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Data from identical and fraternal twins were analyzed to estimate the proportions of
genetic and environmental influences on group deficits in accuracy and, when avail-
able, speed for printed word recognition and for related skills in phonological decod-
ing (PD), orthographic coding (OC), and phoneme awareness (PA). In addition,
bivariate genetic analyses were employed to estimate the degree of common genetic
influence on group deficits across these different reading and language skills. About
half of the group deficits in each of the skills were due to genetic influences, and the
genetic origins were largely shared among the measures (rg = .53 – .99), except for
those between OC and PA (rg = .28 – .39). Implications of the results are discussed for
models of reading disability and remediation.

Children with a school history of reading problems tend to have particular difficulty
reading words, both in isolation and in context. Their deficits in printed word recog-
nition accuracy, fluency, or both place major constraints on the ultimate goal of
reading to comprehend written texts (Perfetti, 1985). The importance of
word-reading deficits in reading disability (RD) has led researchers to explore pos-
sible component processes that may be etiologically significant. For example, re-
searches have noted that deficits in printed word recognition are usually related to
similar or even greater deficits in phonological decoding (PD), phoneme awareness
(PA), and orthographic coding (OC; see definitions following; Olson, Forsberg, &
Wise, 1994; Olson, Wise, Conners, Rack, & Fulker, 1989; Rack, Snowling, &
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Olson, 1992). This study addresses the genetic and environmental etiology of
group deficits in these component processes and in isolated word reading. Data
from expanded samples of identical and fraternal twins recruited from Colorado
schools were analyzed to estimate the proportional influences from genes, shared
environment, and nonshared environment on group deficits in each skill, both in ac-
curacy and, when available, speed of processing. In addition, bivariate genetic
analyses of the twin data were used to learn if the same or different genes are re-
sponsible for genetic influences on group deficits in word reading and the different
component processes, and on speed and accuracy in those processes.

The reading of isolated English words depends on two types of knowledge, PD
knowledgeofcommongrapheme–phonemecorrespondencesandword-specificor-
thographic knowledge (Baron, 1979; Olson, Kliegl, Davidson, & Foltz, 1985). PD
isoperationallydefinedhereas theprocessof“soundingout”anovel letter string ina
way that is consistent with the most common correspondences between the
graphemes and phonemes. Knowledge for some of the most consistent correspon-
dences is often profitably associated with explicit instruction in the early stages of
reading development (Chall, 1967). Additional implicit learning of
grapheme–phoneme correspondences may accrue automatically as children’s
word-reading vocabulary expands (Plaut, McClleland, Seidenberg, & Patterson,
1996). Several standardized tests of English reading skill recognize the importance
of PD by including tests of oral nonword reading accuracy. This study added an ex-
perimentalmeasureoforalnonword readingspeedbecause limitations in speedmay
placeanadditionalconstraint,beyondaccuracy,on thecontributionofPDtoreading
development. A measure of silent nonword reading accuracy and speed was also in-
cludedin thestudytocontrol foranyoralproductionconstraintsonparticipants’PD.

Unfortunately for beginning readers of English, many grapheme–phoneme cor-
respondences in common English words are not very consistent compared to the
higher level of consistency found in other languages such as German, Spanish, and
Italian. This fact places an additional constraint on the English reader’s explicit or
implicit extraction of the most frequent grapheme–phoneme correspondences
(Frith, Wimmer, & Landerl, 1998; Hutzler & Wimmer, 2001). OC refers here to
word-specific knowledge that cannot be derived solely from sublexical PD pro-
cesses and subsequent associations with oral vocabulary. Word-specific ortho-
graphic knowledge was tested in this study by asking participants to find the word
among two phonologically identical letter strings (e.g., rain/rane) or to select the
appropriate homophone to fit a sentence context (e.g., bare/bear). In both tasks, the
two choices would sound the same through sublexical PD processes. Selection of
the correct response depended on knowledge of the target word’s specific ortho-
graphic pattern as well as for the target word’s meaning in the homophone-choice
task. OC skills are particularly important in English because of its frequent homo-
phones and “exception” or “strange” words that require word-specific knowledge
of grapheme–phoneme correspondences and meaning.
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From a developmental perspective, knowledge of common grapheme–phoneme
correspondences (PD) is likely to play an important role in children’s learning about
word-specific spellings for exception words and homophones (OC) for two reasons
(Ehri & Wilce, 1980). First, most exception words have elements that are consistent
with common grapheme–phoneme correspondences. Second, knowledge of the
most typical correspondences for the exception parts of words may ultimately help
children orient to and learn about the exceptional grapheme–phoneme correspon-
dences in those words. Thus, one would expect that growth in PD and OC skills
would be correlated. On the other hand, some significant differences are possible in
the etiology of phonological and orthographic knowledge. For example,
word-specific orthographic knowledge ultimately depends on exposure to those
specific words in print, along with contextual or external feedback to derive the cor-
rect pronunciation and meaning. In contrast, sublexical PD skills can be based on
general knowledge of the statistical regularities of grapheme–phoneme correspon-
dences that are not word specific.

PD and OC skills may also differ in their dependence on a basic analytic language
skill called PA, which in this study is defined as the ability to isolate and manipulate
abstract subsyllabic phonemes in speech. It is measured here by assessing children’s
ability to play a Pig Latin game and to say a word or nonword that is left after deleting
a spoken phoneme from a spoken word or nonword. Many researchers have docu-
mented the close association between growth in PA in language and PD in reading
(Liberman, Shankweiler, Fischer, & Carter, 1974; Wagner, Torgesen, & Rashotte,
1994). The causal nature of this association appears to be reciprocal: Learning to
read promotes growth in PA (Morais, Cary, Alegria, & Bertelson, 1979), and pre-
schoolers’ level of PA predicts later reading development, particularly in PD
(Lundberg, Frost, & Peterson, 1988; Wagner et al., 1994). Relatively little study has
been done on the developmental relation between PA and OC, but cross-sectional
data have suggested that this relation is not as strong. Olson, Forsberg, and Wise
(1994) found that measures of PA and PD loaded on a common factor, whereas the
OC measures loaded on a separate correlated factor that had a stronger loading for a
measure of print exposure. Converging evidence on the partial independence of OC
has come from comparisons of older disabled and younger normal readers matched
on standard measures of word recognition. The older disabled groups were lower in
both PD and PA, but not in OC (Olson, Wise, Conners, Rack, & Fulker, 1989; Rack,
Snowling, & Olson, 1992). Taken together, these results suggest that the develop-
ment of OC may have a partly independent etiology from that for PD and PA. In this
study, we explore the shared and independent etiology of group deficits in the differ-
ent skills through behavioral genetic analyses.

