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Genetic Covariance Among Measures of Information
Processing Speed, Working Memory, and IQ

M. Luciano,1,2,4 M. J. Wright, 1 G. A. Smith,3 G. M. Geffen,2 L. B. Geffen,2

and N. G. Martin 1

The genetic relationship between lower (information processing speed), intermediate (working
memory), and higher levels (complex cognitive processes as indexed by IQ) of mental ability
was studied in a classical twin design comprising 166 monozygotic and 190 dizygotic twin pairs.
Processing speed was measured by a choice reaction time (RT) task (2-, 4-, and 8-choice), work-
ing memory by a visual-spatial delayed response task, and IQ by the Multidimensional Aptitude
Battery. Multivariate analysis, adjusted for test-retest reliability, showed the presence of a genetic
factor influencing all variables and a genetic factor influencing 4- and 8-choice RTs, working
memory, and IQ. There were also genetic factors specific to 8-choice RT, working memory, and
IQ. The results confirmed a strong relationship between choice RT and IQ (phenotypic correlations:
20.31 to 20.53 in females, 20.32 to 20.56 in males; genotypic correlations: 20.45 to 20.70) and
a weaker but significant association between working memory and IQ (phenotypic: 0.26 in
females, 0.13 in males; genotypic: 0.34). A significant part of the genetic variance (43%) in IQ
was not related to either choice RT or delayed response performance, and may represent higher
order cognitive processes.
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speed of scanning in short-term memory, visual and
auditory discrimination ability, and speed of long-term
memory retrieval. In general, the RT measures demon-
strated correlations of roughly 0.30 with IQ, whereas
measures without a RT component, such as perceptual
discrimination speed, reached correlations of 0.50 with
IQ (Deary and Stough, 1996; Jensen, 1993). All of these
elementary cognitive task measures index forms of
information processing speed that have been included in
hierarchical models of intelligence (Carroll, 1993).

The process of working memory (WM) is a more
complex function that sets limits on the brain’s capac-
ity for processing information, especially when atten-
tion is required for a novel or complex task that cannot
be processed automatically (Baddeley, 1992). WM en-
compasses short-term memory (the temporary storage
system), as well as an executive (or controlled attention)
system, which organizes the resources needed in the stor-
age and computation of intermediate information in
sequential processing (King and Just, 1991). According

INTRODUCTION

Behavioral genetics studies of cognition have increas-
ingly turned to lower level cognitive processes to help
understand the genetic structure of human mental abil-
ity (Baker et al., 1991; Ho et al., 1988; Rijsdijk et al.,
1998; Wright et al., 2000). Such investigations were
spurred by findings from the cognitive correlates ap-
proach to intelligence, which established modest but con-
sistently significant relationships between various ele-
mentary cognitive tasks and IQ (Hunt, 1985; Larson and
Saccuzzo, 1989; Neubauer et al., 1997). Correlates of
IQ included such measures as choice reaction time (RT),
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to the limited capacity hypothesis (Jensen, 1998; Ver-
non, 1987), a faster speed of information processing
would enable better access to the rapidly decaying in-
formation in WM relevant to solving problems, whereas
a slower processing speed would tax WM capacity to
maintain transient information in an accessible form.

Significant associations have been established
among processing speed, WM, and IQ measures, with
especially high correlations (0.80–0.90) between WM
and reasoning ability (Kyllonen and Christal, 1990).
However, there have been major inconsistencies re-
garding the direction of causation in the relationship
between processing speed and WM. Miller and Vernon
(1992, 1996) attempted to establish whether processing
speed determined WM or vice versa. Partial correlations
showed that the correlation between the IQ factor and
WM factor barely changed (r 5 0.41) when the RT fac-
tor was held constant, but the correlation between the
RT factor and IQ factor became nonsignificant when
WM was controlled. They suggested that WM was in-
fluenced by control processes (e.g., strategy use, resource
allocation), which increased the capacity to retain in-
formation and hence the potential for faster information
processing. Fry and Hale (1996, 2000) also found WM
to be a better predictor of IQ than processing speed; they
included age in their analysis to investigate a theory
proposed by Kail and Salthouse (1994) whereby age af-
fected processing speed, which in turn influenced WM
and subsequently IQ. Path analysis subsequently re-
vealed that 71% of the overall effect of age on WM was
mediated by age differences in processing speed, thus
supporting the prominence of the processing speed
function in cognitive ability.

