorne, & Schatschneider, 2006b; Tiu et al., 2004).
However, some studies have also found patterns of independent genetic effects for
certain measures (Gayan & Olson, 2003; Petrill et al., 2007).

Most of these studies have examined the relations between lower-level
components of word reading. Few studies have investigated common and
independent genetic and environmental influences on word reading and higher-
level comprehension processes. Results of phenotypic studies have indicated that
reading comprehension and word reading skills are highly correlated (e.g., Catts,
Fey, Zhang, & Tomblin, 1999; Gough, Hoover, & Peterson, 1996; Leach et al.,
2003). But, as the ‘‘Simple View’’ of reading proposes (Gough et al., 1996;
Gough & Tunmer, 1986; Hoover & Gough, 1990), there is evidence for their
independence, as well. For example, some studies have found children who have
comprehension deficits with normal word reading skills (Cain, Oakhill, & Bryant,
2000; Catts, Hogan, & Fey, 2003; Nation, 2005; Oakhill, Cain, & Bryant, 2003);
others have found children with normal reading comprehension but selective
word reading deficits (Leach et al., 2003). The results of a behavioral genetic
study by Keenan, Betjemann, Wadsworth et al. (2006) also support the partial
independence of word reading and comprehension skills. Keenan and colleagues
found a genetic factor common to comprehension and word reading, but also
found a second significant genetic factor for comprehension, independent from
word reading.
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Stability of relationship between measures

We are interested in investigating not only the similarity of these measures within a
time point, but also the stability of this relationship. As discussed above, the etiology
of either measure may change across time; the etiology of their relationship may also
change. Keenan, Betjemann, and Olson (2006, submitted) present cross-sectional
evidence that within reading comprehension measures, the amount of phenotypic
variance accounted for by performance on tests of listening comprehension and word
reading tends to shift over time. They demonstrate that in younger children the
reading comprehension tasks are more heavily dependent on word reading skill,
while in older children the same tasks measure an increasing amount of compre-
hension skill that is independent of word reading (see also Johnston & Kirby, 2006;
Gough et al., 1996; Hoover & Gough, 1990). This suggests that there may be a
developmental shift of focus from word reading to comprehension as children get
older. To our knowledge only one study has attempted to assess what might account
for this shift within a genetic framework. Harlaar et al. (2007) analyzed data
pertaining to general reading ability at age 7 and comprehension at age 10, and found
independent genetic influences on comprehension at the latter assessment. However,
since they did not use the same measures at both ages, it is impossible to determine if
the unique genetic influences observed are related to differences in the tests, or to
developmental differences in reading, comprehension, or both.

In the current study, we conducted a preliminary assessment of the stability of
word reading and reading comprehension, as well as the stability of the relation
between the two measures, among twin pairs participating in the Colorado
Longitudinal Twin Study of Reading Disability (Wadsworth, DeFries, Olson, &
Willcutt, submitted), a follow-up of participants in the Colorado Learning
Disabilities Research Center (DeFries et al., 1997). If reading comprehension skill
is more dependent on word reading in younger children, then we may see greater
etiological overlap across measures at initial testing than at follow-up testing. Using
data from twins allows us to partition the phenotypic variance into genetic, shared
environmental, and nonshared environmental contributions. Thus, we can assess the
etiologies of the stability of word reading and comprehension, as well as the
etiology of the stability of the relationship between the two measures.

Method
Participants

Participants were tested at two time points. All participants were initially tested in
the Colorado Learning Disabilities Research Center (CLDRC; see DeFries et al.,
1997; Olson, 2004). Twins were identified from school records from 27 different
Colorado school districts. One group of twin pairs (RD pairs) was invited to
participate if one or both twins were identified by school records or parent report to
have a school history of reading problems or Attention Deficit-Hyperactivity
Disorder (ADHD; twin pairs who were recruited as having ADHD but no history of
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reading problems in either member of the pair were not included in the current
analyses.) A comparison group of twin pairs with no history of reading problems
was also invited to participate (control pairs). For this initial assessment, twins
completed a day-and-a-half of testing at the University of Colorado at Boulder and
the University of Denver.