The exploration of possible genetic influences on reading problems began with
observations that these problems tend to run in families (Thomas, 1905; Fisher,
1905; Hallgren, 1950). However, familial transmission is necessary but not suffi-
cient evidence for genetic etiology because family members typically share both
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their genes and their environment (DeFries, 1985). More recently, studies of iden-
tical and fraternal twins reared together have been used to separate the relative
contributions of genetic and environmental factors to RDs. Identical and fraternal
twin pairs both share their home and school environments (see qualifications in the
discussion herein), but they differ in their average genetic similarity: Identical or
monozygotic (one egg, MZ) twins share all their genes, whereas fraternal or
dizygotic (two egg, DZ) twins share half of their segregating genes on average.
Thus, if MZ twins were more likely to share a reading disorder, this would provide
evidence for some degree of genetic influence on the disorder.

Early behavior–genetic twin studies of reading disability usually classified in-
dividual twins dichotomously as “dyslexic” or “normal.” Then researchers com-
pared the degree to which both members of a twin pair were “concordant” (i.e.,
they shared the disorder) or “discordant” (i.e., only one twin was “dyslexic”) de-
pending on their zygosity (MZ or DZ). The vast majority of these studies reported
significantly higher concordance rates for MZ twins, suggesting some genetic eti-
ology (Bakwin, 1973; Halgren, 1950; Hermann, 1959; Norrie, 1939;
Zerbin-Rüdin, 1967). However, experts now generally recognize that reading abil-
ity is normally distributed in the population (Rodgers, 1983; Shaywitz, Escobar,
Shaywitz, Fletcher, & Makuch, 1992). Therefore, dichotomous classification and
comparison of concordance rates is not optimal for behavioral genetic studies of
reading disability. (We do not use the term dyslexia herein for reasons described in
the participants section.)

DeFries and Fulker (1985) developed a more appropriate regression procedure
for analyzing twin data wherein at least one member of each pair (the “proband”)
was from the low tail of the normal distribution. The average proportion of genetic
influence on the proband group’s deficit was determined by comparing the aver-
age regression to the population mean for the MZ and DZ cotwins of the selected
probands (see the analysis section). DeFries, Fulker, and LaBuda (1987) first ap-
plied this analysis to a small group of MZ and DZ twins below approximately the
10th percentile in a composite measure of word recognition, reading comprehen-
sion, and spelling from the Peabody Individual Achievement Test (PIAT; Dunn &
Markwardt, 1970). They found significant evidence for genetic influence on the
group deficit: On average, DZ cotwins regressed significantly more than MZ
cotwins toward the population mean for the composite reading measure. A recent
analysis with a much larger twin sample yielded a heritability estimate of .58, indi-
cating that about half of the group deficit was due to genetic influence
(Wadsworth, Olson, Pennington, & DeFries, 2000).

Olson et al. (1989) first explored separately the genetic etiology of group deficits
in word recognition, PD, PA, and OC. All but OC showed significant evidence for
geneticetiology,althoughnosignificantcontrastwasfoundamongthedifferent lev-
els of genetic influence across the measures in this small initial study. Subsequent
analyses (Gayán & Olson, 1999; Olson, Forsberg, & Wise, 1994) with a larger sam-
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ple revealedsignificantheritabilities forgroupdeficits inall themeasures (word rec-
ognition = .45, PD = .61, OC = .58, and PA = .56). Olson, Forsberg, and Wise (1994)
alsoconducted thefirstbivariategeneticanalyses that showedat least somecommon
genetic etiology for group deficits in accuracy on all the measures.

The previous analyses (Gayán & Olson, 1999; Olson, Forsberg, & Wise, 1994;
Olson et al., 1989) were limited by the relatively small sample sizes and single
measures of each skill domain. This sample is nearly twice as large as the sample
Olson and colleagues (1989; Olson, Forsberg, & Wise, 1994) analyzed, allowing a
more stringent criterion for group-deficit membership, and results are reported
now for at least two measures of each skill domain. Another important extension
beyond our previous analyses is the inclusion herein of measures of processing
speed in each skill domain. Experts increasingly recognize that deficits in
automaticity or fluency in component word-reading skills may sometimes place
important additional constraints on general reading ability beyond those imposed
by deficits in accuracy alone (Wolf, 1997). Therefore, we also explored the genetic
etiology of processing speed deficits for accurate responses in this analyses.
Finally, we estimated the genetic correlations between group deficits across the
various tasks.

METHOD

Participants

This study is based on an analysis of data from the twin sample of the Colorado
Learning Disabilities Research Center (CLDRC; DeFries et al., 1997). This sample
of twinsand their familieshasbeenascertainedsince1982from27schooldistricts in
Colorado. First, school records are used to identify all twin pairs in a school. Then,
those twinpairs inwhichat leastoneof the twinshasaschoolhistoryof readingprob-
lems (i.e., low reading test scores or assignment to remedial reading classes) are in-
vited to the laboratory at the University of Colorado at Boulder to undergo an exten-
sive battery of standard psychometric tests and experimental measures. The initial
sample of twin pairs with some school history, prior to the exclusions described
later, included 382 MZ twin pairs and 288 same-sex DZ twin pairs between age 7.98
and 20.99 (90 percent were younger than age 16). A comparison group of twin pairs
in which neither member of the twin pair had a school history of reading problems
was selected as controls, although some exhibited reading difficulties when tested in
the laboratory. The control group was matched to the proband group in age, gender,
and school district. It included 232 MZ pairs and 147 same-sex DZ pairs. The
school-history and control-twin pairs were given the same battery of tests.

Zygosity of same-sex twin pairs was determined by administering selected items
of the Nichols and Bilbro (1966) questionnaire. Those twin pairs whose zygosity re-
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mained doubtful after this test were resolved by analysis of blood or buccal samples.
For this study, opposite-sex DZ twins were excluded from analyses.

Twins with evidence of serious neurological, emotional, or uncorrected sensory
deficits were excluded from the analyses. Twin pairs for whom English is a second
language were not included in the initial sample. Finally, for these analyses, twins
were selected to have a Wechsler (Wechsler, 1974, 1981) verbal or performance
IQ of at least 90. This is an arbitrary but commonly used minimum IQ criterion for
specific RD. It tends to yield slightly higher heritability estimates for group defi-
cits in reading and related skills than when children whose IQs are lower than 90
are included in the sample (Knopik, 2000; Olson, Datta, Gayán, & DeFries, 1999;
Wadsworth et al., 2000).

We did not use a minimum discrepancy between IQ and reading in this study. A
discrepancy criterion has often been used to define “dyslexic” readers whose read-
ing is substantially lower than expected from their IQ, but increasingly apparent is
that a discrepancy criterion is not related to basic phonological processing deficits
in poor readers (Stanovich & Siegel, 1994) or their response to remediation efforts
(Vellutino, Scanlon, & Lyon, 2000).

After these exclusions, the twin sample with a positive school history of RD in
at least one member of each pair included a total of 515 twin pairs (288 MZ and
227 DZ pairs). In addition, the control group of twins comprised 215 MZ and 133
DZ twin pairs. The overall mean age of the twins at the time of testing was 11.63
years, ranging from 8.02 to 20.24 years. Ninety percent of the twins were between
age 8 and 15.5.

