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a b s t r a c t

Intraindividual trial-to-trial reaction time (RT) variability is commonly found to be higher in clinical
populations or life periods that are associated with impaired cognition. In the present study, higher
within-person trial-to-trial RT variability in a perceptual speed task is related to more forgetting and
dedifferentiation of memory functions in older adults (aged 60–71 years). More specifically, our study
showed that individuals in a high-variability group (n = 175) forgot more memory scenes over a 1-week
retention interval than individuals in the low-variability group (n = 174). In contrast, slower RT speed was
associated with poorer episodic memory in general, but unrelated to the amount of forgetting. Moreover,
orgetting
pisodic memory
edifferentiation
opamine
ging

results from multiple group latent factor analyses showed that episodic memory and working memory
functions were more highly correlated in the high-variability (r = .63) than in the low-variability (r = .25)
group. Given that deficits in dopamine (DA) modulation may underlie increases in RT variability, the
present findings are in line with (i) recent animal studies implicating DA in long-term episodic memory
consolidation and (ii) neurocomputational work linking DA modulation of performance variability to
dedifferentiation of cognitive functions in old age.
. Introduction

A variety of clinical populations suffering from pathologies of
he central nervous system are also characterized by increased trial-
o-trial reaction time (RT) variability (for reviews, see MacDonald,
i, & Bäckman, 2009; MacDonald, Nyberg, & Bäckman, 2006).
mple evidence has shown that trial-to-trial RT variability is
reater in individuals with attention-deficit hyperactivity disorder
ADHD; e.g., Bellgrove, Hawi, Kirley, Gill, & Robertson, 2005; Klein,

endling, Huettner, Ruder, & Peper, 2006; Vaurio, Simmonds, &
ostofsky, 2009), schizophrenia (Manoach, 2003; Manoach et al.,

000), head injury (Hetherington, Stuss, & Finlayson, 1996) and
n populations with aging-related pathologies, such as mild cogni-

ive impairment (Gorus, De Raedt, Lambert, Lemper, & Mets, 2008;
trauss, Bielak, Bunce, Hunter, & Hultsch, 2007), dementia (Gordon
Carson, 1990; Hultsch, MacDonald, Hunter, Levy-Bencheton, &
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Strauss, 2000; Knotek, Bayles, & Kaszniak, 1990), and Parkinson’s
disease (de Frias, Dixon, Fisher, & Camicioli, 2007). Moreover,
healthy human aging is also associated with increasing RT vari-
ability (e.g., Li et al., 2004; Williams, Hultsch, Strauss, Hunter, &
Tannock, 2005) and such within-person variability has been shown
to be predictive of longitudinal cognitive declines (Lövdén, Li, Shing,
& Lindenberger, 2007; MacDonald, Hultsch, & Dixon, 2003). These
findings together suggest that within-person variation in measures
of cognitive speed is a behavioral indicator of neural integrity.

1.1. Neuromodulation of intraindividual variability

Conceivably, mechanisms underlying increased performance
variability involve reduced brain resources at structural, functional,
and neurochemical levels (MacDonald, Li, et al., 2009; MacDonald,
Nyberg, et al., 2006). In this study, we focus on deficits in dopamin-
ergic neuromodulation as a potential source of increased neural
noise (Li, Lindenberger, & Sikström, 2001; Servan-Schreiber, Printz,
& Cohen, 1990; Winterer & Weinberger, 2004) that raise within-

person performance variability at the behavioral level. Several
lines of evidence support the DA-variability link. First, neurocom-
putational theories have formally linked deficient dopaminergic
neuromodulation to increased processing noise in neural net-

dx.doi.org/10.1016/j.neuropsychologia.2011.03.013
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
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orks (e.g., Li & Lindenberger, 1999; Li, Lindenberger, et al., 2001;
ervan-Schreiber et al., 1990), subsequently resulting in higher
erformance variability. Second, investigating the cognitive phe-
otypic effects of the Catechol-O-Methyltransferase (COMT) gene,
study by Stefanis et al. (2005) showed that male Val/Val carri-

rs of the COMT gene, whose prefrontal DA availability is lower
ue to faster enzymatic activity (Craddock, Owen, & O’Donovan,
006), exhibited higher intraindividual variability than Met/Met
arriers. Third, direct empirical support for the DA-variability link
omes from a recent receptor imaging study, which showed that
ower DA D2 receptor binding in a number of extrastriatal regions

as associated with increasing RT variability during recognition
emory and executive performance (MacDonald, Cervenka, Farde,
yberg, & Bäckman, 2009). Forth, several clinical populations asso-
iated with increased variability (e.g., Parkinson’s disease, ADHD,
chizophrenia) are also characterized by faulty dopaminergic neu-
otransmission. Thus, both theory and data from different levels
f analyses converge to suggest that individual differences in DA
unction are related to within-person variability.