Although genetic studies (Alarcon et al., 1998;
Petrill et al.,1998; Thompson et al.,1991) have shown
that there are significant genetic correlations between
perceptual speed, memory, and verbal/spatial abilities
(factors derived from the Cognitive Abilities Test),
there have been no studies which directly assess the
genetic relationship between processing speed, WM, and
IQ. What is needed is a study which measures infor-
mation processing speed by elementary cognitive tasks,
rather than by indices of psychometric perceptual speed,
which tap a conceptually distinct process (Kyllonen,
1993). Elementary cognitive tasks have been studied
only in relation to IQ (Baker et al.,1991; Ho et al.,1988;
Rijsdijk et al., 1998), where the relationship between
processing speed and IQ was shown to be substantially
genetic, genetic correlations ranged from 0.18 to 1, de-
pending on the task. A recent genetic study of adoles-
cent twins found that the covariation between two-choice
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RT (i.e., reaction to a single stimulus from a choice of
two) and IQ (20.22) was entirely mediated by a genetic
factor (Rijsdijk et al., 1998). Choice RT is a reliable
measure which shares at least 10% of variance with IQ
(Jensen, 1980), and this made it suitable for indexing
processing speed in the present study.

Multivariate studies of IQ or specific cognitive
abilities have indicated that memory subtests (or factor)
are influenced by a general genetic factor, but even more
so by a specific genetic factor (Cardon et al., 1992;
Finkel et al., 1995b; Luo et al., 1994). One study has
further reported a genetic relationship between pro-
cessing speed and various short-term memory tests, in-
cluding word recall, immediate and delayed text recall,
and figure memory (Finkel and McGue, 1993). These
studies, however, used either short-term memory tasks
(predominantly to tap memory storage) or a conglomer-
ate measure of different memory types (e.g., short- and
long-term) rather than a specific test of WM. To mea-
sure WM, we use a visual-spatial delayed response (DR)
task, which involves both short-term storage and ex-
ecutive function. This task requires the participant to
retain information over the course of a short time delay
during which they are required to withhold responses.
It is more complex than the choice RT task because of
the requirement of inhibition, timing the motor response,
and remembering the target position while ignoring dis-
tractors. Prefrontal cortex areas are one anatomic re-
gion implicated in executive function and are activated
during task performance, indicating that the DR task
does tap some process in the multidimensional WM
system (Geffen et al., 1997; Goldman-Rakic, 1992).

The question we wish to address in the present
study is whether measures of information processing
speed, WM, and intelligence share the same underly-
ing genetic factor or whether they relate to each other
through a number of different genetic factors. Here, we
use a classical twin design to examine the covariation
among choice RT, delayed response, and IQ, which rep-
resent the increasingly complex information processes
of processing speed, WM, and intelligence.

METHOD

Participants

This is an ongoing study of cognition in 16-year-
old twins and their non-twin siblings (Wright et al.,
2001). We have analyzed data from the first 390 twin
pairs who participated (90 MZ female, 76 MZ male,
49 DZ female, 46 DZ male, 95 opposite sex). Zygosity



was determined by ABO, MN, and Rh blood groups
and by nine independent polymorphic DNA markers.
Twin pairs were excluded if either one had a history
of significant head injury, neurological or psychiatric
illness, substance dependence, or if they were currently
taking long-term medications with central nervous
system (CNS) effects. Participants had normal or
corrected-to-normal vision (better than 6/12 Snellen
equivalent). The twins were mostly in their penultimate
year of secondary school and were between 15 and
18 years of age (16.17 years; SD 5 0.34). To increase
motivation, they received a monetary reward based on
their performance on the DR task. Written informed
consent was obtained from the participants, as well as
their parent/guardian, prior to testing.

A sub-sample of twins (49 pairs) returned for
retesting approximately 3 months (1–5 months) after
their initial test session so that the test-retest reliability
of the measures could be estimated. All participants who
were approached for retesting agreed. This sample com-
prised 23 MZ and 26 DZ pairs (57 females, 41 males).

Experimental Protocol

The CRT task and IQ test were part of a psycho-
metric battery, which also included an inspection time
task and two reading tests. The DR task was adminis-
tered in a parallel testing session and involved record-
ing both performance measures and event-related po-
tentials. Each session approximated 1.5 h in length.
Tests were computer administered in the presence of a
research assistant. One twin completed the psychome-
tric session while the other completed the WM session.
The order of session testing was counterbalanced be-
tween twin pairs based on the birth order of the twins.
In the retest sample an identical battery of tests was
administered on both occasions and to minimise con-
founding effects the participants performed the sessions
in the same order on retest. A full description of the
protocol is given in Wright et al. (2001).

Tests

Multidimensional Aptitude Battery (MAB)

A shortened version of the MAB was used, includ-
ing three verbal subtests, (Information, Arithmetic,
Vocabulary) and two performance subtests (Spatial and
Object Assembly). The MAB is based on the WAIS-R
and the subtests that we chose are reported to correlate
with corresponding WAIS-R subtests in the range of 0.80
to 0.88 (based on the average from five studies; Jack-
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son, 1998). All subtests had a multiple-choice format
and were timed at 7 min each. The timed nature of the
IQ test should not upwardly bias the correlation between
IQ and RT, as Vernon and Kantor (1986), using a be-
tween-subjects design demonstrated that timed and un-
timed measures of the MAB correlated equally with RT.