Measures

The twins were administered an extensive battery of psychometric tests including
the Wechsler Intelligence Scale for Children–Revised (WISC–R; Wechsler, 1974)
or the Wechsler Adult Intelligence Scale–Revised (WAIS–R; Wechsler, 1981), the
PIAT (Dunn & Markwardt, 1970), and several experimental tests especially de-
signed to assess important reading and language skill areas. The experimental mea-
sures included time–limited word recognition, OC, PD, and PA. The standard
psychometric measures were administered in an approximately 2-hr session (in-
cluding breaks), and the experimental measures were administered in another 2-hr
session on the same day. The morning versus afternoon order of standardized and
experimental test sessions was random across twin pairs, but was the same for both
members within a twin pair.

Word recognition. The standardized measure of word recognition was from
the PIAT Word Recognition (PWR; Dunn & Markwardt, 1970). This test required
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participants to read across rows of increasingly difficult, unrelated words until they
reached an ending criterion of 5 errors in the last 7 words. The final score was based
on the number of items correct. As in most standardized measures of word recogni-
tion, there was no time constraint. The published test–retest reliability is .89 (Dunn
& Markwardt, 1970).

The experimental timed word recognition (TWR) test (Olson, Forsberg, Wise, &
Rack, 1994; Olson et al., 1989) assessed word recognition accuracy and processing
speed when a difficulty-ordered list of up to 182 isolated words was presented indi-
vidually in lowercase letters on the computer screen. Participants were initially
placed at different difficulty starting levels in the list depending on their perfor-
mance in a 14-item screening list. To be scored as correct for continued progression
through the main test list, the participant’s correct response had to be initiated within
2 sec after appearance of the word on the screen, as indicated by a voice key. Partici-
pants were instructed to “… read the words as quickly as you can without making
mistakes,” and to “… sound it out or give it a good guess” for unknown words. List
presentation was terminated when the participant failed to read 10 of the last 20
words correctly within the 2-sec limit for response initiation. A test–retest correla-
tion of .93 was obtained with an independent sample of 123 third- through
sixth-gradepoor readersacross4months(Olson,Forsberg,Wise,&Rack,1994).

A composite measure of word recognition (CWR) was created by averaging z
scores from the TWR and PWR tasks.

Orthographic coding. Three specific measures were administered to assess
OC skills. Orthographic choice (OCH), required the recognition of a target word
versus a phonologically identical background foil that was not a word (i.e.,
rain/rane; sammon/salmon; Olson et al., 1985, 1989). The task included 8 practice
trials, and then a total of 80 trials in two 40-trial blocks. The first block consisted of
relatively easy targets (i.e., rain). The second block’s trials had more difficult lower
frequency words (i.e., salmon). The items were balanced to ensure that the
distracter item was a plausible string. Thus, the pair certain/sertain was balanced by
the trial serpent/cerpent: school/scool was balanced by scoop/schoop. This means
that participants must make use of word-specific knowledge rather than general in-
formation about orthographic structure. Participants were instructed to select the
word target by pressing a right or left button. They were told that

A number will appear on the screen if you answered correctly. The faster you answer,
the smaller the number will be. If you were wrong, “error” will appear on the screen.
Try to answer as quickly as you can while making as few errors as possible.

Participants’ final orthographic choice accuracy (OCHA) scores and median ortho-
graphic choice latency (OCHL) scores for correct trials were based on their average
age-adjusted z scores across the two trial blocks.
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Homonym choice (HCH) required that participants listen to recorded sentences
such as “Which is a fruit?” and subsequently choose the appropriate word from a
pair of homophones on the computer screen (i.e., pair/pear) by pressing right or
left buttons corresponding to the spatial position of the target word. Latency and
accuracy feedback was presented after each response following the same proce-
dure as in the OCH task. The HCH task included 5 practice trials, and then 65 ex-
perimental trials of randomly ordered difficulty level (Olson, Forsberg, & Wise,
1994). Barker, Wagner, and Torgesen (1992) and Stanovich and West (1989) have
used similar tasks. Both homonym choice accuracy (HCHA) scores and homonym
choice latency (HCHL) scores on correct responses were obtained for this task.

A third measure that Olson, Forsberg, and Wise (1994) previously found to load
more on an orthographic than a phonological factor was the 84 trial PIAT spelling
(PSP)subtest (Dunn&Markwardt,1970),whichrequired theuntimedforcedchoice
of a target word (e.g., cloudy), which had been presented orally, from four ortho-
graphically and often phonologically similar alternatives printed on a card (e.g.,
clowdy/cloady/cloudey/cloudy). This task ended if the participant answered incor-
rectly in five out of the last seven trials in the difficulty-ordered list. Participants’
PSPfinal scorewasbasedon thenumberof trials answeredminus incorrect answers.
The published test–retest reliability is .64 (Dunn & Markwardt, 1970).

Phonological decoding. PD is typically measured in standardized tests
through the oral reading of pronounceable nonwords (Woodcock, 1987). The present
experimental oral phonological decoding (OPD) task included a block of 45 1-syllable
nonwords (i.e., ter, strale), and then a block of 40 2-syllable nonwords (i.e., lobsel,
vogger), presented one at a time on a computer screen. Each block was preceded by
four practice trials. For the first block, the nonword target was removed from the screen
as soon as an initial vocalization was detected by the voice key. In the second block, the
target stayed on the screen for 2 sec after the voice key was triggered. No accuracy or
numerical latency feedback was provided. This task was scored both for oral phonolog-
ical decoding accuracy (OPDA) and median OPD latency (OPDL) on correct trials, av-
eraged across the two trial blocks. A composite score (OPD) was also created by com-
bining z scores for accuracy and median correct reaction time. Oral responses were tape
recorded and scored for accuracy off-line.

A silent phonological decoding (SPD) task was presented in which participants
choose a printed nonword that would sound like a common word if read aloud.
Each target was accompanied by two nonword foils that would not sound like a
known word (e.g., coam/baim/goam). Participants indicated their choice by press-
ing one of three buttons corresponding to the horizontal spatial position of the tar-
get nonword. Participants were told that “The computer will underline the item
you pick. After that the computer will highlight the correct answer. We’ll start with
five practices. Try to answer quickly, but also as accurately as you can” (Olson,
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Forsberg, Wise, & Rack, 1994; Olson et al., 1989). Silent phonological decoding
accuracy (SPDA) scores and silent phonological decoding latency (SPDL) scores
on correct responses were obtained from this task. The age-adjusted correlation
with OPD was .80.

Phoneme Awareness. Three measures of PA were included in the test bat-
tery. The phoneme transposition (PTP) task was a Pig Latin game in which partici-
pants were required to take the first sound from the front of a word, put it at the end,
and add the sound /ay/. For example, “rope” would become “ope-ray”. Five initial
practice examples were discussed with the children, 9 practice trials where they
were given the correct answer if wrong, and 45 experimental trials with no feed-
back. All words were within the listening vocabulary of elementary-school aged
children. The final score was based on percent correct for the 45 experimental trials.

