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Genetic Influence on ERP Slow Wave Measures 
of Working Memory

N. K. Hansell,1,2,4 M. J. Wright, 1 G. M. Geffen,2 L. B. Geffen,2 G. A. Smith,3

and N. G. Martin 1

Individual differences in the variance of event-related potential (ERP) slow wave (SW) mea-
sures were examined. SW was recorded at prefrontal and parietal sites during memory and sen-
sory trials of a delayed-response task in 391 adolescent twin pairs. Familial resemblance was
identified and there was a strong suggestion of genetic influence. A common genetic factor
influencing memory and sensory SW was identified at the prefrontal site (accounting for an
estimated 35%–37% of the reliable variance) and at the parietal site (51%–52% of the reliable
variance). Remaining reliable variance was influenced by unique environmental factors. Mea-
surement error accounted for 24% to 30% of the total variance of each variable. The results show
genetic independence for recording site, but not trial type, and suggest that the genetic factors
identified relate more directly to brain structures, as defined by the cognitive functions they
support, than to the cognitive networks that link them.
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1996) and ERPs elicited in a working memory task have
been shown to vary with intellectual ability (Gevins and
Smith, 2000). However, no previous genetic studies have
examined ERPs elicited in a working memory task,
focusing instead on the commonly used and less cogni-
tively demanding oddball task (oddball tasks require
participants to respond to infrequent stimuli that are
interspersed with frequent stimuli). Working memory
performance has been linked to enhanced activity in
specific brain regions (e.g. Rowe et al., 2000), and the
genetic analyses of ERP measures recorded over differ-
ent regions may provide insight into the structure of
genetic and environmental control over functional and
biological mechanisms involved in working memory.

Neural activity related to working memory has been
identified in human and primate studies (e.g., Chafee and
Goldman-Rakic, 1998; Rowe et al.,2000), with activity
in prefrontal and parietal areas commonly reported. In
humans, functional magnetic resonance imaging (fMRI)
has identified prefrontal and parietal activation that occur
during working memory trials but not trials with no
memory requirement (Rowe et al., 2000). In primates,
single-unit recordings have shown elevated neuronal
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INTRODUCTION

This study examines genetic and environmental influ-
ences on the event-related potential (ERP) slow wave
(SW), which is elicited in memory and sensory trials of
a visual-spatial delayed-response task. Neural activity
occurring during the delay period of a delayed-response
task is reported to be a neuronal correlate (Funahashi
and Kubota, 1994) of working memory processes pro-
posed by Baddeley and Hitch (1974) in the cognitive lit-
erature. The SW, which occurs during the delay period,
is a long-duration ERP component that has been shown
to reflect working memory processes (Ruchkin et al.,
1995). Working memory is considered to be an essen-
tial component of cognition (Miller and Vernon, 1992,



activity in the prefrontal and parietal cortices during re-
tention of visual stimulus location (Batuev et al.,1985;
Chafee and Goldman-Rakic, 1998), and reciprocal pro-
jections between these two cortical areas have been iden-
tified (Chafee and Goldman-Rakic, 2000).

Functionally, the prefrontal cortex is perceived to
play an important role in overall cognitive control and
to integrate information from different cortical areas
(Rao et al., 1997), orchestrate goal-directed behavior,
and influence processing in other brain regions along
task-relevant pathways (Miller, 2000). The parietal cor-
tex is involved in all aspects of human spatial cogni-
tion, including perceptual, motor, attention, and work-
ing memory (Maguire, 1997). These neural networks
are compatible with working memory processes pro-
posed in the cognitive literature. An influential model
introduced by Baddeley and Hitch (1974) features a
central executive for the coordination of resources and
control of processing as well as two subsidiary systems,
the phonological loop and the visual-spatial scratch-
pad. The visual-spatial scratchpad is conceptualized as
having a brief store, as well as control processes re-
sponsible for registering and rehearsing visual-spatial
information. The central executive maps well to the
prefrontal cortex, as does the visual-spatial scratchpad
to the parietal cortex. The present study links brain ac-
tivity (SW) to cognitive functions (working memory)
and examines them in the context of genetic influence.