Twin pairs initially tested between 1996 and 2001 were then recruited for follow-
up testing approximately five to six years later, as part of the ongoing Colorado
Longitudinal Twin Study of Reading Disability (LTSRD; see Wadsworth et al.,
submitted, for details on this study). Twin pairs agreeing to participate completed a
full day of testing at the Institute for Behavioral Genetics at the University of
Colorado at Boulder. The test battery includes some of the most diagnostically
revealing tests administered in the CLDRC; thus, subjects are retested using the
same measures (or updated revisions where available) they were administered at
their initial assessment.

Approximately 55% of those recontacted have participated in follow-up testing
so far. Although retested participants scored better on the variables used here at
initial testing than those who have not participated in follow-up testing, the
variances and covariances did not differ significantly by retest status, nor did results
of genetic analyses. Thus, there is no reason to believe that the current sample is
biased for the genetic analyses. The current analyses include data from 59 MZ twin
pairs, 57 same-sex DZ twin pairs, and 41 opposite-sex DZ pairs. The ages at initial
testing ranged from 8.0 to 15.9 years (mean age = 10.3), and the ages at follow-up
testing ranged from 12.9 to 23.9 (mean age = 15.8; 44.9% male, and 55.1% female).
All twins spoke English as their first language.

Procedure and measures

The full test battery at each time point included measures of general cognitive
ability, reading and component skills, and behavioral measures (see Wadsworth
et al., submitted, for a description of the full test battery.) The measures used in the
current analyses are as follows:

Word reading

Word reading performance was measured using the Reading Recognition subtest of
the Peabody Individual Achievement Test (PIAT; Dunn & Markwardt, 1970) at
initial testing, and the PIAT-R at follow-up (Markwardt, 1998). The original PIAT
and the PIAT-R correlate very highly, at .88 (Markwardt, 1998). In this untimed
subtest, participants read a list of increasingly difficult words until they answer five of
the last seven items incorrectly. Scores are computed as the number of items correct.

Reading comprehension
Reading comprehension performance was measured using the Reading Compre-

hension subtest of the PIAT at initial testing (Dunn & Markwardt, 1970), and the
PIAT-R at follow-up (Markwardt, 1998). The versions correlate .79 on this untimed
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Table 1 PIAT published standard scores by age (with standard deviations), testing point and recruitment
group

Initial testing Follow-up testing

Word reading Comprehension Word reading Comprehension
RD 97.3 (12.2) 100.6 (13.4) 98.2 (14.6) 97.47 (13.4)
Control 110.7 (9.8) 112.5 (11.0) 112.5 (13.9) 110.33 (12.7)

subtest (Markwardt, 1998). Participants read a series of short passages, and after
each, they choose the one of four pictures that best represents the meaning of the
passage read.

The mean age-based standard scores for each measure at initial and follow-up
assessments are presented in Table 1 for RD and control groups separately. The RD
group means are approximately one standard deviation below that of the control
group for word reading and comprehension, at both assessments (z = —.96 to
—1.15). The means of the RD pairs are close to the population average on each
measure. One reason for this is that pairs were selected because one twin had a
history of reading problems, but many of the co-twins did not. The control twin
means are approximately one standard deviation above the population mean, but
these control pairs are also selected, in that they do not include any pairs with a
history of reading difficulty. For analysis of both measures, age-based standard
scores were converted to z-scores standardized against the control sample at each
time point, and were then re-standardized within the RD and control groups. The
distribution of each variable was then assessed for outliers, defined as scores that
fell more than three standard deviations from the mean of each group, and more than
0.5 standard deviations beyond the next most extreme score. No scores met these
criteria.

Analyses
Phenotypic analyses

Phenotypic relations between variables were assessed by fitting a multivariate
Cholesky decomposition model to the data using the Mx statistical modeling
package (Neale, Boker, Xie, & Maes, 2002). Scores on all measures approximated a
normal distribution, and raw data rather than covariance matrices were used in Mx
to allow the inclusion of cases with missing data. We first fit a model with separate
solutions for the RD and control groups, and then we tested whether solutions for
the two groups could be equated without significant loss of fit.