Participants were not penalized for guessing and
were encouraged to answer every item within the time
period. Administration and scoring were computerized.
IQ scores derived from computerized versus paper-and-
pencil administration of the verbal subtests have been
shown to be equivalent by Harrell et al. (1987) and
MacLennan et al. (1988).

Three composite IQ scores were calculated (verbal,
performance, full scale), but only the full-scale IQ score
was used in this analysis. All participants were normed
on a 16- to 17-year-old group, except for one 18-year-
old pair who were normed on an 18- to 19-year-old
group. Of the 35 pairs of 15-year-olds, almost all were
within 3 months of their 16th birthday, and furthermore
only 9 of these pairs were in the school grade below
that typical for 16-year-olds. Twins were tested as
closely as possible to their 16th birthday; a consequence
of this was that there was differential completion of
months of schooling between pairs. Because the MAB
was primarily tapping crystallized ability, the effects
of months of schooling completed at the time of study
participation was tested. Partial regressions showed that
months of schooling completed since the beginning of
grade 10 was significantly correlated with IQ after con-
trolling for age (p , 0.01), whereas age was not sig-
nificantly correlated with IQ when the effects of edu-
cation were partialled out. Months of schooling was
thus included as a regression coefficient in the means
model of the genetic analyses.

Choice Reaction Time (CRT) Task

This task was presented to the participants in the
visual form of dripping taps. The participant was in-
structed to quickly press the appropriate computer key
to stop a tap from dripping. They aligned and rested
their fingers on the keys Z, X, C, and V (left hand, index
finger on V) and the keys M, comma (,), period (.), and
slash (/) (right hand, index finger on M) of a standard
QWERTY keyboard. Different coloured taps corre-
sponded to the same fingers on both hands to aid tap
and finger alliance, for example, the taps matching the
index fingers were both red. Although the home key CRT
task has been employed in most previous research, the
keyboard variant has been found to be highly correlated



(0.75) with the home key task in a four-choice condi-
tion, and it also demonstrated similar correlations with
measures of intelligence (Small et al.,1987). In studies
(e.g., Neubauer et al., 1997; Small et al., 1987) using
the keyboard variants, the stimuli that have been used—
for example, dots appearing beneath boxes, addition
signs appearing in squares—are comparable to our own
in that the reaction stimulus (i.e., the water) is related
to stationary orienting stimuli (i.e., the taps). Welford
(1971) demonstrated that the RT difference noticed
across differing choice conditions is not an artifact of
variation in motor speed across fingers (e.g., ring and
little fingers used for 8-choice RT show slower re-
sponse speeds) but is dependent on perceptual factors.

To familiarize the participants with the response
keys, they were initially presented with the eight taps
and were required to respond to each tap in a left-to-
right sequence. To minimize between-subject practice
and order effects, the sequence of choice conditions
was fixed in the order of four, two, then eight (Smith
and Stanley, 1983). The number of trials presented in
each of the two-, four-, and eight-choice conditions was
96, 48, and 96, respectively. For all conditions, eight
taps appeared on the monitor; those taps in use for the
two- and four-choice conditions were made salient by
brightening their colour. The output measure was the
mean RT (in ms) of correct responses only in each
choice condition. RT trials less than 150 ms or greater
than 2000 ms were excluded from the calculation of the
mean. Correlations between mean RT and accuracy
showed evidence of a speed-accuracy trade-off effect
in all choice conditions, although this effect was small
for two-choice (r 5 0.10) and four-choice (r 5 0.08),
but large for eight-choice (r 5 0.45). Mean RT was
thus adjusted for percentage of correct responses in the
means model of the genetic analysis.

Delayed Response (DR) Task

The apparatus and conditions of the DR task
were similar to those used by Geffen and colleagues
(Geffen et al.,1997). The computer featured a touch-
sensitive screen, which radiated a constant brightness
and displayed a grey background so that afterimage
effects of the target were minimized. It was covered
with a black hood which had a 205-mm diameter cir-
cle removed so that the center was concordant with the
center of the screen. The cover was designed to preclude
participants from using the sides of the computer to ref-
erence spatial locations. The screen was activated by a
rubber-tipped (5 mm in diameter) pointer. When not
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responding, participants rested their hand with the pointer
on a touch sensitive response pad situated approximately
10 cm outward from the base of the monitor.