The phoneme deletion (PDL) task (Olson, Forsberg, & Wise, 1994) was based
on tasks Bruce (1964) and Rosner and Simon (1971) developed. In Part I of the
test, participants were presented with recorded spoken nonwords, which they were
asked to repeat. They were then asked to remove a specified phoneme from the
nonword and if done correctly, the result was a target word (e.g., “say prot,” “now
say prot without the /r/ sound”—“pot”). There were 6 practice trials with feedback,
and 40 experimental trials without feedback. In Part II of the test, participants were
presented with recorded spoken words, which they were asked to repeat. Then they
were asked to remove a specified phoneme from the word and pronounce the re-
sulting nonword. There were 5 practice and 28 experimental trials. In both parts of
the task, 2 sec were allowed for participants to repeat the initial stimulus, and 6 sec
were allowed for the participants to give their response to the deletion instructions.
The final PDL score was based on the average age-adjusted z scores from Part I
and Part II of the test. The age-adjusted correlation with PTP was .78.

The Lindamood auditory conceptualization (LAC) test (Lindamood &
Lindamood, 1979) used colored blocks to represent phonemes and participants
were required to move blocks to reflect changes in sequences of sounds spoken by
the tester. The final score was based on a complex weighting scheme for correct re-
sponses across 34 trials. The age-adjusted correlation of LAC with PDL was .67.

Analysis

Behavior genetic analyses can be used to separate the genetic and environmental in-
fluences on a trait by taking advantage of a twin-study design. Environmental influ-
ences can be further decomposed into the shared environmental and the nonshared
environmental factors. Shared environment includes all the environmental influ-
ences that are shared by the twins in a twin pair, whereas nonshared environment
encompasses environmental experiences that are unique to the individual.
Nonshared environment also includes any variance due to test error.
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The DeFries–Fulker (DF) multiple regression analysis of twin data (DeFries &
Fulker, 1985) provides a powerful test of the genetic and environmental influences
on group deficits in a trait. This multiple regression technique is particularly ap-
propriate for samples that have been selected for deviant scores on a continuous di-
mension such as reading. Affected individuals (i.e., probands) are selected as those
who have a positive school history of reading deficits and fall below a deficit crite-
rion on the continuous dimension; the other member of each twin pair is termed the
cotwin. Because MZ twins are genetically identical, whereas DZ twins share only
half of their segregating genes on average, any genetic influence would cause DZ
cotwins to regress more than MZ cotwins toward the mean of the unselected popu-
lation. Thus, we can use the differential regression of MZ and DZ cotwins toward
the population mean to estimate the heritability of the trait.

Several articles have previously explained the details of the DF regression
method (DeFries & Fulker, 1985, 1988; LaBuda, DeFries, & Fulker). The sample
to be analyzed comprises MZ and DZ probands (P) and cotwins (C). The coeffi-
cient of relation (R) expresses the genetic relatedness of twin pairs and is coded for
MZ (R = 1) and DZ (R = 0.5) twins. The regression of the cotwin’s score onto the
proband’s score and the coefficient of relation is known as the basic DF model:

C P R= + +β β β0 1 2 (1)

In this multiple regression, the partial regression coefficient β2 estimates the
differential regression of cotwin scores by zygosity, controlling for proband score.
In fact, it estimates twice the difference between the means of MZ and DZ cotwins,
adjusting for MZ and DZ proband mean differences. If prior to analysis the data
are transformed by expressing each score as a deviation from the mean of the unse-
lected population and dividing each score by the difference between the proband
mean and the population mean ( )P −µ , then β2 provides a direct estimate of the

heritability of the group deficit (hg2), an index of the extent to which the deficit of
the proband group is caused by genetic factors. The effect of shared environment
on the group deficit (cg2) can be estimated as

( )c C Cg DZ MZ
2 2= − (2)

Finally, the effect of nonshared environment (eg2) can be estimated with trans-
formed data so that P MZ =1and VPMZ

=1, as

e P C Cg MZ MZ MZ
2 1= − = − (3)

or could simply be computed as the subtraction of the hg
2 and cg

2 estimates from
unity because these three effects are designed to be exhaustive.
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As a consequence of the truncate selection employed to ascertain proband twins
in the CLDRC, double entry of concordant twin pairs was performed prior to anal-
ysis (DeFries & Gillis, 1991) and standard errors of parameter estimates were ad-
justed accordingly.

In addition, a bivariate extension of this basic DF model allows for the regres-
sion of a cotwin’s score on one variable (Cy) onto the proband’s score on a second
variable (Px) and the coefficient of relationship (Olson, Forsberg, & Wise, 1994):

C P Ry X= + +β β β0 1 2 (4)

When this bivariate DF model is applied to transformed data in a sample se-
lected for deviant scores in the y variable, the partial regression coefficient β2(xy)

estimates the bivariate heritability (Light & DeFries, 1995):

( ) ( ) ( )
β

2 xy g x g y gh h r= (5)

an index of the extent to which deficits in the proband variable are due to genetic
factors that also influence the cotwin variable. Using the regression coefficients
that estimate heritability from the univariate and bivariate regression models,
an estimate of the genetic correlation between deficits in two variables can also
be computed (Knopik, Alarcón, & DeFries, 1997):

( ) ( )

( ) ( )

rg

xy yx

x y

=
β β

β β
2 2

2 2

(6)

Nonetheless, the sample described previously is selected for positive school
history of RD, which is moderately correlated with most reading and language
measures given in the laboratory. Therefore, this selected sample is already indi-
rectly selected for deviant scores in each of the two variables used in the bivariate
analysis, which could bias the bivariate parameter estimates. For this reason, we
combined the group selected for school history of RD and the control group of
twins to create a relatively unselected sample. This sample was then analyzed with
the bivariate regression model by selecting probands in each variable as being be-
low a cut-off criterion, namely 1.5 SDs below the mean of the control group.

RESULTS

Correlations

We selected twin pairs in which at least one member of the pair had a positive
school history of RD and a verbal or performance IQ score higher than 90. For this
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selected sample of 515 twin pairs, Table 1 presents Pearson product–moment
phenotypic correlations for the variables described in the methods section. For
those variables with several versions, correlations are presented for only one ver-
sion: Accuracy scores were selected for OCH (i.e., OCHA), HCH (i.e., HCHA),
and SPD (i.e., SPDA), and the composite score was selected for OPD. All
phenotypic correlations among reading and language tasks are positive and signifi-
cant, ranging from small (.19) to very large (.96). These correlations are lower than
those obtained in the unselected population due to the restricted range of this se-
lected sample. In addition, the use of twins as individuals could bias these esti-
mates. For the computation of these correlations, we randomly chose one twin from
each pair and consider it an independent observation. Correlations based on double
entry of all twin pairs are similar but slightly larger.

In general, correlations among the word recognition tasks are very large, and
they exhibit moderate to large correlations with the other reading and language
measures. Orthographic tasks correlate moderately among themselves, and
slightly lower with the PD and PA measures. The OPD task correlates moderately
with the SPD task. These PD tasks also correlate moderately with PA tasks.
Finally, the PA tasks correlate in the moderate to large range among themselves.