The model explores the overall phenotypic stability of individual differences in
both word reading and reading comprehension at the two time points, as shown in
Fig. 1. The model is hierarchical, so that the paths from the second factor are
assessing relationships after controlling for the paths from the first factor, etc. The
phenotypic correlations between the variables are computed from the model by
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Fig. 1 Phenotypic Cholesky model .
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multiplying the paths in a chain connecting the two variables, then summing all of
the chains involved. For example, the observed correlation (r,) between initial and
follow-up comprehension would be computed as follows: (1y; X A41) + (J2s X A42).
That portion of the correlation between initial and follow-up comprehension that is
independent of initial word reading is computed as (42 X A42).

Genetic analyses

Using the twin design, we can determine the univariate genetic effects (A or az),
shared environmental effects (C or c2), and nonshared environmental effects (E or
ez) for each individual measure, as described in the introduction. We can also use
multivariate behavioral genetic analyses to investigate the genetic and environ-
mental influence on the covariance between the same measure over time, or between
different measures (e.g., Neale & Cardon, 1992; Plomin & DeFries, 1979). To
accomplish this, the phenotypic Cholesky is further partitioned into genetic, shared
environmental, and nonshared environmental factors, as shown in Fig. 2. We first
fitted a full ACE model with separate solutions for the RD and control groups. Then,
we tested whether solutions for the two groups could be equated without significant
loss of fit.

Univariate estimates of genetic and environmental components of variance
From the standardized path coefficients indicated in Fig. 2, the proportion of variance
in word reading and comprehension performance at each testing point due to genetic

and environmental influences can be computed by summing the squared paths from
the factors to each measure. For example, the heritability (% i.e., the proportion of
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Fig. 2 Genetic/environmental Cholesky model

phenotypic variance attributable to genetic influences) of comprehension at initial
testing is the square of the path from Al to initial comprehension (a,;), plus the
square of the path from A2 to initial comprehension (a,,). Estimates of shared (c2)
and nonshared (e?) environmental influences are obtained in an analogous fashion.

Genetic and environmental correlations

We can also determine the degree to which the same genetic and environmental
influences affect the two different measures or the same measure at different time
points. Estimates of these genetic, shared environmental, and nonshared environ-
mental correlations are computed from the standardized paths with relative ease. For
example, the genetic correlation between initial and follow-up comprehension is
[(a21 % as1) + (a2 x as2)]/(@initial X Gfollow—up)- From the Cholesky, we can also
compute the phenotypically standardized covariances, i.e., that part of the observed
correlation (rp) due to common genetic or environmental influences. For example,
the phenotypically standardized genetic covariance between initial and follow-up
comprehension can be computed from the path coefficients in Fig. 2 as
(a1 X aq1) + (a»y X agp). Estimates of shared and nonshared environmental
correlations and phenotypically standardized correlations are obtained in a similar
manner. The three phenotypically standardized covariances should sum to the
standardized phenotypic covariance, i.e., the phenotypic correlation, rp. Furthermore,
the ratio of the phenotypically standardized genetic or environmental covariance to
the phenotypic correlation provides an estimate of the proportion of the observed
phenotypic correlation due to shared genetic or environmental influences.

Results

Phenotypic results

The solutions for the RD and control groups could not be equated without
significant loss of fit (A ;{2 =222, A df = 10, p < .05), so separate estimates are

presented. However, since the patterns of results for the two groups are very similar,
we primarily discuss the pattern of phenotypic results across both groups.
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Table 2 Phenotypic correlations computed from phenotypic Cholesky model: RD group estimates, with
control group estimates in parentheses

Initial Follow-up
Word reading Comprehension Word reading Comprehension
Word read.—Initial
Comp.—Initial 0.78 (0.65)
Word read.—Follow-up 0.80 (0.68) 0.66 (0.52)
Comp.—Follow-up 0.53 (0.59) 0.57 (0.63) 0.54 (0.48)