Each trial began with the appearance of a filled
black circle in the center of the screen. This fixation
point measured 0.5° visual angle in diameter and was
presented for 250 ms plus the delay period of 1 s or 4 s.
The target (checkered circle) measured 1.5° visual angle
in diameter and appeared at pseudo-random positions
250 ms from the trial commencement. On control tri-
als, the target remained on the screen for the delay
period, whereas on memory trials the target appeared
for 150 ms. The disappearance of the fixation point was
the signal for the participant to make a response: touch-
ing the target on control trials or the memorized posi-
tion of the target on memory trials. A distractor that
looked like the target was randomly presented on half
of the trials. It appeared for 150 ms at a random delay
period ranging from 300 to 700 ms following target
onset. Participants were instructed to ignore the dis-
tractor. Following a response, an intertrial interval ran-
domly varied between 750 ms and 1000 ms. During this
time, participants received feedback on the screen. Cor-
rect responses were rewarded with 2, 4, 8, or 10 cents,
depending on how close the response was to the cen-
ter of the target. Fast responses (,200 ms), slow re-
sponses (.1500 ms) and incorrect position responses
incurred a 5-cent penalty. 

Practice trials were given until approximately 80%
accuracy was achieved. The experimental task com-
prised six blocks, each containing 72 trials (32 control,
32 memory and 8 catch trials). It followed a 2 (control/
memory) 3 2 (1 s delay/4 s delay) 3 2 (distractor pre-
sent, distractor absent) within subjects design. All con-
ditions contained an equal number of trials.

During the task EOG measurements were recorded
to detect eye movement because participants who shifted
their gaze to the target instead of the fixation point
gained an advantage over those who viewed the target
in their peripheral vision. Tin cup electrodes (6 mm)
were placed on the upper orbital ridge and the outer
canthus of the left eye to monitor EOG activity. EOG
was amplified via Grass preamplifiers (Model P511K)
with a bandpass of 0.01 to 100 Hz. Signals were sub-
sequently sampled every 2 ms from 100 ms before fix-
ation point onset to 200 ms post-fixation point offset.
Trials were rejected offline if the root mean square
amplitude of any EOG channel exceeded 650 mV.

The accuracy of a response was measured by (1)
percent correct—the percentage of correct trials without
EOG artifact; (2) position displacement—the distance



(in millimeters) between the target center and response
position on correct trials; and (3) winnings—amount of
money awarded across all trial types. RT was measured
by (1) initiation time—interval from fixation point off-
set to removal of the hand from the response pad; and
(2) movement time—interval from removal of the hand
from the response pad to the screen response. DR per-
cent correct (accuracy) collapsed across all memory con-
ditions was used as the WM index in the present analy-
sis because it was more internally reliable than the
individual conditions and it took into account correct-
ness of the response rather than the precision of a cor-
rect response (position error). The median estimate across
each individual’s trials was used in preference to the
mean, because it is generally less sensitive to outliers.

Analysis

All hypotheses concerning means, variances, cor-
relations, and components of variation and covariation
were tested within the framework of maximum likeli-
hood (ML) analysis of raw data using Mx 1.50 (Neale,
2000). Models were fitted to the data, progressing from
the most saturated to more restricted models. Means
and variances were tested for equality across birth
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order, zygosity, and sex. Other mean effects tested for
were order of session testing, months of schooling com-
pleted at time tested (IQ only), and accuracy (CRT vari-
ables only). Once a means model was decided on,
hypotheses concerning homogeneity of correlations
between sexes within zygosity groups were tested. Be-
cause this was the first analysis of the DR task variables,
we chose to initially apply a multivariate triangular
decomposition to the data to gain a preliminary under-
standing of the pattern of genetic effects across DR task
performance, CRT, and IQ. Because test-retest relia-
bility data were available, they were also included in
the multivariate model. Modelling thus began from
the approach of Cholesky decomposition of additive
genetic (A), common environment (C), and unique en-
vironment (E) covariance between the measures. This
specifies as many factors as there are variables for each
source of variance, with each factor having one load-
ing less than the previous one. However, this arrange-
ment was modified so that pathways leading to the same
variable at test and retest were equal. Further, an addi-
tional source of variance, U (unreliability), was speci-
fied that was unique to each variable (but constrained
to equality across test and retest). Fig. 1 depicts the path
structure of this model (incorporating test and retest)

Fig. 1. Example of an AE Cholesky decomposition modified to include test-retest reliability data and applied to two variables.



but using an example of an AE model with two
phenotypes only. A practice effect (which was signifi-
cant in all variables) was modelled for the means across
test and retest in addition to the other mean adjustments.