A number of genetic studies have examined ERPs,
although none has examined SW average amplitude.
The most commonly examined ERP component is the
P300 (a positive peak occurring at approximately 300 ms
post-stimulus presentation) elicited in an oddball task.
Recent studies of P300 amplitude report heritabilities
ranging from 0.39 to 0.79 for parietal data in adoles-
cents (Katsanis et al.,1997; O’Connor et al.,1994; van
Beijsterveldt et al.,1998). Although the genetic archi-
tecture may differ for P300 and SW, these studies
suggest that the SW may also be influenced by genetic
factors. van Beijsterveldt et al. (1998) report difficulty
in determining whether shared familial factors are due
to genes or shared environment. They perform power
analyses to identify the number of twins required to re-
ject a false CE model (containing shared and unique
environmental influences) and report that 52 twin pairs
are required if h2 5 80%, 180 if h2 5 60%, and 597 if
h2 5 40%. The present study, with a sample of 391 twin
pairs, has greater power to reject a false CE model than
have previous genetic ERP studies.

Genetic studies of reaction time indicate that mag-
nitude of genetic influence may increase with increasing
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task difficulty (Boomsma and Somsen, 1991; Vernon,
1989) and suggest that ERPs recorded in a working mem-
ory task may be more genetic than those recorded in the
less cognitively demanding oddball task. Magnitude of
genetic influence is also affected by measurement unre-
liability because it adds to the total variance and reduces
the amount of reliable variance. Reliability of P300 am-
plitude is reported to range from 0.31 to 0.89 (Fabiani
et al.,1987; Kinoshita et al.,1996) and although SW re-
liability is not known, estimates of 0.42 to 0.86 have been
reported for another ERP slow potential (Kropp et al.,
2000). These studies indicate that estimates of genetic
influence on SW may be underestimated unless mea-
surement unreliability is accounted for.

The aim of the present study is to examine the in-
fluence of genetic, environmental, and measurement
unreliability factors on SW recorded during a working
memory task. Multivariate analyses will address three
questions. First, are there factors that specifically in-
fluence memory SW? Neural activity occurring during
memory but not sensory trials (such as identified by
Rowe et al., 2000) may be under independent control
compared to neural activity common to both trial types.
Second, are there factors that specifically influence SW
recorded at a prefrontal site? The prefrontal cortex is
perceived to play an important role in overall cognitive
control (Miller, 2000) and may be influenced by factors
independent of those influencing parietal activity. Last,
are there common genetic or environmental factors that
influence SW irrespective of trial type and recording site?
Memory and sensory trials are identical in some aspects
and prefrontal and parietal brain regions communicate
with each other (Chafee and Goldman-Rakic, 2000),
suggesting the possibility of some common influence.
The examination of sources of variance for SW recorded
during a working memory task may extend insight into
the relationship between brain structure and elements
of cognitive functioning.

METHODS

Sample

Participants comprised 391 pairs of 16-year-old
twins. The sample comprised 97 female and 88 male
MZ pairs, 52 female and 48 male DZ pairs, and 106
opposite sex pairs. Of the opposite sex pairs, the first-
born was female in 50 pairs and male in 56 pairs. Fifty
twin pairs were retested after an interval of approxi-
mately 3 months; the retest sample was proportionally
similar to the larger sample with respect to sex and



zygosity. Participants were paid as an incentive to par-
ticipate (A $20–$35 dependent upon performance). All
had corrected-to-normal vision. They were excluded if
either twin had a history of head injury, neurological
or psychiatric conditions, or substance abuse/depen-
dence, and/or was taking medications with significant
central nervous system effects. Participants were re-
quested to avoid drinking or eating caffeine-containing
foods for the 2 hours before their visit. All testing took
place in the morning and each twin participated in two
testing sessions. In one session ERPs were recorded
during performance of a delayed-response task and in
the other session a number of intelligence subtests were
administered. For retest participants, the same proto-
cols for testing were followed on both testing occa-
sions, although the tester was not necessarily the same
person. Session testing order for each individual twin
was unchanged.

Zygosity was determined using the commercial kit
(AmpF1STR Profiler Plus Amplification Kit, ABI),
which comprises 10 independent DNA markers (9 short
tandem repeat (str) loci D3S1358, vWA, FGA,
D8S1179, D21S11, D18S51, D5S818, D13S317,
D7S820, and one homologous region on the X and Y
chromosomes, amelogenin, which confirms gender).
Same-sex twin pairs were checked for concordance
across the 9 str loci. These results were cross-checked
with blood group results for the ABO, MNS, and Rh
systems (Australian Red Cross Blood Service, Bris-
bane) and/or phenotypic data (hair, skin, and eye color),
giving an overall probability of correct zygosity as-
signment of greater than 99.9%.