Univariate Analysis

Within this selected sample of twin pairs, probands (i.e., affected individuals) were
identified as those with positive school history of reading deficits and scores 1.5
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TABLE 1
Phenotypic Correlations Between the Reading and Language Tasks for the RD School

History Selected Samplea

CWR TWR PWR OCHA HCHA PSP OPD SPDA PTP PDL

TWR .95
PWR .96 .83
OCHA .49 .44 .49
HCHA .53 .53 .50 .56
PSP .64 .62 .61 .47 .51
OPD .78 .75 .74 .44 .39 .48
SPDA .65 .60 .65 .52 .43 .40 .58
PTP .45 .39 .47 .37 .28 .28 .47 .55
PDL .55 .50 .55 .37 .19 .29 .59 .57 .79
LAC .48 .42 .50 .34 .25 .26 .38 .47 .58 .61

Note. CWR = composite word recognition; TWR = timed word recognition; PWR = PIAT word
recognition; OCHA = orthographic choice accuracy; HCHA = homonym choice accuracy; PSP = PIAT
spelling; OPD = oral phonological decoding; SPDA = silent phonological decoding; PTP = phoneme
transposition; PDL = phoneme deletion; LAC = Lindamood auditory conceptualization.

aAll correlations are statistically significant.



SDs below the mean of the control group in the relevant measure. Table 2 presents
MZ and DZ proband and cotwin means (expressed as deviations from the unse-
lected population), as well as double-entry and single-entry sample sizes. It is im-
portant to note that some sample size differences are found across variables due to
the –1.5 SD selection, as well as some participants having missing data for some
variables. Also, sample size differences exist across the composite, accuracy, and
latency versions of two of the OC tasks (OCH and HCH) and of the PD tasks (OPD
and SPD). Differences between the accuracy and composite versions of each task
are probably due to the –1.5 SD selection. In addition, latency exhibited smaller
sample sizes than accuracy, and these sample size differences were due to a distri-
butional effect. Latency scores for these variables were closer to the control mean
than accuracy scores. Therefore, the –1.5 SD selection yielded fewer probands in
the latency measures.

The selected samples of probands and their cotwins on each variable were then
analyzed with the DF multiple regression method to obtain estimates of the genetic
and environmental effects on the group deficits (see Table 3). In this fashion, we
estimated the heritability of the group deficit in CWR to be about 54% of the total
variance, whereas shared environmental effects account for 39%, and the remain-
ing 6% is due to nonshared environmental influences and test error. This CWR
variable is a composite of PWR and TWR. The partition of variance for PWR and
TWR is very similar to that of the composite CWR measure.

In addition to the word recognition measures, Table 3 also provides estimates of
the heritability, shared environment, and nonshared environment of group deficits
of related reading and language measures. The sample size for the SPDL was so
small that very little confidence can be placed on the estimates for this measure;
therefore, we excluded it from the discussion of the estimates. In general, group
deficits in OC, PD, and PA tasks are significantly heritable, genetic effects ac-
counting for about 46–72% of the group deficits. The influence of shared environ-
ment on these variables is sometimes significant, but of smaller magnitude than
the genetic influence (10–39%). Finally, nonshared environment influences, in-
cluding test error, range from .06 to.37.

Because of the large age range of the twin pairs analyzed, we also tested for the
possibility that the genetic etiology of group deficits in these skills changed across
the age range. However, the interaction between age and the genetic effect was
small and nonsignificant for all skills.

Bivariate Analysis

Bivariate regression analyses provided estimates of bivariate heritability across
several reading and language measures. Genetic correlations were then computed
from the univariate and bivariate regression coefficients. Analysis of all possible
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bivariate combinations of the 19 variables would result in 171 genetic correlations.
Thus, to simplify results, we only used several selected variables for these analyses.
The CWR was analyzed together with three OC tasks (OCHA, HCHA, and PSP),
two PD tasks (OPD composite and SPDA), and three PA tasks (PTP, PDL, and
LAC). Then OCHA was selected as the representative OC task and was analyzed
with two PD tasks (OPD and SPDA) and two PA variables (PTP and PDL). The ge-
netic correlation between PD and PA was assessed by bivariate regression of OPD
with PTP and PDL, and finally, these two PA measures were analyzed together. In
addition, latency and accuracy versions of each available task were compared.
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TABLE 2
Monozygotic and Dizygotic Proband and Cotwin Means Expressed as Deviations From the
Unselected Population, and Double Entry and Single Entry Sample Sizes for Each Taska

Proband Mean Cotwin Mean Sample Size

Task MZ DZ MZ DZ MZ DE SE DZ DE SE

CWR –2.67 –2.62 –2.50 –1.74 325 215 195 159
TWR –2.49 –2.47 –2.33 –1.61 301 201 167 141
PWR –2.63 –2.56 –2.41 –1.59 303 203 192 159
OCH –2.62 –2.57 –2.30 –1.49 219 150 144 119
OCHA –2.30 –2.27 –1.93 –1.14 187 132 125 107
OCHL –2.83 –2.89 –2.07 –1.44 128 97 77 67
HCH –2.42 –2.55 –1.95 –1.26 93 69 74 65
HCHA –2.15 –2.26 –1.69 –1.12 82 62 66 57
HCHL –2.31 –2.48 –1.45 –0.98 64 49 36 32
PSP –2.25 –2.27 –1.84 –1.23 233 173 140 124
OPD –2.66 –2.67 –2.35 –1.42 234 161 142 122
OPDA –2.34 –2.34 –2.06 –1.32 249 176 149 128
OPDL –2.85 –2.77 –2.07 –1.14 143 109 102 91
SPD –2.91 –2.91 –2.56 –1.69 156 110 96 85
SPDA –2.59 –2.60 –2.25 –1.49 152 109 94 84
SPDL –2.43 –2.44 –0.79 –0.51 31 30 15 14
PTP –3.22 –2.94 –2.56 –1.33 161 121 95 84
PDL –2.83 –2.90 –2.46 –1.48 119 88 86 75
LAC –2.30 –2.19 –1.63 –1.05 92 74 81 72

Note. MZ = monozygotic; DZ = dizygotic; DE = double entry; SE = single entry; CWR = composite
word recognition; TWR = timed word recognition; PWR = PIAT word recognition; OCH =
orthographic choice composite; OCHA = orthographic choice accuracy; OCHL = orthographic choice
latency; HCH = homonym choice composite; HCHA = homonym choice accuracy; HCHL = homonym
choice latency; PSP = PIAT spelling; OPD = oral phonological decoding composite; OPDA = oral
phonological decoding accuracy; OPDL = oral phonological decoding latency; SPD = silent
phonological decoding composite; SPDA = silent phonological decoding accuracy; SPDL = silent
phonological decoding latency; PTP = phoneme transposition; PDL = phoneme deletion; LAC =
Lindamood auditory conceptualization.

aProband selection criterion of positive school history and –1.5 SD.



