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Abstract
The efficiency of inhibitory control processes has been proposed as a mechanism constraining working-memory capacity. In
order to investigate genetic influences on processes that may reflect interference control, event-related potential (ERP)
activity recorded at frontal sites, during distracting and nondistracting conditions of a working-memory task, in a sample of
509 twin pairs was examined. The ERP component of interest was the slow wave (SW). Considerable overlap in source of
genetic influence was found, with a common genetic factor accounting for 37 – 45% of SW variance irrespective of condition.
However, 3 – 8% of SW variance in the distracting condition was influenced by an independent genetic source. These results
suggest that neural responses to irrelevant and distracting information, that may disrupt working-memory performance,
differ in a fundamental way from perceptual and memory-based processing in a working-memory task. Furthermore, the
results are consistent with the view that cognition is a complex genetic trait influenced by numerous genes of small influence.

The ability to suppress processing of goal-irrelevant

or distracting information allows individuals to

maintain their focus on goal-relevant information

and thereby achieve their objective (Demetriou,

Spanoudis, Christou, & Platsidou, 2002; Huijbregts,

de Sonneville, van Spronsen, & Sergeant, 2002).

Consequently, interference control (also known as

interference suppression, e.g. Bunge, Dudukovic,

Thomason, Vaidya, & Gabrieli, 2002) is a funda-

mental element of general cognitive control. Some

models of working memory suggest that the control

of interference is an attention process of the central

executive, which may influence individual differ-

ences in working-memory capacity (Engle, Kane, &

Tuholski, 1999). For example, individuals who

appear to inhibit visual distractors in order to identify

visual target stimuli, in perceptual interference tasks,

have higher working-memory spans than those who

do not (Conway, Tuholski, Shisler, & Engle, 1999).

Similarly, individuals with higher working-memory

spans appear to experience less proactive and retro-

active interference on selective-attention tasks

involving memory distraction than do low-span

individuals (Conway & Engle, 1994; Rosen & Engle,

1998). Thus, individual differences in inhibitory

control processes appear to be associated with

individual differences in working-memory capacity.

Individual differences, as opposed to group

differences derived through experimental manipula-

tion, are the focus of quantitative genetic studies,

which aim to estimate the magnitude of genetic and

environmental factors that influence variation be-

tween individuals. Cognition has been viewed as a

complex genetic trait, partially determined by nu-

merous genes of small influence (Morley &

Montgomery, 2001), and the purpose of the present

study was to differentiate genetic sources of influence

contributing to individual differences in working-

memory processes. Specifically, the study aimed to

differentiate sources of genetic influence on pro-

cesses that may reflect interference control from

other cognitive processes activated in a working-

memory task.

To achieve this aim, event-related potentials

(ERPs) recorded during a delayed-response work-

ing-memory task in both distracting and

Correspondence: N. K. Hansell, Genetic Epidemiology Laboratory, Queensland Institute of Medical Research, Post Office, Royal Brisbane Hospital, Qld 4029,

Australia. Tel.: + 61 7 3362 0299. Fax: + 61 7 3362 0101. E-mail: narelleH@qimr.edu.au.

Australian Journal of Psychology, Vol. 56, No. 2, September 2004, pp. 89 – 98.

ISSN 0004-9530 print/ISSN 1742-9536 online # The Australian Psychological Society Ltd

Published by Taylor & Francis Ltd

DOI: 10.1080/0049530410001734856



nondistracting conditions, which also varied in

memory load, were investigated. The ERP compo-

nent examined was the early interval (650 – 1150 ms

after target onset) of the slow wave (SW), which was

elicited and sustained for the delay period of the task.

Long-duration SW activity has previously been

elicited by a stimulus to be remembered in both

delayed-response and match-to-sample tasks, with

amplitude shown to vary with memory load (Geffen

et al., 1997; Rama, Carlson, Kekoni, & Hamalainen,

1995; Ruchkin, Canoune, Johnson, & Ritter, 1995;

Ruchkin, Johnson, Canoune, & Ritter, 1990).