Reduced models are favored if the likelihood ratio
chi-square comparing the models is less than the criti-
cal value (alpha 5 .05) of the chi-squared distribution,
indicating that there is no significant difference between
the saturated model and the reduced model. The most
parsimonious Cholesky model (i.e., the one with the
fewest sources [A, C, E] of variation) was used as a
baseline against which to compare submodels with
fewer factors or loadings using the chi-squared differ-
ence test (Neale and Cardon, 1992).

RESULTS

Descriptive Statistics

Computer or experimenter error resulted in the loss
of IQ data from 6 participants (0.76%) and DR task
data from 8 (1%) participants. All variables were nor-
mally distributed with the exception of DR accuracy.
DR accuracy was transformed by a reflected (maximum
value 1 1) square root function. Scores were consid-
ered univariate outliers (single distribution of twin 1
and twin 2 scores) if they exceeded 6 3.5 SD from the
mean. In the two-, four-, and eight-choice conditions
of the CRT task the number of outliers were eight,
seven, and five, respectively. There were no outliers in
DR accuracy or IQ. No multivariate outliers (screened
using Mx 1.50 through the %P function) were identified.
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Contrasts of means and variances across birth order
and zygosity showed only differences between groups
for eight-choice RT and IQ. For eight-choice RT, birth
order differences were apparent in MZ male and DZ
female groups. First-born twins of the MZ male group
had faster RTs than second-born twins, and first-born
twins of the DZ female group had slower RTs than
second-born twins. There were also differences in vari-
ance between twin 1 and twin 2 which mimicked the
mean differences found in the MZ male group, so that
variance was larger in the second-born twin. These dif-
ferences in birth order were inconsistent across zygos-
ity group, so equal means and variances were assumed.
Birth order effects were detected in IQ. These effects
were of borderline significance and were only in the
direction of the first born having an advantage in the
MZ groups, it was decided not to model this minor
effect. Also, the female and male means in the DZ
opposite sex female first born and DZ opposite sex
male first-born groups could not be equated with each
other, although they could be equated with the female
and male mean of the rest of the sample. There was no
rational reason why this inconsistency should arise, so
it was attributed to the presence of sampling error and
equal means were assumed.

The ML estimates of means, SD,and effect size of
regression coefficients of the variables on first testing
occasion are shown in Table I. IQ scores were normally
distributed ranging from 79 to 145. The mean percent-
ages correct in the two-, four-, and eight-choice condi-
tions were 91.6, 81.7, and 78.6, respectively. As expected,
mean RT increased with larger number of choices, in

Table I. Maximum Likelihood Estimates (MLE) of Means, Standard Deviations (SD) and Regression
Deviations for the CRT and DR Task Variables and Full Scale IQ on First Testing Occasion

Education RT accuracy Session order
Measure Mean (SD) Sex effecta effectb effectc effectd

2-choice RT (ms) 288 (30) ns — 0.53 15
4-choice RT (ms) 486 (110) ns — 1.95 23
8-choice RT (ms) 578 (90) ns — 3.63 25
DR accuracy* 78.82 (15.9) ns — — ns
Full scale IQ 105 (13) 5 0.19 — ns

*Mean value was back-transformed; SD was not obtained by MLE.
ns, no significant
a Deviation of male participants from female mean.
b Regression coefficient on months of schooling beyond beginning of grade 10.
c Regression coefficient on % of correct responses for each RT condition (i.e., more accurate responses all have

slower RTs).
d Deviation for those performing in the 2nd session from the 1st session mean (i.e., 2nd session RT responses

slower due to fatigue).
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Table II. MLE of Twin Correlations (with 95% Confidence Intervals) Across Zygosity Group (and Pooled MZ and DZ Groups)
for the CRT, DR Task, and IQ Variables (all correlations are corrected for mean effects shown in Table I)

Twin correlations

Measure MZF MZM DZF DZM DZFM DZMF MZ DZ

2-choice RT 0.39 0.42 0.26 0.35 0.25 0.35 0.51 0.38
(0.19–0.54) (0.25–0.56) (20.08–0.50) (0.66–0.55) (20.02–0.46) (0.06–0.56) (0.40–0.60) (0.24–0.49)

4-choice RT 0.61 0.43 0.30 0.25 0.37 0.46 0.54 0.36
(0.46–0.71) (0.24–0.58) (0.03–0.51) (20.03–0.47) (0.11–0.56) (0.22–0.63) (0.43–0.63) (0.23–0.47)

8-choice RT 0.77 0.67 0.48 0.60 0.32 0.23 0.72 0.39
(0.69–0.83) (0.55–0.75) (0.22–0.65) (0.37–0.73) (0.06–0.52) (20.03–0.45) (0.64–0.77) (0.26–0.50)

DR Accuracy 0.36 0.49 0.31 0.31 0.39 0.37 0.42 0.35
(0.18–0.51) (0.33–0.62) (0–0.53) (0.01–0.52) (0.15–0.57) (0.12–0.55) (0.30–0.53) (0.22–0.46)

Full Scale IQ 0.84 0.79 0.53 0.52 0.62 0.35 0.82 0.50
(0.78–0.88) (0.71–0.85) (0.30–0.68) (0.32–0.66) (0.44–0.74) (0.10–0.53) (0.77–0.85) (0.40–0.59)

accordance with Hick’s Law (1952). Twin correlations
for all variables in each zygosity group (and pooled MZ
and DZ groups) estimated by ML and adjusted for any
significant effects of sex, education, CRT accuracy, and
session order are shown in Table II. Note that the CRT
variables appeared to show a trend of increasing twin
correlations from conditions of low to high choice.