For this bivariate analysis the group selected for school history of RD and the
control group were combined to create an unselected sample of twins. Importantly,
some of the twins in the control group could now be considered probands if their
score on the task analyzed fell below the –1.5 SDs criterion used in this bivariate
analysis. Table 4 presents bivariate proband and cotwin means where it is evident
that when probands are selected on one task, DZ cotwins’ scores on a second task
regress more toward the population mean than MZ cotwins’ scores. Bivariate
heritabilities among word recognition (WR), OC, PD, and PA tasks are generally
significant (Table 4), providing evidence for common genetic etiologies for defi-
cits across these reading and language skills.
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TABLE 3
Heritability (hg

2), Shared Environment (cg
2), and Nonshared Environment (eg

2) Estimates of
Group Deficits in Each Taska

Task hg
2 SE p cg

2 SE p eg
2 SE

CWR .54 .08 < .001 .39 .09 < .001 .06 .03
TWR .57 .08 < .001 .37 .10 < .001 .06 .03
PWR .59 .08 < .001 .33 .09 < .001 .08 .03
OCH .60 .11 < .001 .28 .11 .005 .12 .04
OCHA .67 .12 < .001 .17 .12 .086 .16 .04
OCHL .47 .17 .004 .27 .15 .036 .27 .07
HCH .62 .16 < .001 .18 .14 .090 .20 .06
HCHA .58 .16 < .001 .20 .14 .072 .21 .06
HCHL .47 .25 .035 .16 .24 .250 .37 .08
PSP .55 .10 < .001 .26 .10 .004 .18 .04
OPD .71 .10 < .001 .18 .10 .045 .12 .04
OPDA .64 .09 < .001 .25 .10 .008 .12 .03
OPDL .63 .16 < .001 .10 .13 .230 .27 .06
SPD .60 .13 < .001 .28 .13 .014 .12 .05
SPDA .59 .13 < .001 .28 .13 .015 .13 .04
SPDL .23 .29 .222 .10 .29 .370 .68 .09
PTP .69 .15 < .001 .11 .14 .216 .20 .06
PDL .72 .14 <.001 .15 .14 .137 .13 .06
LAC .46 .16 .002 .25 .14 .041 .29 .06

Note. CWR = composite word recognition; TWR = timed word recognition; PWR = PIAT word
recognition; OCH = orthographic choice composite; OCHA = orthographic choice accuracy; OCHL =
orthographic choice latency; HCH = homonym choice composite; HCHA = homonym choice accuracy;
HCHL = homonym choice latency; PSP = PIAT spelling; OPD = oral phonological decoding composite;
OPDA = oral phonological decoding accuracy; OPDL = oral phonological decoding latency; SPD =
silent phonological decoding composite; SPDA = silent phonological decoding accuracy; SPDL = silent
phonological decoding latency; PTP = phoneme transposition; PDL = phoneme deletion; LAC =
Lindamood auditory conceptualization.

aProband selection criterion of positive school history and –1.5 SD.



TABLE 4
Bivariate Monozygotic and Dizygotic Proband and Cotwin Means, Bivariate Heritability (hg

2
(xy)), and

Genetic Correlation (rg) Computed as a Function of the Univariate and Bivariate Regression Coefficients

Proband Task Cotwin Task Proband MZ Mean DZ Cotwin MZ Mean DZ hg
2
(xy) SE rg

CWR OCHA –2.56 –2.49 –1.32 –0.98 .24 .09
OCHA CWR –2.26 –2.24 –2.26 –1.59 .58 .14 0.81
CWR HCHA –2.60 –2.57 –1.38 –1.01 .28 .11
HCHA CWR –2.10 –2.23 –2.34 –1.69 .71 .19 0.94
CWR PSP –2.55 –2.48 –1.62 –1.25 .27 .08
PSP CWR –2.20 –2.18 –2.36 –1.75 .55 .12 0.88
CWR OPD –2.56 –2.49 –2.01 –1.45 .41 .09
OPD CWR –2.56 –2.58 –2.46 –1.71 .59 .10 0.99
CWR SPDA –2.56 –2.55 –1.93 –1.46 .36 .12
SPDA CWR –2.49 –2.46 –2.27 –1.80 .36 .13 0.97
CWR PTP –2.56 –2.47 –1.70 –1.22 .34 .14
PTP CWR –3.07 –2.87 –2.30 –1.61 .38 .10 0.70
CWR PDL –2.58 –2.55 –1.69 –1.40 .21 .15
PDL CWR –2.71 –2.75 –2.30 –1.65 .49 .14 0.67
CWR LAC –2.60 –2.55 –1.21 –1.04 .11 .11
LAC CWR –2.21 –2.17 –2.09 –1.62 .41 .18 0.53
OCHA OPD –2.27 –2.24 –1.91 –1.40 .43 .14
OPD OCHA –2.57 –2.58 –1.40 –0.94 .36 .10 0.73
OCHA SPDA –2.33 –2.30 –1.88 –1.49 .32 .17
SPDA OCHA –2.49 –2.46 –1.37 –1.07 .23 .14 0.67
OCHA PTP –2.27 –2.23 –1.73 –1.34 .33 .20
PTP OCHA –3.08 –2.89 –1.30 –1.00 .15 .11 0.39
OCHA PDL –2.34 –2.30 –1.49 –1.37 .08 .20
PDL OCHA –2.71 –2.75 –1.28 –0.94 .26 .14 0.28
OPD PTP –2.54 –2.57 –1.77 –1.25 .42 .16
PTP OPD –3.05 –2.88 –2.00 –1.36 .36 .10 0.64
OPD PDL –2.54 –2.76 –1.79 –1.45 .37 .16
PDL OPD –2.71 –2.75 –2.03 –1.52 .39 .14 0.67
PTP PDL –3.13 –3.05 –2.23 –1.56 .40 .13
PDL PTP –2.71 –2.74 –2.42 –1.59 .62 .18 0.85
TWR PWR –2.41 –2.37 –2.28 –1.71 .45 .10
PWR TWR –2.52 –2.44 –2.18 –1.56 .45 .08 0.98
OCHA OCHL –2.26 –2.24 –1.19 –0.89 .26 .17
OCHL OCHA –2.68 –2.71 –1.31 –0.95 .27 .12 0.66
HCHA HCHL –2.11 –2.23 –0.96 –0.79 .20 .18
HCHL HCHA –2.31 –2.37 –1.18 –1.15 .06 .18 0.23
OPDA OPDL –2.25 –2.25 –1.32 –0.90 .37 .14
OPDL OPDA –2.83 –2.73 –1.69 –1.17 .34 .10 0.71
SPDA SPDL –2.43 –2.45 –0.31 –0.11 .16 .14
SPDL SPDA –2.21 –2.20 –1.21 –0.94 .24 .25 0.44

Note. MZ = monozygotic; DZ = dizygotic; CWR = composite word recognition; OCHA = orthographic choice
accuracy; HCHA = homonym choice accuracy; PSP = PIAT spelling; OPD = oral phonological decoding composite;
SPDA = silent phonological decoding accuracy; PTP = phoneme transposition; PDL = phoneme deletion; LAC =
Lindamood auditory conceptualization; TWR = timed word recognition; PWR = PIAT word recognition; OCHL =
Orthographic choice latency; HCHL = homonym choice latency; OPDA = oral phonological decoding accuracy;
OPDL = oral phonological decoding latency; SPDL = silent phonological decoding latency.