In the present study, the SW interval examined

contained the electrophysiological response to the

distracting stimulus in distractor trials. That is, it

contained the P300 (a positive peak found approxi-

mately 300 ms after stimulus presentation) to the

distracting stimulus, thus reducing amplitude nega-

tivity in the distracting condition. Distraction has

also been shown to reduce negativity of the

contingent negative variation (CNV), another slow

potential, which is elicited in the interval between a

warning and an imperative stimulus and which may

reflect attention-related function (Travis & Tecce,

1998).

Previous analyses at Genetic Epidemiology La-

boratory, Queensland Institute of Medical Research

have indicated that the same genes influence SW

potentials elicited in trials requiring memory of target

location and in sensory trials with no memory

requirement (Hansell et al., 2001) suggesting that,

in this instance, memory load (or increased difficulty)

was not significantly associated with independent

genetic influences. Consequently, in the current

analysis, memory and sensory trials were not differ-

entiated in terms of source of genetic influence. Such

modelling is consistent with the suggestion by Fuster

(1997) that the same cortical areas may be involved in

storing perceptual memory and in processing sensory

information, which, in turn, is supported by both

human and animal research. For example, using

positron emission tomography (PET), Kosslyn,

Thompson, Kim, and Alpert (1995) found similar

activation of the primary visual cortex in humans for

both imagined and perceived objects. Similarly, a

single-unit study of monkey neural activity has

indicated that somatosensory neurons may be active

in both the perception and memory of tactile stimuli

(Zhou & Fuster, 1996).

In contrast, the findings of a number of studies

have suggested that the neural network activated in

response to distracting nontarget stimuli may differ

from that activated in response to target stimuli or

nondistracting nontarget stimuli (e.g. Botvinick,

Nystrom, Fissell, Carter, & Cohen, 1999; Bunge et

al., 2002; Clark, Fannon, Lai, Benson, & Bauer,

2000). Using event-related functional magnetic

resonance imaging (fMRI), Clarke et al. (2000)

examined patterns of activation evoked to rare visual

target and distractor stimuli in a three-stimulus

oddball task (the presentation of frequent standard

stimuli was interspersed with the presentation of

both infrequent target and distractor stimuli). They

identified unique patterns of activation, involving

multiple brain regions, associated with the presenta-

tion of target and distracting nontarget stimuli.

Distractor stimuli evoked a signal change bilaterally

in inferior anterior cingulate, medial frontal, inferior

frontal, and right superior frontal gyri, as well as

additional activity in bilateral inferior parietal lo-

bules, lateral cerebellar hemispheres and vermis, and

left fusiform, middle occipital, and superior temporal

gyri.

Bunge et al. (2002) and Botvinick et al. (1999)

examined the effect of distracting stimuli using the

flanker paradigm (participants respond to a central

target stimulus while ignoring flanking [nontarget]

stimuli, Eriksen & Eriksen, 1974). Both of these

studies focussed on the effect of distracting (incon-

gruent/incompatible) nontarget stimuli versus

nondistracting (neutral/compatible) nontarget stimu-

li. Interference suppression (Bunge et al., 2002), or

conflict monitoring (Botvinick et al., 1999), occurred

in trials containing distracting nontarget stimuli, but

not in trials containing nondistracting nontarget

stimuli, and these two trial types were found to

evoke different patterns of activation in anterior brain

regions. Botvinick et al. (1999) reported higher

activity in the anterior cingulate cortex in trials with

high, compared to low, levels of conflict, while

Bunge et al. (2002) reported that, in adults,

activation in the right inferior frontal gyrus/anterior

insula and in an anterior portion of the right middle

frontal gyrus correlated significantly with efficiency

of interference suppression. Analyses at Genetic

Epidemiology Laboratory, Queensland Institute of

Medical Research (Luciano, 2002) have indicated

that behavioural measures of accuracy and speed of

response were adversely affected to a small, but

significant, extent by the presentation of distracting

stimuli in a delayed-response task. These studies

provided some support for the proposal that the

presentation of a distracting nontarget stimulus,

during the delay period of a delayed-response task,

may evoke processes of interference control in order

to reduce memory disruption and decay. Further-

more, these processes might be associated with a

different pattern of activation than that underlying

undisrupted memory processes, and consequently,

genetic influence specific to the distractor trials, and

reflecting interference control, may be identified.