The phenotypic correlations for both the RD and control groups are shown in
Table 2. The measures are highly correlated with one another and are quite stable,
with word reading showing somewhat greater stability than reading comprehension.
Moreover, the relationship between word reading and reading comprehension
appears stronger at the initial assessment than at follow-up (RD: Fisher’s Z = 3.09,
p < .01; Control: Fisher’s Z = 1.30, p = .09). Figure 3 presents the standardized path
coefficients from the phenotypic Cholesky decomposition, and here we also see high
stability of covariance between measures. There is an initial phenotypic factor (F1)
that accounts for substantial variance in both measures at both assessments. A
second factor (F2) accounts for additional variance in comprehension only,
indicated by a significant shared path for reading comprehension (RD: p < .001,
Controls: p < .001) and a non-significant path to follow-up word reading (RD:
p = .22, Control: p = .12). The remaining factors contribute variance unique to word
reading and reading comprehension at the follow-up time point. From the path
coefficients, we can also calculate that 27% of the phenotypic correlation between
comprehension at initial testing and at follow-up is independent from word reading
in the RD group. This proportion is slightly higher in the control group, where 39%
of the correlation between comprehension at the two assessments is unique from
word reading.

Multivariate genetic analyses

The phenotypic Cholesky was further partitioned into genetic, shared environmen-
tal, and nonshared environmental factors. In contrast to the phenotypic model,
solutions for the RD and control groups could be equated without significant loss of
fit. Since this is a relatively small sample for genetic analyses, we may have limited
power to detect small differences between groups. Further, the ability to equate the
groups in the genetic but not the phenotypic model suggests that power to detect
small differences between the groups is reduced when the model is expanded to
include estimates of genetic and environmental parameters. However, as with the
phenotypic model, the pattern of genetic and environmental influences is highly
similar for the two groups. The standardized path coefficients for the equated model
are shown in Fig. 4. This is also the model against which the remaining submodels
were tested. There is an initial genetic factor (Al), common to both measures at
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Fig. 3 Results of phenotypic Initial
Cholesky: path coefficients for the 1.00 (1.00) nitia
RD group, with estimates for the Word Read.
control group in parentheses
Initial
R. Comp.
60(72) A | Follow-Up
17 (05) " | Word Read.

Follow-Up

79 (74) >
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both assessments. Similar to the phenotypic results, there also appears to be a
second genetic factor (A2) contributing to the covariance between reading
comprehension at the two assessments, independent of word reading. The small
path coefficients from the genetic factors A3 and A4 suggest that there are no new
genetic influences expressed at follow-up. The paths from shared environmental
factors are negligible, whereas nonshared environmental influences unique to each
measure are substantial, and there appears to be a nonshared environmental
common factor (E1) contributing to the covariance among the measures.

The proportions of variance in each measure due to genetic and environmental
influences are presented in Table 3 with 95% confidence intervals. Heritabilities are
quite high for both measures at both assessments, particularly for word reading at
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Word Read.
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R. Comp.

Follow-Up
\ Word Read. \
0 Follow-Up 0
R.Comp.

Fig. 4 Results of genetic/environmental Cholesky
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Table 3 Univariate estimates of heritability, shared environment, and nonshared environment computed
from Cholesky model, with 95% confidence intervals

Measure Heritability (@®  Shared environment (cz) Nonshared environment (&)
Word read.—Initial 0.76 (.58, .84) 0.01 (0, .17) 0.23 (.16, .34)
Comp.—Initial 0.67 (.45, .79) 0.04 (0, .23) 0.29 (.20, .42)
Word read.—Follow-up  0.68 (.47, .78) 0.01 (0, .17) 0.32 (.22, .45)
Comp. —Follow-up 0.60 (.42, .72) 0.01 (0, .12) 0.39 (.28, .55)

initial assessment. Each of the estimates of heritability and nonshared environment
are significant, as indicated by confidence intervals above zero, whereas none of the
estimates of shared environment are significant.

Estimates of the genetic, shared environmental, and nonshared environmental
correlations are presented below the diagonals in Table 4. The genetic correlations
(ra) are all high, with a correlation between the assessments of word reading at the
two time points of .96. That between assessments of reading comprehension at the
two time points was estimated at unity (r5 = 1.00). These high genetic correlations
indicate that the genetic influences acting within measure at the two assessments are
virtually identical. We also see that at each assessment, the genetic correlations
between the measures are quite high as well, i.e., the 5 between word reading and
reading comprehension at initial testing is .85, and at follow-up is .75; thus, the
genetic influences acting on the different measures within time point are also highly
similar. Yet, they are not at unity, suggesting unique genetic effects on each
measure as well.