Task Description

Participants were tested in a dimly lit, sound at-
tenuated, electrically shielded room. They were seated
45 cm in front of a touch-sensitive screen that was po-
sitioned just below eye-level. The screen intensity was
illuminated with constant brightness (0.313) and stim-
uli could be clearly distinguished against a grey back-
ground with minimal after-images. A black hood with
a 205-mm hole was centered over the monitor screen,
thus making all targets equidistant from the edge of the
screen. A response from the participant involved touch-
ing the screen with a pencil-shaped, rubber-tipped
pointer (5 mm in diameter) held in their preferred hand.
When not responding to a specific stimulus, partici-
pants rested their preferred hand on a touch sensitive
response pad (50 mm 3 50 mm) placed at table level
in front of the screen.
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The participant was required to remember the lo-
cation of a target during a 1 s or 4 s delay period and
then to touch the screen with the rubber-tipped pointer
at the remembered location. Memory trials began with
the presentation of a central fixation point (black spot,
0.5° visual angle in diameter). Participants fixated on
this point until it disappeared. The target stimulus
(checkered black and grey circle, 1.5° visual angle)
onset was 250 ms after fixation point onset. It was pre-
sented peripherally for 150 ms. Targets appeared
pseudorandomly (1° steps) at a radius of 10° of visual
angle from the mid-point of the target to the central fix-
ation point. Fixation point offset (1 s or 4 s after target
offset) was the cue for the participant to touch the
screen at the remembered position of the target. Mem-
ory trials were randomly interspersed with sensory con-
trol trials. In sensory trials the target stimulus remained
on screen throughout the delay and response interval. In
all other aspects they were identical to memory trials.

A distractor, identical to the target, was presented
peripherally for 150 ms on 50% of both memory and
sensory trials. It was presented 300 to 700 ms after tar-
get onset and could occur anywhere other than within
a 15° radius of the preceding target. Participants were
instructed to ignore all distractors. Participant response
was required to be prompt (150–1500 ms post-fixation
offset), although not at the expense of accuracy (re-
quired to point within 1.5° of the target). Each correct
response was rewarded (2–10 cents, dependent on ac-
curacy) and each incorrect response was penalized
(minus 5 cents). Feedback of response time and amount
won was displayed after each trial. A time-line for
memory and sensory trials is shown in Fig. 1.

The 8 permutations of 2 levels of trial type 3 dis-
tractor presence/absence 3 2 delays were equiproba-
ble and were varied randomly from trial to trial. Six
blocks of 72 trials were presented. Total testing time
was approximately 90 min and included fitting an elec-
trode cap, instruction and practice on the task, data col-
lection, and adequate rest periods.

ERP Recording and Measures

ERPs were recorded from 15 sites (Fp1, Fp2, F7,
F8, F3, Fz, F4, C3, Cz C4, P3, Pz P4, O1, O2) using
the Electrocap System. Recording sites were referenced
to linked ears and had impedances below 5 kohms. Eye
movements and blinks were monitored via electrodes
placed on the left eye (above the eye and on the outer
canthus). The electrooculogram (EOG), Fp1, and Fp2
were amplified 5K times and all other EEG channels



20K times by Grass preamplifiers (model P511K) with
a band pass of 0.01 to 100 Hz. Stimulus presentation
and ERP data collection was controlled by an IBM
compatible 486 DX66 Mhz computer. ERPs were sam-
pled at 250 Hz from 100 ms prior to fixation point onset
to 200 ms post-fixation point offset and monitored on-
line. Eye movement artifacts were removed, and EEG
data exceeding 50mV RMS was automatically rejected.

Following artifact rejection, trials were averaged
using a pre-target baseline of 350 ms (Geffen et al.,
1997). Data were averaged separately for type of trial
(memory vs. sensory), distractor (presence vs. absence),
and delay (1 s vs 4 s). Measures of selected ERP wave-
form components were computed using the Queensland
University Event-Related Potential System (QUERPS).
In the present study, the measures of interest were SW
average amplitude computed for the interval 650 to
1150 ms post-target onset (see Fig. 1) for the memory
and sensory trials. Only trials in which no distractor
was presented were analyzed in the present study. The
650 to 1150 ms interval is the early period of the SW.
The findings of Ruchkin et al., (1995) suggest similar
or greater prefrontal SW sensitivity to memory load at
an early interval (800–1200 ms) compared with later
intervals (1260–2100 ms and 2160–3800 ms), and our
own analyses indicate maximum waveform differences
for prefrontal memory and sensory SW in the chosen
interval (see Fig. 3).