The size of the difference between MZ and DZ
twin correlations was more consistent with common
environment effects or assortative mating rather than
dominance effects. Thus, we tested only for the pres-
ence of additive genetic, common environment, and in-
dividual environmental effects.

Phenotypic correlations (estimated by ML) amongst
the variables from the CRT and DR tasks, and IQ are
presented in Table III; there were no significant differ-
ences between estimates for female and male parti-
cipants. Note that for correlations with DR accuracy the
direction of the correlation has been reversed to be com-
mensurate with the untransformed variable. As would be
expected, within-task correlations for CRT were high.
The CRT measures were more highly correlated with IQ
than the DR measure, whereas DR accuracy was more
highly correlated with CRT variables than IQ.

Genetic Analysis

Results of the Cholesky analysis are shown in the
upper part of Table IV. An additive genetic (A) and
unique environment (E) model best fitted the data, as
evidenced by the nonsignificant change in chi-square
of the nested model (Dx2 5 12.55, Ddf 5 15, p , 0.05).
A common and unique environment model resulted in a
significant change in chi-square and was not investigated
further. Simplified theoretical models which involved
remodelling of A parameters were tested by a compari-
son with the AE Cholesky model (see Table IV). We
also fitted a submodel with a single genetic common
factor and specific genetic factors, as would be pre-
dicted by a general factor theory of intelligence (e.g.,
Spearman, 1904). Because three RT variables were in-
cluded in the analysis, we also fitted a submodel which
included a genetic RT factor in addition to a general
genetic factor and specific genetic factors. Neither sub-
model fitted the data, indicating that a more compli-
cated pattern of genetic covariance existed among the
variables. Thus, an approach was taken which involved
dropping nonsignificant pathways in the AE Cholesky
model to arrive at a more parsimonious solution.

Table III. MLE of Phenotypic Correlations Among CRT, DR Task, and IQ Variables on First Testing
Occasion, Separately for Female (lower diagonal) and Male (upper diagonal) Participants

2-choice 4-choice 8-choice DR Accuracy IQ

2-choice — 0.54 0.66 20.31 20.32
4-choice 0.51 — 0.68 20.27 20.56
8-choice 0.62 0.65 — 20.36 20.50
DR Accuracy 20.17 20.26 20.19 — 0.13
IQ 20.31 20.53 20.46 0.26 —

Note: These separate estimates for the male and females samples fall within overlapping confidence intervals.



A reduced AE Cholesky model, in which non-
significant loadings were fixed to zero, showed the
presence of five genetic factors. The standardized pa-
rameter loadings of this factor model are displayed
in Fig. 2; corrected parameters loadings (shown in
brackets) were standardized by constraining the sum of
the A, C, and E variance components equal to one,
whereas the uncorrected loadings were estimated by
constraining the sum of A, C, E, and U variance com-
ponents to one. The first genetic factor loaded on all
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measures but it was most clearly defined by the CRT
variables. The second factor also loaded on all vari-
ables except two-choice RT, although its loading on
DR accuracy was comparatively low. The remaining
genetic factors were each specific to eight-choice RT,
DR accuracy, and IQ. Uncorrected (and corrected for
unreliability) heritability estimates were 0.81 (0.89)
for IQ, 0.70 (0.85) for eight-choice RT, 0.59 (0.90) for
four-choice RT, 0.52 (0.79) for two-choice RT, and 0.48
(0.93) for DR accuracy. Correlated unique environment

Table IV. Results of Fitting Multivariate Models to the Covariances of CRT, DR, and IQ Measures: Difference in
22 Log Likelihood (22LL) Ratio and Degrees of Freedom (df ) of the Nested Models and their Probability (P)

Level of Significance (all models also estimate unreliability of measurement for each variable)

Model 22LL df D22LL Ddf P

i. ACE Cholesky Decomposition 4819.04 4189
ii. CE Cholesky Decomposition 4889.67 4204 70.63 15a , .001

iii. AE Cholesky Decomposition 4831.59 4204 12.55 15a . .50
iv. A General factor 1 A Specifics 4917.58 4209 85.99 5b , .001
v. A General factor 1 A RT Factor 1 A Specifics 4849.29 4206 17.70 2b , .001

vi. Reduced AE Cholesky Decomposition 4843.74 4216 12.15 12b . .25

a Compared to model i.
b Compared to model iii.