The phenotypically standardized genetic correlations presented above the
diagonals in Table 4 range from .48 to .69, indicating that 80-100% of the
phenotypic correlations among the measures are due to shared genetic influences.
The shared environmental correlations are estimated at unity, suggesting that the
same environmental influences are acting on all measures. This can also be seen in
Fig. 4, as after the common paths to Cl1, all other C paths are estimated at zero.
However, these common shared environmental influences are negligible, accounting
for only 1-4% of the total variance for each measure. As a result, shared
environmental influences account for at most 3% of the phenotypic correlations. In
contrast, the nonshared environmental correlations are lower, ranging from —.01 to
.48, but these influences account for a higher proportion of phenotypic covariance
(up to 17%).

Model comparisons

As described above, we first fitted a full ACE model (Model 1) with separate
solutions for the RD and control groups. The solutions for the two groups were
equated without significant loss of fit (Model 2, p = .17). We then tested subsequent
models against this equated model to determine the most parsimonious model to
result in a nonsignificant decrement in fit (see Table 5).
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Table 4 Genetic, shared environmental, and nonshared environmental correlations below the diagonal,
and phenotypically standardized correlations (which sum to the phenotypic correlation) above the
diagonal

Initial Follow-up
Word read. Comprehension Word read. Comprehension
Genetic
Initial Word reading 1.00 .61 .69 .55
Comprehension 0.85 1.00 55 .63
Follow-up Word reading 0.96 0.81 1.00 48
Comprehension 0.81 1.00 0.75 1.00
Shared environment
Initial Word reading 1.00 .02 .01 —.01
Comprehension 1.00 1.00 .01 —.02
Follow-up Word reading 1.00 1.00 1.00 —.01
Comprehension —1.00 —1.00 —1.00 1.00
Nonshared environment
Initial Word reading 1.00 12 .07 .04
Comprehension 0.48 1.00 .08 —.003
Follow-up Word reading 0.27 0.26 1.00 .07
Comprehension 0.15 —0.01 0.21 1.00

All shared environmental (C) factors could be dropped from the model without
significant loss of fit (Model 3; p = .999), indicating that there are no significant
shared environmental effects on either the variances or covariances of the measures
or their stability. In contrast, we were unable to drop all genetic influences (Model
4; p < .001), so we tested the significance of those paths which appeared to
contribute little to the model. The path from A2 to Follow-up Word Reading (a3,),
as well as the A3 and A4 factors could be omitted from the model without loss of fit
(Models 6 & 7; p = .976 and .791, respectively). This leaves a genetic factor (A1)
that contributes significantly to the variation and covariation of the measures at both
time points, as evidence for continuity of genetic influences over time and shared
genetic influence between word reading and reading comprehension tasks. There is
also a significant second genetic factor (A2; Model 5, p = .008) that is specific to the
comprehension measures, suggesting that there are unique genetic influences on
reading comprehension, independent of word reading, and that these influences are
relatively stable. The failure to obtain significant genetic factors specific to the
second time point, however, suggests that all genetic influences are common across
time points, and no new genetic effects emerge later in development for either
measure.

Non-shared environment also contributes significantly to continuity in word
reading. Although we can drop the path from E1 to follow-up reading comprehen-
sion (e41; Model 10; p = .198), the remaining common effects of this first factor
could not be dropped. This leaves a nonshared environmental path that is common
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Table 5 Model fit statistics

Model Model comparison®

—2LL NPAR A 72 A df p (A
1. Full ACE 2670.51 92
2. ACE: Aff. and Control equated 2707.83 62 37.32 30 0.168
3. Drop C 2709.38 52 1.55 10 0.999
4. Drop A 2753.25 52 45.42 10 <.001
5. Drop A2 2719.67 59 11.84 3 0.008
6. Drop as, path 2707.90 61 0.07 1 0.791
7. Drop A3 and A4 2708.04 59 0.21 3 0.976
8. Drop all E common factors 2738.04 56 30.21 6 <.001
9. Drop ey, €31, €41 2733.90 59 26.07 3 <.001
10. Drop e4; 2709.49 61 1.66 1 0.198
11. Drop es;, €42, €43 2712.79 59 4.96 3 0.175
12. Drop all E but E1 & Specifics 2713.72 58 5.89 4 0.207
13. Final Model (A1, A2, E1 + Sp) 2717.93 44 10.10 18 0.929