To optimize estimates for individuals, data recorded
during the interval 650 to 1150 ms (post-target onset)
were extracted from both 1 s and 4 s delay trials and
averaged. For sensory SW the mean number of trials
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averaged for each individual was 74.5 (SD 5 15.3,
range 19–96) and for memory SW the mean was 65.2
(SD5 15.6, range 10–95). Waveforms for participants
with less than 20 trials were visually inspected for sta-
bility of data (one participant with ,20 memory and
,20 sensory trials and two participants with ,20 mem-
ory trials were included in the analyses). Data from
right-hemisphere prefrontal (Fp2) and parietal (P4) sites
were examined for the present analysis due to reports
of prefrontal and parietal activity during spatial work-
ing memory (Chafee and Goldman-Rakic, 1998; Rowe
et al., 2000) and enhanced right hemisphere activity
(Smith and Jonides, 1995). Supporting the decision not
to analyze a large number of sites is the study by van
Beijsterveldt et al. (1998), which found little differen-
tiation in genetic and shared environmental influence
at proximal sites for P300.

Participants were excluded from analyses if they
had more than 40% of trials rejected due to EOG/EEG
rejection protocol, or if more than 30% of trials were
rejected for behavioral reasons (responses too slow, too
fast, or spatially incorrect). Participants with fewer than
10 accepted trials for a condition were rejected for that
condition. Approximately 7% of the sample of 391 twin
pairs were lost due to exclusions.

Statistical Analyses

Preliminary Analyses

The method of maximum likelihood estimation
from raw data observations (Eaves et al., 1978) was
used to examine the assumption that means and vari-
ances did not differ for birth order, zygosity, or sex.
An initial fully saturated model in which all means and
variances were free to vary (for the 6 zygosity groups:
MZF, MZM, DZF, DZM, DZFM, DZMF) was compared
with successively more constrained models. The first
comparison was with a model that equated means and
variances for first- and second-born same-sex twins.
Second, means and variances for MZ and DZ twins
were set equal for each sex. Last, means and variances
for males were set equal to those of females. In each
case, the fit of the more restricted model was compared
with the model within which it was nested by likelihood
ratio test.

Maximum likelihood estimation from raw data was
also used to examine mean differences for memory and
sensory SW and to compute phenotypic and twin cor-
relations. To examine twin correlations, an initial fully
saturated model in which correlations were free to vary

Fig. 1. Timing of events in (a) sensory trials and (b) memory trials.
Note: R 5 responses, Fb 5 feedback, ITI 5 intertrial interval. Base-
line is 2.350 to 0 seconds.



for the 6 zygosity groups was compared first with a
more constrained model, in which twin correlations for
MZF were set equal to MZM, DZF to DZM, and DZFM
to DZMF. This model was then compared with a more
constrained model, in which twin correlations for same-
sex and opposite-sex DZ pairs were set equal. Pooling
across sex would allow one MZ and one DZ group to
be used for multivariate analyses.

Twin correlations for one MZ and one DZ group
were then corrected for measurement error by includ-
ing retest data in the modeling. An initial fully satu-
rated model, in which correlations were free to vary for
the two zygosity groups, was compared with a more
constrained model, in which the cross-time correlations
for MZ twin 1 were set equal to those for MZ twin 2,
DZ twin 1, and DZ twin 2. This identified the maxi-
mum likelihood estimate of the test-retest reliability
(R) correlation. This model was then compared with a
more constrained model, in which cross-twin correla-
tions and cross-twin/cross-time correlations were set
equal for MZ pairs and for DZ pairs. This resulted in
MZ and DZ correlations uncorrected for measurement
error (ie, R*MZ and R*DZ). Correlations (shown in
Table I) were corrected by dividing by R.

Genetic Model Fitting

Variance caused by individual differences can be
due to additive genetic (A), common family environ-
mental (C), and unshared environmental influence (E).
The model used to identify these sources of variance in
the present study contains elements of a model reported
to estimate split-half reliability used by van Baal (1997).
However, in the current analyses an independent-
pathways, rather than a common-pathways approach,
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was taken (see Neale and Cardon, 1992, for details of
these models) and the model identified reliable test-
retest rather than split-half variance. Reliable test-retest
variance provides a better basis for examining the un-
derestimation of genetic and environmental influence
as it takes into account medium term ERP fluctuations
within the individual as well as measurement error spe-
cific to test occasion.

The model (Fig. 2) was based on the assumptions
that variance not common to test and retest data for
each variable represents measurement error or unreli-
ability (U), and that the total variance for each variable
is the same at test and retest. To identify variance com-
mon to test and retest data, every pathway from an A,
C, or E factor to test data was set equal to a pathway
from the same factor to the retest data for the same vari-
able. Because total variance is assumed to be the same
at test and retest, test U was set to equal retest U for
each variable. Three A, C, and E factors were chosen
to identify their influence on SW. A1, C1, and E1 ex-
amine common genetic and environmental influence on
all the SW measures. A2, C2, and E2 examine genetic
and environmental influence specific to memory SW.
Factors influencing sensory but not memory SW were
not directly examined. A3, C3, and E3 examine genetic
and environmental influence specific to SW recorded
at the prefrontal site. Factors influencing SW recorded
at the parietal but not the prefrontal site were not di-
rectly examined. Because the model identified reliable
variance, genetic and environmental influences as a per-
centage of the total variance and as a percentage of the
reliable variance were computed.