In the present study, behavioural genetic methods,

using data collected from a sample composed of

identical (monozygotic, MZ) and nonidentical (di-
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zygotic, DZ) twin pairs, were employed to examine

individual differences in the SW measures. Sources

of variation were inferred by comparing resemblance

among MZ co-twins, who share 100% of their

genetic material, with that of DZ co-twins, who

share, on average, 50% (with an underlying assump-

tion that the environments of the MZ and DZ twins

were comparable; see Kendler, 1983; Plomin, 1986).

Structural equation modelling was used to compare

alternative models and the best-fitting model was

that which minimised differences between the

observed and expected statistics.

To isolate factors influencing interference control

processes, the SW was examined for trials that varied

in the absence and presence of a distracting stimulus.

It was hypothesised that a common genetic factor

would influence all SW, but that a genetic factor

specific to SW recorded in the distracting condition

would also be found. Furthermore, it was speculated

that such a factor might reflect genetic influence on

the inhibitory cognitive process of interference

control. Although multiple brain regions appear to

be differentially activated in response to distractor

compared to target stimuli (Clark et al., 2000), the

current analyses focussed on frontal SW to avoid

breaking down a possibly small genetic influence,

specific to distractor trials.

Method

Participants

The participants consisted of 509 MZ and DZ pairs

of 16-year-old twins tested as part of an ongoing

study of genetic influence on cognition (see Wright

et al., 2001). The MZ pairs comprised 121 female

(MZF) and 109 male (MZM) pairs, while the DZ

pairs comprised 68 same-sex female (DZF), 65

same-sex male (DZM), and 146 opposite-sex pairs.

Of the opposite-sex pairs, girls were first-born

(DZFM) for 69 pairs and boys were first-born

(DZMF) for 77 pairs. Zygosity was determined

using a commercial kit and results were cross-

checked with blood group results and/or phenotypic

data, giving an overall probability of correct zygosity

determination of greater than 99.9% (for a more

detailed description of zygosity determination, see

Hansell et al., 2001).

Participants were paid A$20 – $35 (dependent

upon performance). All had corrected-to-normal

vision. They were requested to avoid drinks and

foods containing caffeine for the 2 hr before their

visit. Pairs were tested in morning sessions during

which performance and ERP measures were ob-

tained from a delayed-response task, while other

behavioural measures were obtained from a number

of intelligence subtests from co-twins. Pairs were

excluded if either twin was taking medication, or had

an injury or condition that significantly affected

central nervous system function. Informed written

consent was obtained from all participants and their

parents.

Task description

A dimly lit, sound-attenuated, electrically shielded

room was used for testing. The computer-generated

task was run on a monitor hooded to show a circular

screen (205 mm diameter). All stimuli were clearly

distinguished against a grey background. Participants

were required to fixate on a black central point (0.58
visual angle) while remembering the location of

target stimuli (checkered black and grey circle, 1.58
visual angle), which were presented peripherally.

Targets appeared pseudorandomly (18 steps) at a

radius of 108 of visual angle from the midpoint of the

target to the central fixation point. In sensory trials,

targets remained on-screen throughout the delay

period of either 1 or 4 s. In memory trials, targets

were presented for 150 ms. A distracting stimulus,

identical to the target, was presented for 150 ms,

randomly within the 300 – 700-ms window (after

target onset), in 50% of sensory and memory trials. It

could occur anywhere other than within a 158 radius
of the preceding target. Participants were instructed

to ignore all distractors. At the end of the delay

period, indicated by the disappearance of the fixation

point, participants were required to indicate target

location by touching the screen with a rubber-tipped

pointer. For figure of task time-lines, see Hansell et

al. (2001).

Responses were required to be prompt (150 –

1500 ms after fixation offset) and accurate (within

1.58 of the target). Correct responses were rewarded

(2 – 10 cents, dependent on accuracy) and incorrect

responses penalised (minus 5 cents). Feedback on

response time and amount won was displayed after

each trial. When not responding, participants rested

their preferred hand on a touch-sensitive response

pad (50 mm 6 50 mm) placed at table level in front

of the screen. All trial types were equiprobable and

varied randomly from trial to trial. Six blocks of 72

trials were presented.