Indeed, genetic correlations between these tasks are mostly substantial (Table 4).
Genetic effects on deficits in WR also seem to affect to a large degree reading com-
ponent skills such as OC (.81–.94), and even somewhat more PD (.97–.99), and to a
lesser degree language skills such as PA (.53–.70). These results suggest a large ge-
netic overlap between deficits in WR and those in the reading component tasks (per-
haps a little lower for OC), and a substantial overlap between WR and PA.

Genetic influencesonOCdeficitscorrelateabout .28–.39withgenetic influences
ondeficits inPAtasks, about .67–.73withPD,andabout .81–.94withWR.These re-
sults suggest that genetic effects on deficits in orthographic skills also create deficits
in the other reading and language skills, more so in WR tasks, somewhat less in PD,
with the smallest effect on PA skills. These genetic correlations vary in size depend-
ingon the task,andsuggest someindependentgenetic influencesonOCdeficits.Ge-
netic factors affecting deficits in PD tasks correlate .64–.67 with those in PA,
revealing that the genetic effects influencing PA affect both reading component
skills, but PD seems more genetically related to PA than OC. Finally, two PA skills,
PTP and PDL, as expected, exhibit a large genetic correlation of .85.

In addition, we computed genetic correlations between the accuracy and la-
tency versions of several tasks. The genetic correlation between TWR and PWR
was estimated as .98, an expected result given that they are very similar tasks, the
main difference consisting in a 2-sec initiation requirement in TWR. The genetic
correlations between the accuracy and latency components range from a low .23
for HCH to a substantial .71 for OPD. These estimates suggest that common ge-
netic effects may contribute to both reading accuracy and fluency, although large
contributions of independent genetic effects must also be present.

Similarly to the univariate analyses, we also tested for the possibility that the
bivariate genetic etiology of group deficits changed across the age range. How-
ever, the interaction between age and the bivariate genetic effect was small and
nonsignificant for all pairs of measures.

DISCUSSION

Data from identical and same-sex fraternal twins were analyzed to assess the bal-
ance of genetic and environmental influences on group deficits in several reading
and related language skills. The reading skills were isolated WR, PD (both oral and
silent nonword reading), and OC (participants’ sensitivity to words’ specific ortho-
graphic patterns). Each of the reading skills was tested with multiple measures that
included assessments of both accuracy and speed of processing. The language skill
was PA, tested with three measures of accuracy in the deletion or manipulation of
phonemes in speech. Two sets of behavioral genetic analyses addressed questions
about genetic and environmental influences on group deficits in these reading and
related language skills. The first set included univariate analyses that separately as-
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sessed the genetic and environmental etiology for group deficits in each measure.
The second set of analyses used a bivariate approach to assess the degree of shared
genetic influence between selected pairs of measures. In the first part of the discus-
sion we consider the results from the univariate analyses for accuracy and speed in
the different measures. The second part of the discussion focuses on results from
the bivariate analyses. The third concluding section discusses and summarizes the
broad implications of the results for theory, etiology, and remediation in RD.

Univariate Analysis

When probands with a school history for reading problems were selected to be
at least 1.5 SDs below the mean of the control population on a measure, the pat-
tern of significantly greater DZ than MZ cotwin regression toward the control
mean revealed substantial genetic influences on the group deficits in all mea-
sures except SPDL. This one exception was qualified by the fact that the sample
size was quite small and the standard error of the heritability estimate was rela-
tively large. In general, genetic influences accounted for slightly more than half
of the group deficits. Shared environment influences on group deficits were gen-
erally much smaller than genetic influences across the measures in this sample,
although they were generally significant.

Word recognition. It is apparent from the standard errors of the individual
genetic and environmental estimates in Table 3 that differences between the mea-
sures would not be statistically significant. Nevertheless, there are some interesting
trends for WR compared to the other measures. The PWR and TWR measures
showed nearly identical patterns of genetic and environmental influence. They had
the lowest nonshared environmental influence and the highest shared environmen-
tal influence in comparison to other measures, and their heritability levels tended to
be slightly lower than for accuracy deficits in the other measures. This suggests that
shared environmental factors such as print exposure might have slightly greater in-
fluence on WR deficits than on deficits in more basic orthographic and phonologi-
cal component processes in reading and language.

Orthographic and phonological skills. A preliminary study of a small
twin sample found that the group deficit in OCH was not significantly heritable
(Olson et al., 1989). However, it was highly heritable in the present analyses with a
much larger twin sample, as were related orthographic measures of HCH and PSP.
Children must have seen the target words in their print environment to make an in-
formed choice in the orthographic tasks, and this might be more associated with en-
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vironmental differences in print exposure (Olson, Forsberg, & Wise, 1994). How-
ever, there was no indication of any greater environmental influence on the group
deficit in OC, compared to that found for other measures including PD and PA. This
does not mean that exactly the same genes and environmental influences are acting
on all measures: The bivariate analyses discussed later showed that significant
overlap was found in genetic etiology, but some differences may also occur across
some of the measures.

Latency and accuracy. The results for latency and accuracy in the reading
measures were generally similar, although there was a pattern of higher nonshared
environment influence and slightly lower genetic influence for group deficits in la-
tency. The speed with which participants performed the tasks may have been more
influenced than accuracy by idiosyncratic interpretations of task demands to “an-
swer as quickly as you can.” There was almost no difference in the pattern of ge-
netic and environmental influences on PWR and TWR, so the additional demand
for speed as well as accuracy in the TWR task did not seem to add to the total genetic
influence on group deficits. However, the bivariate analyses discussed in the next
section suggested some partial independence for the source of genetic influences
on accuracy and latency within the orthographic and phonological tasks.

Bivariate Analysis

From the foregoing univariate analyses, we observed similarly high genetic influ-
ences on group deficits across the measures, including measures of orthographic
and phonological skills, which theory suggests may depend on partly independent
underlying processes (Coltheart, Curtis, Atkins, & Haller, 1993; Olson et al., 1985,
1999). Equally heritable group deficits in two reading-related skills could possibly
involve at least partly independent genetic pathways for those deficits. The present
bivariate analyses assessed the genetic correlations between measures by selecting
the proband on one measure and assessing differences in MZ and DZ cotwin regres-
sion on a second measure. The genetic correlations estimated from these analyses
can illustrate the balance between common and independent genetic influences
within different pairs of measures.