Fig. 2. Standardized path coefficients for the reduced Cholesky model, where A represents additive genetic factors and E represents unique
environmental factors. The path coefficients adjusted for test unreliability are shown in brackets.



factors existed among those variables from the CRT
task, and additionally between four-choice RT and IQ.

Genetic and environmental correlations estimated
from the full AE Cholesky model are displayed in
Table V. The genetic correlations of the experimental
cognitive measures with IQ were highest for four-
choice RT and lowest for DR accuracy.

DISCUSSION

The prediction of significant genetic covariance
among processing speed, working memory, and IQ was
supported. The decomposition of genetic covariance
showed that two genetic factors could explain the re-
lationship among all the variables, although the first
factor best captured the variance in DR accuracy. The
differential influence of the first two factors on choice
RT and DR performance was consistent with the find-
ing of a stronger phenotypic relationship between choice
RT and IQ than with DR performance. Other genetic
factors emerged which reflected those genes influenc-
ing functions specific to choice response at increased
choice (eight-choice RT), DR accuracy, and IQ. Esti-
mates of heritability (unadjusted for reliability) agreed
with previous findings of IQ and CRT (Baker et al.,
1991; Boomsma and Somsen, 1991) and the heritabil-
ity of DR performance was consistent with studies of
short-term memory (Finkel et al.,1995a; Thapar et al.,
1994). For tasks with poor test-retest reliability, the ad-
justed estimates of heritability were considerably
higher. These were perhaps overestimates of the heri-
tability, because in variables like DR accuracy and four-
choice RT, the MZ twin correlation was almost as high
as the test-retest correlation.

Two factors were necessary to explain the relation-
ship among CRT, DR accuracy, and IQ. However, the
first factor had higher loadings on four- and eight-choice
RT and DR accuracy than did the second factor. Because
two-choice RT is the most simple of the CRT task mea-
sures, theoretically it should be the purer measure of men-
tal speed, which indicates that the first factor might reflect
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mental processing speed, whereas the second factor re-
flects common information processes involved in choice
RT, DR, and IQ performance. The first two Cholesky ge-
netic factors accounted, respectively, for 22% and 23%
of variance in IQ. Forty-three percent of the genetic vari-
ance in IQ was actually independent of that determining
the lower level processes sampled by the choice RT and
DR task, suggesting that although processing speed and
working memory processes may be necessary for higher
order functioning, they may not be sufficient to explain
a large component of the individual variation in IQ. The
independent genetic variance in IQ may be reflective of
information processing abilities not tapped by the current
tasks (e.g., access to long-term memory), or even per-
sonality factors such as conscientiousness. Without an in-
creased number of informative variables in this analysis,
such interpretation can only be speculative.

Because DR accuracy did not demonstrate a genetic
relationship with IQ independent from CRT variables,
this supports theories of intelligence encompassing an
interdependence of processing speed and WM in pre-
dicting IQ (Fry and Hale, 2000; Kail and Salthouse,
1994; Miller and Vernon, 1996), but the direction of
causation between processing speed and WM cannot
be established from our data. Likewise, the question of
whether processing speed influences IQ (limited ca-
pacity theory), rather than the reverse, (more intelli-
gent people optimising their information processes)
cannot be resolved.

Although the phenotypic correlation between CRT
and IQ was consistent with previous studies (perhaps
slightly higher for four- and eight-choice RT), the cor-
relation between DR accuracy and IQ was lower than
other WM tasks, thus limiting the comparison of our
study with others using speed and WM constructs. It
may be that the amount of executive functioning required
by the DR task is less than that demanded by dual tasks,
which have predominantly been used to measure WM.
It may also be that our measure of IQ—composed of
three verbal and two performance subtests—was pri-
marily tapping crystallized (acculturalized) intelligence.

Table V. Genetic and Unique Environmental(with Measurement Error Removed) Correlations
Amongst Measures of CRT, DR, and IQ Estimated From the Full AE Cholesky Model

2-choice 4-choice 8-choice DR accuracy IQ

2-choice 0.73 0.99 20.30 20.28
4-choice 0.82 0.82 20.48 20.68
8-choice 0.80 0.91 20.38 20.35
DR Accuracy 20.40 20.44 20.43 0.21
IQ 20.45 20.70 20.59 0.34



In other studies of WM and higher cognition, reason-
ing (or fluid intelligence) tests of ability have primarily
been used.