Event-related potential recording and measures

The ERPs were recorded from 15 sites and

processed as described in Hansell et al. (2001), with

frontal sites (F3, Fz, F4) the focus of this investiga-

tion. Briefly, impedances were kept below 5 kO and

sites were referenced to linked ears. Electro-oculo-

gram (EOG) and prefrontal channels were amplified

56 103 times and all other channels 206 103 times

by Grass preamplifiers with a band pass of 0.01 – 100
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Hz. The ERPs were sampled at 250 Hz from 100 ms

prior to fixation point onset to 200 ms after fixation

point offset. Eye movement artifacts were removed,

and electroencephalogram (EEG) data exceeding

50 mV root mean square (RMS) were rejected

automatically.

Trials were averaged using a pre-target baseline of

350 ms (Geffen et al., 1997), and the average

amplitude for the SW interval of 650 – 1150 ms (after

target onset) was computed separately for memory

and sensory trials in both distracting and nondistract-

ing conditions. The mean number of trials per trial

type per individual was 68.2. The SW intervals also

examined, but not included in the present study,

included 1150 – 2150 ms, 2150 – 3150 ms and

3150 – 4150 ms. In addition to the SW, average

amplitude (150 – 450 ms interval) and latency have

been computed for the P300 to the target.

From both phenotypic and genetic perspectives,

SW was highly correlated among the frontal sites

(F3, Fz, F4) for each trial type (phenotypic rs ranged

0.85 – 0.88, genetic rs ranged 0.88 – 0.96). Therefore

a mean SW average amplitude for frontal sites was

computed for each individual and was used in all

further analyses. Analyses were confined to frontal

SW in order to avoid breaking down a possibly small

genetic influence, specific to distractor trials, into

even smaller (and possibly insignificant) genetic

factors related to site, given that SW is correlated

to varying degrees across site and that some genetic

sources of influence may be common to multiple

brain regions, while others may be specific to more

defined regions (Hansell, 2003).

Statistical analyses

All analyses (except for outlier screening in SPSS)

were performed using the structural equation model-

ling package MX (Neale, Boker, Xie, & Maes, 1999),

which utilised the method of maximum likelihood

estimation from raw data observations (Eaves, Last,

Young, & Martin, 1978). Results were deemed to be

statistically significant at the 0.05 significance level

unless otherwise stated. For the initial description of

waveforms, mean comparisons of trial type, which

ignored twin relatedness, were examined.

Assumption testing

Means and variances were examined to test assump-

tions that neither birth order nor zygosity group were,

in themselves, factors influencing SW average ampli-

tude. In addition, means, variances, and covariances

(i.e. twin correlations) were examined for differences

associated with sex of participant. These analyses

utilised the method of maximum likelihood estima-

tion from raw data observations (Eaves et al., 1978)

whereby an initial fully saturated model, in which

means, variances and covariances were free to vary,

was compared with successively more constrained

models that tested for effects related to birth order,

zygosity and sex. For a more detailed explanation of

the procedure, see Hansell et al. (2001), and more

generally, McGregor et al. (1999). The absence of sex

effects on twin correlations would allow pooling

across sex and thus one MZ and one DZ group to be

used for multivariate analyses.

Genetic model fitting

Variance caused by individual differences can be due

to additive genetic (A), common environmental (C),

and unshared environmental (E) influences. An

independent pathway structure (Neale & Cardon,

1992) was used to examine A and C sources of

variance because this pathway structure allows factors

to be specified to answer a particular question (i.e.

what influences are specific to SW recorded in the

distracting condition). As shown in Figure 1, A and C

were modelled to examine (a) common factors (A1,

C1) influencing all of the SW variables, and (b)

independent factors (A2, C2) influencing only SW

recorded during the distracting condition (both

memory and sensory trials). In addition, the model

allowed for specific A and C influences on each

variable, with specific A (and C) influences con-

strained to be equal in the distracting condition (a1,
c1,) in order for the model to be identified. Measure-

ment error is included in E estimates, therebymasking

the true pattern of unshared environmental influence.

Consequently, E influences were structured using

Cholesky, or triangular, decomposition, which pro-

vides a standard general approach to partitioning

variance (Neale & Cardon, 1992). In Cholesky

decomposition, the first factor influences the first

and all following variables, the second factor influ-

ences the second and all following variables, and so on.