Raw data were used in all modeling. Outliers for
the genetic model were identified using the %P option
in MX (Neale, 1997), which provides a likelihood

Table I. Twin Correlations (95% Confidence Intervals) for Memory and Sensory Slow Wave Recorded
at Right Hemisphere Prefrontal (Fp2) and Parietal (P4) Sites

MZ DZ
Corrected for measurement error

Variable (168–171 pairs) (187–199 pairs) MZ DZ

Prefrontal SW
Memory 0.24 (0.08–0.37) 0.14 (0.00–0.28) 0.38 (0.15–0.61) 0.22 (0.00–0.43)
Sensory 0.25 (0.10–0.39) 0.14 (0.00–0.28) 0.60 (0.30–0.86) 0.28 (0.02–0.45)

Parietal SW
Memory 0.43 (0.30–0.55) 0.23 (0.10–0.35) 0.84 (0.59–1.00) 0.51 (0.27–0.75)
Sensory 0.40 (0.25–0.52) 0.18 (0.06–0.32) 0.73 (0.44–0.94) 0.38 (0.13–0.62)

Note: These are maximum likelihood correlations computed with one mean and one SD.To correct for mea-
surement error, cross-twin and cross-twin cross-time correlations were equated and then divided by the cross-
time correlation.



statistic for each family (twin pair) conditional on the
model. Twin pairs were dropped if their z-score value
was greater than 63.5 and the analyses rerun. Data lost
due to outliers were less than 1% of the sample.

RESULTS

No significant differences in the means and vari-
ances for birth order, zygosity, or sex were identified for
SW average amplitude. At the prefrontal site, mean mem-
ory SW average amplitude was 21.2 mV (SD5 8.2) and
mean sensory SW was 0.8 mV (SD 5 7.6). At the pari-
etal site, mean memory SW was 24.6 mV (SD 5 6.5)
and mean sensory SW was 25.7 mV (SD5 5.7). Mean
memory SW was significantly more negative than mean
sensory SW at Fp2 nx2 66.6, ndf 1) but significantly
less negative at P4 (nx2 10.2, ndf 1). These differences
are reflected in the grandmean waveforms (Fig. 3).

Memory and sensory SW average amplitude cor-
related 0.68 (95% confidence interval [CI] 0.63–0.71)
at the prefrontal site and 0.76 (CI 0.73–0.79) at the pari-
etal site. Prefrontal and parietal correlated 0.30 (CI
0.23–0.37) for memory SW and 0.36 (CI 0.30–0.43)
for sensory SW. All phenotypic correlations could be
set equal for males and females.

ERP waveforms recorded for one MZ and one DZ
twin pair are shown in Fig. 4. The waveforms for the
MZ co-twins are more similar than for the DZ pair. How-
ever, these twin pairs were chosen for the similarity and
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dissimilarity of their waveforms, and the effect of zy-
gosity was not so clear in the waveforms of all twin pairs.

Twin Correlations

MZ correlations were approximately twice DZ
correlations for all SW variables, indicating genetic
influence (Table I). No significant differences in twin
correlations were found for MZF and MZM pairs or for
DZF, DZM, DZFM, and DZMF pairs, suggesting that
causes of variance in SW average amplitude were not
influenced by the sex of the participant. Retest data for

Fig. 2. Modeling of additive genetic (A), shared (C) and unshared environmental (E), and measurement error (U) variance. A, C, and E mod-
eling is the same, so only A pathways are shown. Reliable genetic and environmental variance is identified by equating pathways from A, C,
and E factors to test and retest data for each variable (a1, b1, c1, etc.). The remaining variance (U) is unshared between test and retest but
represents an equal amount of variance for each test-retest variable and is therefore equated for each test-retest variable.

Fig. 3. Delayed-response task waveforms averaged across all par-
ticipants. Waveforms were recorded at right-hemisphere prefrontal
(Fp2) and parietal (P4) sites during memory and sensory conditions.



a subgroup of 50 twin pairs was included in analyses
to obtain correlations corrected for measurement error
in MZ and DZ groups. In the following analyses, sexes
were pooled within MZ and DZ.