The strong genetic relationship between CRT and
IQ was in accord with findings of Rijsdijk and col-
leagues (1998), who used a two-choice RT task in a
similar aged sample. They obtained a genetic correla-
tion with the Raven Progressive Matrices of 20.36, we
report correlations of 20.45, 20.59, and 20.70. In our
study, we found that a specific genetic factor influenced
eight-choice RT. Instead of being speed related, this
factor may represent visual attention because in the
eight-choice condition visual focus must extend across
a larger area than in the two- and four-choice condi-
tions. If this is so, it provides support against the crit-
icism that the RT-IQ correlation is confounded by the
sensory phenomenon of visual attention (Longstreth,
1984). Alternatively, this specific factor may reflect
sustained performance or motivation because the eight-
choice condition was preceded by the two- and four-
choice conditions plus the IQ subtests.

The genetic correlations between CRT variables
and DR accuracy were similar to those reported (0.44
and 0.50) by Finkel and McGue (1993), who used a
speed factor and a host of short-term memory tasks, but
the genetic correlations between DR accuracy and IQ
were lower than those observed in studies where a gen-
eral memory factor was used (e.g., Cardon and Fulker,
1994), due in part to their low phenotypic correlation.

The WM variable was mostly influenced by spe-
cific genes. Genes related to processing speed and IQ
affected visual-spatial WM, but there were other more
prominent genes determining the efficiency of this sys-
tem, and these genes did not directly affect IQ. Others
have also reported that specific genes have more influ-
ence on memory than do common genes (Cardon et al.,
1992; Finkel et al.,1995b; Luo et al.,1994). Engle and
colleagues (1999) demonstrated via path analysis that
the relationship between short term memory (the stor-
age component of WM) and fluid intelligence was me-
diated entirely by the central executive (as measured
by dual tasks). Given this finding one might speculate
that those genes common to processing speed, WM,
and IQ might actually affect the central executive com-
ponent of WM, whereas those genes specific to WM
relate to the storage component.

Genetic studies of memory have made little at-
tempt to differentiate between different memory sys-
tems (e.g., short term versus long term) and subsystems
(e.g., storage versus processing). In our own study, the
central executive was not explicitly captured. Hence,
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studies are required where a battery of WM tasks,
which separate executive and storage functions of WM,
are administered alongside tests of intelligence. A cur-
rent study (Ando et al., 2001) tests the association be-
tween spatial and verbal dual tasks and higher-order
spatial and verbal cognitive ability. Results show phe-
notypic correlations ranging from 0.20 to 0.41 between
the WM and IQ measures. Modality (spatial, verbal)
specific genetic components for the storage function of
WM were found, as well as genetic overlap between
modalities and function (storage, executive).

A substantial part of the covariance in the CRT
variables was accounted for by unique environment,
which could include effects of one’s physiological state
which is known to influence CRT (Jensen, 1982). Non-
shared environmental effects also showed a small
common influence on four-choice RT and IQ. The four-
choice condition was somewhat confounded because it
was unpracticed and hence may have contained varia-
tion due to speed of learning, a unique environment fac-
tor influencing speed of learning (e.g., strategy use) is
possible. DR accuracy was the only variable exhibit-
ing specific unique environmental variance, and this
might be associated with differences between individ-
uals in strategies adopted. Although our point estimates
indicated the presence of small common environmen-
tal (or assortative mating) effects for the cognitive
measures, there was insufficient power to detect them
simultaneously with additive genetic effects. The MZ
and DZ twin correlation difference suggests that DR
accuracy and two-choice RT (also the least reliable
measures) have larger influences from common envi-
ronment than the other measures. Petrill and colleagues
(1996) found that common environment did affect lower
order and higher order cognitive processes and its ef-
fect was general rather than specialized. However, in
their study the sample ranged in age from 6 to 13 years;
because the behavior genetics literature (McCartney
et al.,1990; McClearn et al.,1997; Wilson, 1986) shows
an increase in the heritability of cognition with age (and
a decrease of shared environment influences), this may
explain the discrepancy between our results.

In summary, the present study demonstrated that
genetic factors influenced the relationship between pro-
cessing speed, visual-spatial WM, and intelligence vari-
ables, with further genetic factors unique to eight-
choice RT, DR accuracy, and IQ. Because this was a
preliminary analysis of the pattern of genetic variation
across these measures, future analyses will be directed
toward a theoretical model, including IQ subtests,
choice RT, inspection time, and DR task variables. It



will be interesting to test whether verbal and perfor-
mance intelligence factors emerge and whether these
factors (or even the IQ subtests) show differing rela-
tionships with the processing speed and WM measures.
Hierarchical modeling can address the presence of
genes for group factors of intelligence and their rela-
tionship to the experimental cognitive measures of
choice reaction time and delayed response.
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