Raw data were used in all analyses. All data were

screened for univariate outlying individuals in SPSS,

and univariate and multivariate outlying families

were identified using the %P option in MX (Neale,

1997), which provided a likelihood statistic for each

family (twin pair) conditional on the genetic model.

Individual and twin pair data were dropped if their z-

score value was greater than + 3 and the analyses

rerun. Data lost due to outliers accounted for 5 4%

of the sample.

Results

Description of waveforms

Waveforms averaged over all participants are shown

in Figure 2. The presentation of a target elicited a

92 N. K. Hansell et al.



Figure 1. Modelling of additive genetic (A), common environmental (C), and unshared environmental (E) variance. The model comprises

two additive genetic factors (A1, A2), two common environmental factors (C1, C2), and four unshared environmental factors (E1, E2, E3,

E4) in addition to specific A and C influences. Specific influences on the distractor variables were constrained to be equal (a1, c1) for the

model to be identified. Correlations between co-twins for additive genetic factors and specifics were fixed at 1 for monozygotic (MZ) twin

pairs because they share 100% of their genes and 0.5 for dizygotic (DZ) twin pairs because, on average, they share 50% of their genes.

Correlations between co-twins for common environmental factors and specifics are fixed at 1 for both MZ and DZ pairs.

Figure 2. Waveforms recorded during the delayed-response task and averaged over all participants. Slow wave average amplitude was

examined for the interval 650 – 1150 ms (after target onset) for (a) the distracting condition and (b) the nondistracting condition (both

memory and sensory trials).
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P300 that peaked at approximately 300 ms and

which was followed by a SW that was sustained for

the duration of the delay period. In the distractor

condition, the SW appears to be overlaid by

processing related to distractor presentation, and

this appears to be more pronounced (i.e. greater

deflection) for sensory than memory trials. The P300

to the distractor appears broader than that to the

target due to the variation in distractor presentation

times. Mean SW average amplitude was significantly

less negative in the distracting compared to

the nondistracting condition for both sensory

(D 72LL=349.8, 1 df) and memory (D
72LL=352.9, 1 df) trials. In addition, mean SW

average amplitude was significantly less negative in

sensory compared to memory trials, for both the

distracting condition (D 72LL=119.2, 1 df) and the

nondistracting condition (D 72LL=184.9, 1 df).

These results, which were significant after Bonferro-

ni adjustment using an experiment-wise alpha of

0.05, indicate that the trial types varied sufficiently to

result in phenotypic differences in the mean SW.

However, it should be noted that mean differences

between trial types were not the focus of this paper,

rather individual variation around the mean was

investigated.

Homogeneity of means and variances

All SW measures were normally distributed. Means

and variances for SW average amplitude recorded

during distracting and nondistracting conditions,

both sensory and memory trials, are shown in Table

I. No significant differences in the means and

variances were identified for birth order, zygosity,

or sex for any of the SW variables other than SW

recorded during sensory trials in the distracting

condition, where a birth order effect was found.

First-born co-twins were found to have a significantly

less negative mean SW average amplitude than

second-born co-twins. Further analyses indicated

that the birth order effect was not consistent across

zygosity groups for same-sex pairs, being found only

for DZ same-sex co-twins and thus appeared to be

due to sampling error. Consequently, equal means

for birth order were assumed.

Genetic analyses

Twin correlations were examined for MZ and DZ

pairs (Table II) and MZ correlations were found to

be approximately twice the DZ correlations, indicat-

ing genetic influence on SW average amplitude.

Twin correlations did not differ significantly between

MZF and MZM pairs or between DZF, DZM,

DZFM, and DZMF pairs. Thus the sources of

variance influencing SW amplitude did not appear to

be influenced by the sex of the participant.