Model-Fitting of SW Memory and Sensory Data

A multivariate model, containing sensory and mem-
ory SW recorded from parietal and prefrontal scalp lo-
cations, was examined. The model included test data
from the full sample and retest data from a subset of the
sample, thus allowing the estimation of variance not
common to test and retest which represents measurement
error or unreliability (U). Models containing AEU, CEU,
or EU were compared with the full ACEU model (see
Table II). Both the AEU and the CEU models were a
better fit to the data than the full ACEU model, although
for 8 df the AEU model had a smaller change in 22LL
than the CEU model (4.02 vs. 12.28, critical value 5
15.51, p 5 .05). There is clearly familial correlation
because eliminating both sources of familial variance
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(EU model) resulted in a highly significant worsening
of fit. The twin correlations (Table I) suggest that genes
are more influential than common environment, and path
coefficients for the full ACE model also indicate stronger
genetic than common environmental influence. Path co-
efficients range from 20.14 to 0.20 for common envi-

Fig. 4. Examples of right hemisphere prefrontal (Fp2) and parietal (P4) waveforms recorded from one MZ and one DZ twin pair during a de-
layed-response task. The vertical bars at the left of each waveform indicate target onset and offset. A 4 s delay follows target offset and the
slow wave (SW) represents processing during the delay period. The interval of interest in the present study is 650–1150 ms.

Table II. Multivariate Model-Fitting for Slow Wave Average
Amplitude Recorded at Two Scalp Locations (Right

Hemisphere Parietal and Prefrontal) and for 
Two Conditions (Sensory and Memory)

Model n22LL ndf p

ACEU — — —
AEU 4.02 8 0.86
CEU 12.28 8 0.14
EU 78.59 16 0.00

A 5 variance due to additive genetic factors.
C 5 variance due to common environmental factors.
E 5 variance due to unique environmental factors.
U 5 variance due to measurement error or unreliability.



ronmental factors and 0.00 to 0.63 for genetic factors.
We therefore chose the AE model for further investiga-
tion into the structure of covariation. Path coefficients
and correlations are shown in Table III and the best-
fitting model is shown in Fig. 5.

The first genetic factor accounted for 39% of the
total variance for sensory and memory SW recorded at
the parietal site (Table IV). Small influences on sen-
sory and memory SW recorded at the prefrontal site
were identified, but reflecting the moderately low ge-
netic correlations between recording site (Table II),
they could be dropped from the model without wors-
ening fit. A second genetic factor was examined to
identify genetic influence specific to memory SW. Very
high genetic correlations for memory and sensory SW
(Table II) indicated that no memory influence would
be identified and, accordingly, the small genetic influ-
ences identified could be dropped from the model with-
out worsening fit. A third genetic factor was examined
to identify genetic influence specific to SW recorded
at the prefrontal site. It accounted for 26% of the total
variance for both memory and sensory SW.

Unique environmental correlations (Table II) sug-
gest some common influence to all variables. The first
factor accounted for 37% of the total variance for sen-
sory SW and 27% of the total variance for memory SW
recorded at the parietal site. For SW recorded at the
prefrontal site it accounted for 13% of the total vari-
ance for sensory SW and 9% of the total variance for
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memory SW. A second unique environmental factor
was examined to identify influence specific to memory
SW. High unique environmental correlations for mem-
ory and sensory SW (Table II) indicated that little in-
fluence specific to memory SW would be identified.
Small unique environmental influences were identified,
accounting for 5% of the total variance for memory SW
recorded at the parietal site and 8% at the prefrontal
site. A third unique environmental factor was exam-
ined to identify influences specific to SW recorded at
the prefrontal site. It accounted for 28% of the total
variance for both memory and sensory SW.

A measurement error or unreliability factor ac-
counted for 24% of the total variance for sensory SW
(95% confidence interval [CI] 5 20%–29%) and 26%
of the total variance for memory SW recorded at the
parietal site (CI 5 22%–31%). For SW recorded at the
prefrontal site, it accounted for 30% of the total variance
for sensory SW (CI 5 25%–36%) and 26% of the total
variance for memory SW (CI 5 21%–31%). Having
identified variance due to measurement error, genetic
and unique environmental influence on the remaining re-
liable variance was estimated and is shown in Table IV.