Genetic correlations between deficits in orthographic and phonological
skills. In general, a substantial proportion of the genetic effects causing reading
and language deficits is shared among the reading and language tasks analyzed, es-
pecially between WR and PD, and to a lesser extent between WR and OC, and be-
tween WR and PA.
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Evidence for partial genetic independence of orthographic- and phonologi-
cal-skill deficits emerged from the less-than-perfect genetic correlations between
OCHA and accuracy in the PD tasks (.67–.73). Additional evidence for the par-
tially independent genetic etiology for deficits in orthographic and phonological
reading skills came from their different genetic correlations with deficits in PA.
Genetic correlations between OCHA and PTP (.39) or PDL (.28) were substan-
tially lower than the genetic correlations between OPD and PTP (.64) or PDL
(.67). In summary, the present pattern of results suggests that although there were
significant genetic correlations between measures of OC and PD, the
less-than-perfect correlations indicated also some independent genetic etiology.
Moreover, the difference between orthographic and phonological correlations
with PA suggested that at least part of their independence in genetic pathways was
through genetic influences on PA: Deficits in PA were more closely linked both
phenotypically and in genetic etiology with deficits in PD. We would like to find
some other language or perceptual skill that is more phenotypically and geneti-
cally related to deficits in OC. Wolf (1999) and others have suggested that slow
rapid automatized naming (RAN) of letters and numbers is uniquely linked to defi-
cits in OC. However, previous phenotypic factor analyses including poor readers
from the present twin sample have not supported this hypothesis (Olson, Forsberg,
& Wise, 1994), and recent bivariate genetic analyses between group deficits in
RAN and PD or OC yielded very similar estimates in magnitude (Compton, Davis,
DeFries, Gayán, & Olson, 2001).

Genetic correlations between deficits in accuracy and latency. Genetic
correlations between accuracy and latency measures were first explored for TWR
and PWR. In the univariate analyses, these two measures had very similar levels of
heritability for their group deficits. In the bivariate analyses, the two measures also
had a nearly perfect (.98) genetic correlation. Both WR measures required accurate
performance, and the additional constraint of response initiation within 2 sec may
not have been stringent enough to reveal any independent genetic etiology for WR
speed on top of that for WR accuracy. The orthographic and phonological choice
tasks included direct measures of response latency. The latency variables were
based only on correct responses to reduce contamination from rapid guessing. We
limit our discussion to bivariate accuracy and latency results from OCH (rg = .66)
and OPD (rg = .71) because these measures had significant bivariate heritabilities
for deficits in latency and accuracy (see bottom section of Table 4). The genetic cor-
relations showed that there were significant shared genetic influences on accuracy
and latency deficits in these measures. On the other hand, there also appeared to be
some independent genetic influences because the correlations were well below
unity. We can only speculate about possible reasons for partly separate genetic in-
fluences on accuracy and latency within the tasks. For example, there might be ge-
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netically based temperament differences in participants’ response to the task de-
mands for speed (some might be more cautious or some might be more competitive
in their desire to respond quickly), and these temperament differences may have
relatively little influence on accuracy. There also might be constitutional differ-
ences in participants’ basic processing speed that are partly independent from accu-
racy (Wolf, 1999).

Implications of the Results for Theory, Etiology, and
Remediation in Reading Disabilities

Theories in acquired and developmental RD have generally embraced the concept
that there is more than one pathway to poor reading. This view is reflected in con-
temporary explorations of deficits in accuracy versus speed in component reading
skills (Compton et al., 2001; Wolf, 1999) and in the longer history of attempts to
characterize individual poor readers by their unique patterns of orthographic and
phonological deficits (Baron, 1979; Boder, 1976; Castles & Coltheart, 1993; Manis
et al., 1999; Olson et al., 1985). The results of the study herein suggest that differ-
ences in speed and accuracy, and orthographic and phonological performance pro-
files may have a partly genetic basis: The genetic effects that influenced group defi-
cits in accuracy and speed in the reading tasks were partly common and partly
independent. The genetic effects that influenced accuracy in OC and PD were also
partly common and partly independent. The partial independence in genetic etiol-
ogy for orthographic and phonological reading deficits was further supported by
higher genetic correlations between measures of PD and the language skill of PA.
This independence may ultimately be supported at a molecular genetic level if spe-
cific genes are found to have stronger effects on deficits in specific component
reading and language skills. Recent linkage studies suggest that such pro-
cess-specific genes may exist, although given the large genetic correlations among
reading and language skills obtained in this study, genes with large effects are most
likely common to most of these reading skills (Fisher et al., 1999; Gayán et al.,
1999; Grigorenko et al., 1997; Grigorenko, Wood, Meyer, & Pauls, 2000).

The foregoing discussion shows that there is not likely to be any single genetic
pathway for reading disability. We must also emphasize that there is no single an-
swer to the overall proportions of genetic and environmental influences on group
deficits in reading.Theunivariateanalysesgenerally showedstrongergenetic rather
than environmental influences on group deficits in our measures of reading and re-
lated languageskills,but theseestimatesarespecific to the rangeofgeneticandenvi-
ronmental variation within the sample. Twins in volunteer samples may not always
reflect the full range of shared environment in the population. If the environmental
variation in the general population is larger than that in the present sample, genetic
influences on group deficits could be lower and environmental influences higher
than in the present sample. In fact, one common environmental impediment to read-
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ing development, English as a second language, was deliberately excluded from the
present sample. It seems likely that if these children had been included in the sample,
the estimates of influence from shared environment would have been higher and in-
fluences from genetic factors would have been reciprocally lower.

Asecondpoint shouldbeunderstoodregarding thepresentestimatesof relatively
small environmental influences on group deficits in reading development: The pres-
ent behavioral–genetic analyses assume the same degree of shared environment in-
fluence for MZ and DZ twins. However, the MZ twins’ greater genetic similarity
may lead them to select more similar microenvironments for reading within their
shared family environment. For example, if a pair of MZ twins shared a genetically
baseddifficulty in learning to read, theymightbothchoose to read less thannormally
developing children would in that environment. In contrast, if one DZ twin had a ge-
netically based reading problem whereas the other did not, their genetic differences
could lead to very different levels of print exposure and reading practice within the
same home or school. It is important to recognize the possibility that at least part of
the genetic influence on reading deficits may be through differences in environmen-
tal selection, and this may have implications for remediation.

Evidenceforgenetic influencesondeficits in readingandrelatedskills shouldnot
discourage our best efforts toward environmental intervention and remediation.
Many examples of genetically influenced problems exist, such as myopia and diabe-
tes, for which extraordinary environmental intervention can be quite effective. We
alluded earlier to the possible influence of genetically based constraints on reading
practice. Much evidence shows that increased reading practice in a supportive envi-
ronment, as with computer-assisted reading (Olson, Wise, Ring, & Johnson, 1997;
Wise, Ring, & Olson, 2000), can be helpful for the remediation of RD. Evidence also
exists that intervention directed toward highly heritable deficits in phonological
readingand languageskillscanhavesignificantbenefits for thoseskillsandforword
reading accuracy in younger children with reading disability (Torgesen et al., 1999;
Wise et al., 2000). The present evidence for partly independent genetic etiologies in
different reading-related skills (accuracy vs. latency, orthographic vs. phonological
processing) supports the idea that remediation should be individually designed to
help with children’s specific deficits. Ultimately we hope to use information from
disabled readers’ specific behavioral profiles and reading-related genes to select the
most effective methods for early intervention and remediation.
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