A multivariate model, with the principal aim of

identifying additive genetic influences specific to

the distracting conditions, was employed to exam-

ine the sources of variance influencing SW average

amplitude recorded during nondistracting and

distracting conditions for both sensory and mem-

ory trials. As shown in Table III, the full model,

containing additive genetic (A), common environ-

mental (C), and unshared environmental (E)

influences, was compared to models containing

only AE, CE, or E sources of variance (E is always

Table I Results of model fitting for a delayed-response task (N=944 – 947 individuals)

Means (Change in 72LL) Variances (Change in 72LL)

Slow M (SD) Tw1=Tw2 MZ=DZ Male= Tw1=Tw2 MZ=DZ Male=

wave

Variable

mV 4 df 6 df Female

1 df

4 df 6 df Female

1 df

Sensory 7 3.0 (5.3) 6.5 9.4 0.0 1.4 2.1 0.6

Memory 7 5.3 (6.1) 5.2 2.7 0.0 4.5 4.7 0.1

Sens+D 0.0 (5.5) 13.7* 5.0 0.0 2.2 9.6 0.1

Mem+D 7 1.8 (6.1) 5.1 9.9 0.0 5.7 7.7 0.0

Note. Tw1=Twin 1; Tw2=Twin 2; MZ=monozygotic; DZ=dizygotic; Sens= sensory; Mem=memory; +D=with distractor.

*p5 .05, critical value of 72LL for 1 df=3.84, 4 df=9.49, 6 df=12.59 (a=0.05).

Table II Co-twin correlations (95% CI)
a
for frontal slow wave

average amplitude during a delayed-response task

Twin correlations

Slow wave Variable MZ (199 – 202 pairs) DZ (237 – 239 pairs)

Sensory 0.37 (0.25, 0.48) 0.22 (0.09, 0.32)

Memory 0.39 (0.27, 0.50) 0.17 (0.04, 0.29)

Sens+D 0.50 (0.39, 0.59) 0.18 (0.05, 0.30)

Mem+D 0.42 (0.32. 0.53) 0.24 (0.12, 0.35)

Note. MZ=monozygotic; DZ=dizygotic; Sens= sensory;

Mem=memory; +D=with distractor.
a
Based on a model with a single mean and a single variance.
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included as a source of variance because it contains

measurement error). Familial influence was evi-

dent, because a model containing only E influences

was a significantly worse fit to the data than the

full ACE model. Furthermore, a model containing

C, in addition to E, sources of variance was also a

significantly worse fit to the data than the full ACE

model. In contrast, a model containing only A and

E sources of variance did not differ significantly in

fit to the full ACE model, indicating that A, but

not C, was a significant source of influence.

Therefore, the AE model was chosen as the best-

fitting model.

Phenotypic, genetic and unshared environmental

correlations are shown in Table IV. Strong common

influences among the SW variables were revealed by

the phenotypic correlations, with genetic correlations

being particularly high (r=0.91 – 1.00), indicating

that the same genes were strongly influential on all

variables. The lowest genetic correlation was be-

tween SW recorded during memory trials in the

distracting condition and SW recorded in the

nondistracting trials (0.91), suggesting that a small

degree of genetic independence may exist for SW

recorded in memory trials with a distractor. Un-

shared environmental influences were moderately

correlated (r=0.51 – 0.71) among the variables.

Figure 3 shows that the two specified genetic

factors (A1, A2) accounted for all of the genetic

variance of the variables examined (genetic influ-

ences specific to individual variables (A) were either

zero or not significant), thus confirming the appro-

priateness of the two-factor genetic structure. The

common factor A1 had a moderate influence on all

variables, accounting for 37 – 45% of the total

variance of each variable. Reflecting the genetic

correlations, it accounted for 100% of the genetic

variance of SW recorded in the nondistracting

condition (both sensory and memory trials), 94%

of the genetic variance for sensory trials in the

distracting condition, and 82% of the genetic

variance for memory trials in the distracting condi-

tion.

Genetic factor A2 reflected those genetic influ-

ences, independent of A1, that influenced SW

average amplitude recorded during the distracting

condition (both sensory and memory trials). It

accounted for 3% of the total variance (6% of the

genetic variance) for SW recorded during sensory

trials, and 8% of the total variance (18% of the

genetic variance) for SW recorded during memory

trials. In total, genetic influences accounted for 37%

of the total variance of SW recorded in the

nondistracting condition (both sensory and memory

trials), 48% for sensory trials in the distracting

condition, and 45% of the total variance for memory

trials distracting condition. All remaining variance

was influenced by unshared environmental factors

(E1, E2, E3, E4).