% Model 2 is compared to Model 1. All other submodels are compared to Model 2

to word reading at both time points and comprehension at initial testing. All other
shared paths were dropped (Model 11; p = .175), leaving one nonshared
environmental common factor and nonshared environmental specifics. Thus, the
most parsimonious model to result in a non-significant deterioration in fit includes
the A1 common factor, the A2 factor common to reading comprehension at initial
and follow-up assessments, no shared environment, and a nonshared environmental
common factor plus nonshared environmental specifics.

Discussion

The purpose of the current study was to investigate the stability of genetic and
environmental influences on word reading and reading comprehension, as well as
the stability of those influences on their relationship. We used data from the
Colorado Longitudinal Twin Study of Reading Disability (LTSRD; Wadsworth
et al., submitted), the first longitudinal study of reading disability using genetically
informative data, to assess stability of both reading comprehension and word
reading among children with and without a history of reading difficulties.
Phenotypically, although the solutions for the RD and control groups could not
be equated, the overall pattern of results was very similar. Both word reading and
reading comprehension were highly stable, with stability correlations of .80 and .57,
respectively, in the RD group, and .68 and .63 in the control group. Most of the
variance in both measures at both assessments was accounted for by a single factor.
However, results suggested a second factor common to reading comprehension at
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both time points, independent of word reading in both groups. Furthermore, the
phenotypic correlations between word reading and comprehension were higher at
initial testing (RD r = 78; control r = .65) than at follow-up (RD r = 54; control
r = .48), suggesting that the similarity between them decreases over time. This
finding supports results from previous phenotypic studies which suggest that word
reading ability is a stronger factor in reading comprehension in younger children
(Catts et al., 2005; Curtis, 1980; Johnston & Kirby, 2006; Keenan, Betjemann, &
Olson, 2006, submitted).

Continuity of genetic effects

We found that across time, genetic influences were virtually identical within
measure, suggesting that the genetic effects on individual differences in perfor-
mance on these measures are highly stable in this sample. This finding is consistent
with our predictions for word reading, based on patterns of results from previous
research. The studies that have found new genetic influences over time for word
reading component skills assessed reading performance among younger children,
when reading skills are rapidly developing (e.g., Byrne et al., 2005a, 2006; Harlaar
et al.,, 2007; Petrill et al., 2007). Similarly, Harlaar et al. (2007) observed new
genetic influences at age 10, independent of age 9, for their reading measure, which
included comprehension. However, genetic influences on our measure of reading
comprehension appear to be highly stable. It may be that our wide age ranges
contributed to our negative result. However, Wadsworth et al. (2001, 2006)
analyzed data from same-aged subjects, ages 7, 12, and 16, and also found no new
genetic influences for word reading at ages 12 and 16. Likewise, Gayan and Olson
(2003) assessed genetic etiology of word reading across a wide age range, and found
the interaction with age to be small and nonsignificant. Although a portion of our
sample were poor readers who might have been more likely to show developmental
changes in their word reading skills at later ages, the patterns of genetic influences
were not significantly different for the RD and control groups. Thus, while new
genetic influences may be manifested in the early stages of reading development,
our results suggest that genetic influences on word reading and reading compre-
hension skills are generally stable by early adolescence.

Between measures, a high proportion of the covariance of reading comprehen-
sion and word reading was due to shared genetic factors, but we also noted a
significant genetic factor unique to reading comprehension at both time points,
independent of word reading. This supports the recent findings of Keenan and
colleagues (Keenan, Betjemann, Wadsworth et al., 2006), who also observed a
unique genetic factor for reading and listening comprehension. It suggests that while
many of the genetic influences on reading comprehension and word reading are
overlapping, there are unique genetic influences on comprehension processes,
supporting the argument that reading comprehension skills may be unique and
separable from word reading skills (e.g., Cain et al., 2000; Catts et al., 2003; Gough
et al., 1996; Gough & Tunmer, 1986; Hoover & Gough, 1990; Keenan et al., 2006;
Leach et al., 2003; Nation, 2005; Oakhill et al., 2003). Interestingly, we did not find
a large difference in the genetic relation between word reading and comprehension
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over time, despite finding a difference in the phenotypic correlations. The
phenotypic difference appears to be due to a decrease across time in the nonshared
environmental correlations, rather than in the genetic correlations. There is some
suggestion of a higher genetic correlation between the two measures at initial testing
than at follow-up, indicating that there may be some divergence as children age, but
the difference is fairly small. The overall pattern, both within and across measures,
seems to be that the etiologies at initial and follow-up assessments are nearly the
same.