DISCUSSION

We have examined the heritability of slow wave
(SW) amplitude recorded during a delayed-response
task used to assess working memory. The study aimed

Table III. Standardized Path Coefficients and Correlations for Parietal (P4) and
Prefrontal (Fp2) SW Recorded During Memory and Sensory Conditions

Path coefficients Genetics correlations

Variable A1 A2 A3 U P4 S P4 M Fp2 S

P4 Sensory .62 — — .49
P4 Memory .62 .18 — .51 .96
Fp2 Sensory .17 — .49 .55 .32 .31
Fp2 Memory .09 .17 .52 .51 .17 .25 .94

E1 E2 E3 Unique Env. Correlations

P4 Sensory .61 — —
P4 Memory .52 .23 — .92
Fp2 Sensory .36 — .53 .56 .52
Fp2 Memory .30 .28 .53 .44 .57 .91

Note: Because pathways are set to be equal for test and retest, path coefficients are shown
once for the variable rather than for the variable at test and retest.
A1–A3 5 additive genetic factors.
E1–E3 5 unique or unshared environmental factors.
U 5 measurement error or unreliability.
— 5 constrained to zero.



to identify genetic influences specific to SW recorded
during memory trials, specific to SW recorded at a pre-
frontal site, and/or common to SW in general. Sub-
stantial familial resemblance is identified and there is
a strong suggestion that this is due to genetic factors.
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Genetic influence specific to memory SW is not found,
rather a common genetic factor is found to influence
SW recorded during both memory and sensory trials at
prefrontal (an estimated 35%–37% of the reliable vari-
ance) and parietal sites (51%–52%), suggesting that

Table IV. Percentages of Total Variance and Reliable Variance (with 95% Confidence Intervals)
Explained by Additive Genetic (A) and Unshared Environmental (E) Factors for Memory and

Sensory SW Recorded at Right Hemisphere Parietal (P4) and Prefrontal (Fp2) Sites

% of total variance % of reliable variance

Variable A1 A2 A3 A1 A2 A3

P4 Sensory 39 (27–49) — — 51 (36–64) — —
P4 Memory 39 (27–50) 3 (0–8) — 52 (37–66) 4 (0–11) —
Fp2 Sensory 3 (0–10) — 26 (15–36) 4 (0–14) — 37 (21–52)
Fp2 Memory 1 (0–5) 3 (0–8) 26 (15–36) 1 (0–7) 4 (0–11) 35 (20–48)

E1 E2 E3 E1 E2 E3

P4 Sensory 37 (27–49) — — 49 (36–64) — —
P4 Memory 27 (18–38) 5 (1–11) — 37 (24–52) 7 (1–15) —
Fp2 Sensory 13 (5–23) — 28 (18–39) 19 (7–34) — 40 (26–56)
Fp2 Memory 9 (3–17) 8 (2–15) 28 (19–39) 12 (4–23) 10 (2–20) 38 (25–53)

Note: Figures in italics indicate influences that could be dropped from the model without worsening fit.

Fig. 5. Model of additive genetic (A), unshared environmental (E), and measurement unreliability (U) influence on slow wave (SW) variance.
SW was recorded at two scalp locations (right hemisphere parietal (P4) and prefrontal (Fp2)) for two trial types (sensory (Sens) and memory
(Mem)) and on two test occasions (test and retest). Path coefficients are standardized. Dashed lines indicate pathways that could be dropped
without worsening the fit of the model.



both trial types may be cognitive in nature. Not only is
genetic influence specific to SW recorded at the pre-
frontal site identified, the results also suggest little or no
common genetic influence for SW recorded at prefrontal
and parietal sites. A common genetic factor influencing
all SW, irrespective of trial type and recording site, is
not found. The pattern of genetic factors identified sug-
gests that neural functioning underlying different aspects
of working memory processing (i.e., prefrontal execu-
tive processing and parietal spatial processing), is under
the influence of different genetic factors.

Although memory SW is significantly more neg-
ative than sensory SW at the prefrontal site, no specific
genetic influence for memory SW is identified. This
may be due to insufficient power to detect a small ef-
fect. SW recorded at the parietal site is less negative
for memory than sensory trials and may be the result
of increased parietal response preparation due to the
continued salience of the stimulus in sensory trials. The
finding that memory and sensory SW are influenced by
common genetic factors at both prefrontal and parietal
sites reflects their high phenotypic correlation and sug-
gests similarity of processing in both conditions. Both
memory and sensory trials engage executive processes,
or prefrontal activity, by requiring goal-directed be-
havior (maintenance of gaze on a fixation point and
withholding response) and both involve processing of
spatial information, or parietal activity. Maintaining
gaze away from the target stimulus may promote con-
tinual updating of sensory information during sensory
as well as memory trials. Therefore, both sensory and
memory trials may have a similar cognitive component.