Discussion

The purpose of the present study was to examine

genetic influences on processes activated in response

to the presentation of a distracting stimulus during a

working-memory task. Multivariate genetic model-

Table III Fit indices for multivariate models examining slow wave average amplitude recorded during nondistracting and distracting

conditions (both sensory and memory trials) of a delayed-response task

Model Tested against – 2LL (df) D – 2LL Ddf p

1. ACE 20921.0 (3700) – – –

2. AE 1 20927.8 (3710) 6.8 10 0.74

3. CE 1 20943.1 (3710) 22.2 10 0.01

4. E 1 20998.1 (3720) 98.1 20 0.00

Note. Bold=best-fitting model; A= variance due to additive genetic factors; C= variance due to common environmental factors;

E= variance due to unshared environmental factors.

Table IV Correlations among frontal slow wave average amplitudes recorded during a delayed-response task

Phenotypic correlations Genetic and Unshared Environmental correlations

Trial Sensory Memory Sens+D Mem+D

Sensory .52 .63 .51

Memory .69 1 .55 .71

Sens+D .77 .72 .97 .97 .54

Mem+D .66 .79 .74 .91 .91 .98

Note. Sens= sensory; Mem=memory; +D=with distractor.
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ling indicated a small, but significant, genetic factor

(accounting for 3 – 8% of total SW variance) specific

to these processes. All remaining activity, such as

perceptual and memory-related processes, was influ-

enced by a common genetic factor, which accounted

for 37 – 45% of the total SW variance. From these

results it is inferred that neural responses to

irrelevant and distracting information (possibly

inhibitory processes of interference control), are

regulated in a fundamentally different way to

perceptual and memory processes in the frontal

brain region.

To permit the examination of genetic influence on

varying cognitive processes, SW was recorded during

distracting and nondistracting conditions that varied

in memory load. Memory trials required target

location to be remembered during a delay period,

while sensory trials had no memory requirement. At

a phenotypic level, grandmean waveforms (i.e.,

averaged over all participants) were found to differ

for trial type, with SW negativity being significantly

reduced in the distracting compared to the nondis-

tracting condition. In the distracting condition the

SW appeared to be overlaid with processing of the

distracting stimulus, as indicated by a P300, and

reduced negativity appears to be the result of these,

and possibly other, processes that were activated

differentially in the distractor and nondistractor

trials. The finding of reduced negativity in the

distractor trials is consistent with a study by Travis

and Tecce (1998), which showed that distracting

stimuli reduced negativity of another slow potential,

the CNV.

Interestingly, in the present analyses, visual

inspection of the grandmean waveforms suggested

that the P300 to the distracting stimulus had a

smaller (less positive) amplitude for memory com-

pared to sensory trials. This is consistent with

previous studies, which have shown that P300

amplitude decreases in a secondary task as the

primary task increases in difficulty and as more

resources are allocated to maintaining performance

in the primary task (see review Hoffman, 1990). In

the present task where the distracting stimulus may

disrupt maintenance of target location, resources

may be directed towards the suppression of the

distracting stimulus. An alternative explanation

could be that resources are directed towards other

processes that augment working-memory capacity,

or indeed, to processes not considered here. Overall,

the grandmean waveforms suggest that different

processes may be active in the distractor versus the

nondistractor condition, and the focus of the present

analyses was to determine if independent genetic

factors influenced individual variation in these

processes.

It should be noted that task difficulty, in itself,

need not be associated with individual variation

influenced by independent genes. For example, in

the nondistractor condition, SW recorded in

memory trials was influenced only by a common

factor that also influenced SW recorded in sensory

trials (i.e., no specific genetic influences were

found to influence memory, but not sensory,

trials). However, what is apparent in the modelling

of the SW data is that, while there are considerable

common genetic influences on all of the SW

variables, something unique is occurring in the

distractor condition compared to the nondistractor

condition.