However, comprehension tests vary in what they measure, so it is important to
interpret results in the context of the specific test used. In particular, Keenan,
Betjemann, & Olson (2006, submitted) and Nation and Snowling (1997) have
demonstrated that the relation between word reading and reading comprehension
can be test dependent. If tests vary in their sensitivity for measuring comprehension
ability independent from word reading, this could extend to differences in
sensitivity to changes in the etiology of that comprehension ability over time.
Thus, it will be important to replicate this result with other measures of
comprehension, and with a larger sample as our sample grows.

Environmental effects

Significant environmental influences were limited to one nonshared environmental
common factor and specifics. The common factor could be due to different influences
such as the children having different teachers, or random accidents affecting only one
twin. One additional source of nonshared environmental influences that could
possibly contribute to a nonshared environmental common factor might be individual
differences in motivational level that are independent for members of twin pairs but
that influence performance on measures of both word reading and reading
comprehension. Since nonshared environmental estimates also include measurement
error, this may account, in part, for the specific paths for each measure.

We found no evidence of significant shared environmental influences on either
measure at either time point. While we have limited power to detect significance of
small effects due to our relatively small sample size, the estimates for the C paths
were all very small, accounting for only 1-4% of the variance in each measure. This
finding is in contrast to the results of Harlaar et al. (2007) who found significant
shared environmental influences on reading performance through age 10, as well as
to studies of younger children that reported significant shared environmental
influences on word reading and related components (e.g., Byrne et al., 2005a, 2006;
Petrill, Deater-Deckard, Schatschneider, & Davis, 2005; Petrill et al., 2007; Petrill
et al., 2006b; Samuelsson et al., 2005).

However, our results are consistent with those of Keenan, Betjemann,
Wadsworth et al. (2006) and Wadsworth et al. (2001, 2006), who found negligible
shared environmental influences in older children. Moreover, even in much younger
children, Byrne and colleagues also report that shared environmental effects found
in kindergarten were no longer significant by the end of first grade (Byrne et al.,
2007). It may be that larger shared environmental influences are seen in the early
stages of reading development, but as children age, shared environment becomes
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less important to individual differences in reading performance (e.g., Scarborough
& Dobrich, 1994). Our inability to find significant shared environmental influences
could also be due in part to restricted environmental range of the sample
(Turkheimer, Haley, Waldron, D’Onofrio, & Gottesman, 2003), as our subjects are
typically from middle-class homes and, in contrast to the study by Harlaar et al.
(2007), only included children for whom English was the primary language spoken
in the home. We additionally note that Gayan and Olson (2003) did not find
significant shared environment with any reading measures, using a larger group of
participants from the same overall initial testing sample reported here, with a similar
age range. However, they suggest this may be because of the influence of non-
additive genetic effects; if dominance or epistasis influence a measure, variance due
to additive genetic effects may be overestimated and that due to shared environment
may be underestimated using the standard ACE model. While we do find some
evidence in our data of DZ correlations that are less than half of the MZ
correlations, indicating possible non-additive genetic effects, these differences are
not statistically significant. Therefore this will be an important direction to
investigate as the sample size increases.

Conclusion

Overall, our measures of word reading and comprehension were found to be both
highly stable and heritable in this adolescent sample. Phenotypically, our measures
of word reading and reading comprehension were highly correlated at both
assessments, though less so at follow-up. However, although the phenotypic relation
between the measures may decline over time, the genetic etiology of this relation is
quite stable. The vast majority of covariance across time and between measures in
this sample was due to shared genetic factors, with a smaller proportion due to
nonshared environmental influences.
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