The genetic distinctiveness of SW recorded at pre-
frontal and parietal sites reflects their moderately low
phenotypic correlation. SW recorded at the parietal site
may be more heritable than SW recorded at the prefrontal
site, but there is overlap in confidence intervals. The lit-
erature indicates that prefrontal and parietal cortical areas
have different functional roles. The prefrontal cortex is
considered to be involved in general cognitive control
(Miller, 2000) and the parietal cortex in spatial cogni-
tion (Maguire, 1997). The results suggest differential ge-
netic influence according to type of cognitive function,
which in turn is dependent upon cortical region.

The magnitude of genetic influence on parietal SW
average amplitude is comparable to heritabilities, rang-
ing from 0.39 to 0.79, reported for P300 amplitude in
studies of similar-aged participants that have used the
oddball task (Katsanis et al., 1997; O’Connor et al.,
1994; Van Beijsterveldt et al., 1998). It has been sug-
gested that task difficulty may influence magnitude of
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genetic influence (Boomsma and Somsen, 1991; Ver-
non and Mori, 1989), indicating that ERPs recorded
during a working memory task may have a greater mag-
nitude of genetic influence than ERPs recorded during
the less cognitively demanding oddball task. Based on
heritabilities for SW recorded at the parietal site, this
hypothesis is not supported in the present study where
heritability is 0.39 if unadjusted for measurement error.
However, the architecture of SW and P300 may vary
and a better test of the hypothesis would be to compare
the amplitudes of P300s, adjusted for reliability because
this may vary, from both tasks (the oddball task does
not elicit a SW).

In the present study, multivariate models that con-
tain only shared and unique environmental factors (i.e.,
a CE model) are unable to be rejected outright and this
is most likely due to insufficient power. van Beijster-
veldt et al. (1998) calculated the number of twins re-
quired to reject a false CE model with an alpha of 0.05
and a power of 0.80. When heritability is 0.40, 597 twin
pairs are required. Therefore, the current study, with
a sample of 391 twin pairs, does not have sufficient
power to reject a false CE model. van Beijsterveldt
et al. (1998), with a sample of 213 twin pairs, were also
unable to clearly differentiate AE and CE models when
examining P300 data. They reported results for both
AE (h2 range 5 0.47–0.61 at P4) and CE models. In
the present analyses, the AE appears to be a better fit-
ting model than the CE, suggesting that with a larger
sample the CE model would be rejected. The results of
AE modeling are reported in this study.

Measurement error or unreliability accounts for
24% to 30% of the total variance for memory and sen-
sory SW recorded at prefrontal and parietal sites in the
present study. Considerable overlap in confidence in-
tervals indicates that measurement error is essentially
the same for all variables. Partitioning measurement
error allows the identification of a more accurate esti-
mate of unique environmental influence. A unique en-
vironmental factor influencing all variables but with
greatest influence on SW recorded at the parietal site
(an estimated 37%–49% of the reliable variance) is
identified. SW recorded at the prefrontal site is also
influenced by a unique environmental factor account-
ing for 28% of the reliable variance, indicating some
recording site independence. A unique environmental
factor exerting a small influence on memory SW at both
recording sites (an estimated 7%–10% of the reliable
variance) is also identified. The results indicate differ-
ential unique environmental influence for recording site
and trial type and suggest that unique environmental



factors may have both specific and general effects on
neural activity. For example, the use of different
mnemonic strategies by cotwins in memory trials may
contribute to unique environmental effects. More wide
ranging effects may be caused by differential exposure
to factors, such as stress, that may affect neuronal de-
velopment. The unique environmental pattern of in-
fluence is similar to that of additive genetic factors.
However, the common unique environmental factor
influencing all SW exerts a stronger influence on pre-
frontal sites as does the unique environmental factor
influencing memory SW.

Future analyses aim to provide greater insight into
the genetic nature of event-related potentials elicited
during the delayed-response task. A more difficult
memory trial type, that includes a distracting stimulus,
will be compared with the sensory and memory trials
examined in the current analyses because it may pro-
vide a stronger and more genetic measure of working
memory. The inclusion of another trial type and more
recording sites may have the added advantage of in-
creasing the power of the analyses to detect genetic fac-
tors. SW will be compared with the P300 elicited in the
same task, to examine whether they are influenced by
specific and/or common genetic factors, thus providing
insight into the genetic relationship of factors that in-
fluence stimulus evaluation (P300) and maintenance of
stimulus information (SW). The extent to which ERP
and performance measures are influenced by the same
genetic factors will be examined along with psycho-
metric IQ. Common genetic influence on IQ and ERP
measures will increase the power of proposed linkage
analysis to identify quantitative trait loci linked to in-
dividual differences in cognitive function.
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