Figure 3. Model of additive genetic (A) and unshared environmental (E) influences on the variance of slow wave average amplitude recorded

during nondistracting and distracting ( +D) conditions (both sensory and memory trials) of a delayed-response task. Path coefficients are

standardised such that the squared path coefficient indicates the percentage of variance accounted for. Confidence intervals (95%) are

included for genetic path coefficients greater than zero.
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Using quantitative genetic analyses, it is not

possible to determine whether a genetic factor

represents influence on a single process or multiple

processes, or for that matter, whether it represents

the action of a single gene or multiple genes. In an

independent pathway model, genetic factors indicate

the extent of influence of the same genes, with each

factor being independent of other factors. The

common genetic factor in the current analyses

indicated that the same underlying processes (or

very similar processes that were influenced by the

same genes) occurred during both the distracting

and the nondistracting condition, and moreover, that

they accounted for a similar amount of the variance

in SW recorded in each trial type. This is unsurpris-

ing, because the goal was the same (i.e., to remember

target location) for both conditions and, presumably,

the neural network activated during both conditions

was highly similar. These results are consistent with

studies suggesting that perceptual and memory

processes may engage the same neural network

(Kosslyn et al., 1995; Zhou & Fuster, 1996).

Furthermore, the results replicated previous analyses

(with a smaller sample), which showed that SW

recorded during sensory and memory trials in a

nondistracting condition were influenced by the

same genes (Hansell et al., 2001). The common

factor was the strongest source of genetic influence,

accounting for 82 – 100% of the genetic variance of

each SW variable.

A second genetic factor reflected influences on

processes occurring only during the distracting

condition. This is in accord with fMRI studies

showing unique patterns of frontal neural activation

in response to distracting nontarget compared to

target stimuli (Clark et al., 2000), and in response

to distracting nontarget compared to nondistracting

nontarget stimuli (Bunge et al., 2002). The factor

had a notably (but not significantly) stronger

influence on SW recorded during memory distrac-

tor trials, where it accounted for 18% of the genetic

variance, than during sensory distractor trials, where

it accounted for only 6% of the genetic variance.

This is consistent with a proposal that the factor

may reflect processes, such as interference control

processes, which may be activated to a greater

degree in memory compared to sensory distractor

trials in order to maintain the primary goal of

remembering target location. No significant specific

genetic influences were found, indicating that the

two genetic factors modelled were sufficient to

describe genetic influence on the SW variables

examined.

The results are consistent with models of working

memory that include the concept of a central

executive (for the coordination of resources and

control of processing, including inhibiting proces-

sing) and subsidiary systems for the rehearsal of

phonological or visuospatial information (Baddeley

& Hitch, 1974; Engle, Tuholski, Laughlin, & Con-

way, 1999). That is, processes that may be associated

with inhibitory control (a central executive role, see

Engle, Tuholski et al., 1999) appear to be differ-

entiated at a genetic level, albeit to a small degree,

from those associated with rehearsal of visuospatial

information (the visuospatial sketchpad, Baddeley &

Hitch, 1974).

Modelling indicated that common environment

did not significantly influence the SW. However,

unshared environmental influences accounted for

52 – 63% of SW variance. In general, it is noted that,

although there is some overlap, each of the SW

variables appears to be influenced differentially by

the unique environment of the individual. The

pattern of unshared environmental influence is not

interpreted beyond this because it is likely to be

distorted due to measurement error. Previous

analyses at Genetic Epidemiology Laboratory,

Queensland Institute of Medical Research have

shown that approximately 25 – 30% of the variance

of SW measures may be due to measurement error

(Hansell et al., 2001).

The present analyses show evidence of genetic

influence on frontal brain function that is both

efficient (the same genes appear to influence neural

activity underlying both perceptual and memory

processes) and complex (processing occurring in

response to distraction appears to be under the

control of an independent source of genetic influ-

ence). They form part of a large genetic study

examining multiple aspects of cognition (see Wright

& Martin, 2004, this issue; Wright et al., 2001), and

show the value of examining electrophysiological

measures to gain further understanding of the

influence of genes on brain activity, and ultimately,

cognitive ability. Furthermore, the results indicate

the subtlety with which some genes influence

cognitive phenotypes, consistent with the reported

genetic complexity of cognition function (Morley &

Montgomery, 2001), and highlight the difficulties

faced in detecting the genes of influence for this most

complex of traits.
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