.2. Interindividual differences in forgetting

Research addressing the question of whether various individual-
ifference variables predict rates of forgetting has often reported

nvariant forgetting curves or yielded controversial results (for
eview, see MacDonald, Stigsdotter-Neely, Derwinger, & Bäckman,
006). Equivalent rates of forgetting have been shown for
ealthy controls and Alzheimer’s disease patients (e.g., Christensen,
opelman, Stanhope, Lorentz, & Owen, 1998; Kopelman, 1985,
992) as well as patients with diencephalic and medial-temporal

obe amnesia (McKee & Squire, 1992). In aging research, forgetting
ates have been studied across different age groups and reten-
ion intervals and the findings are mixed. Whereas some studies
eported differences in initial performance, but invariant forget-
ing rates in older and younger adults (Fjell et al., 2005; Rybarczyk,
art, & Harkins, 1987; Spikman, Berg, & Deelman, 1995), others
ave shown greater forgetting in older adults, especially after long
elays (e.g., 1 week; see Huppert & Kopelman, 1989; Park, Royal,
udley, & Morrell, 1988), or when testing individuals on episodic

ecall, rather than recognition tasks (MacDonald, Stigsdotter-Neely,
t al., 2006). With respect to experimental manipulations, encod-
ng factors such as meaningfulness of the material (Underwood &
ichardson, 1956), degree of learning (Slamecka & McElree, 1983),
nd pictorial elaboration (Forbes & Reese, 1974) have been found
o affect initial rate of learning, but not rate of forgetting.

To date, however, no study has investigated whether individ-
al differences in within-person trial-to-trial RT variability would
e predictive of forgetting. This question is interesting in light of
ccumulating evidence suggesting that the DA system is involved
n long-term memory formation and consolidation (e.g., Cervenka,
äckman, Cselényi, Halldin, & Farde, 2008; see Düzel et al., 2010

or review; Lisman & Grace, 2005). Specifically, evidence from
nimal studies shows that DA antagonist infusion in the hippocam-
us results in larger memory deficits after longer as compared to
horter retention intervals (Bethus, Tse, & Morris, 2010; O’Carroll,
artin, Sandin, Frenguelli, & Morris, 2006). Bethus et al. (2010)

ound that, whereas a DA antagonist impaired long-term memory
fter 24 h of retention, it did not affect short-term memory retrieval
0 min after encoding. Furthermore, in humans there is recent evi-
ence for a direct relation between lower DA D2 receptor binding

n hippocampus and higher performance variability during recog-
ition memory (MacDonald, Cervenka, et al., 2009). Accordingly,

e hypothesize that, relative to individuals with lower within-
erson variations, individuals with higher performance variability
ay forget more information, reflecting suboptimal DA neuromod-

lation.
logia 49 (2011) 1879–1888

1.3. Variability and dedifferentiation of cognitive functions

In addition to investigating whether RT variability predicts rate
of forgetting, the present study focuses on another phenomenon
of cognitive aging – the dedifferentiation of cognitive functions
– that is potentially related to dopamine modulation of intrain-
dividual variability. Dedifferentiation refers to an increase in the
correlations between various cognitive functions or abilities such
as different aspects of intelligence (e.g., Baltes, Cornelius, Spiro,
Nesselroade, & Willis, 1980; Li et al., 2004) or between sensory and
cognitive domains of functioning (Baltes & Lindenberger, 1997; Li,
Aggen, Nesselroade, & Baltes, 2001; Lindenberger & Baltes, 1994).
Evidence from longitudinal studies supports cross-sectional find-
ings on the dedifferentiation of cognitive functions in old age. For
instance, de Frias, Lövdén, Lindenberger, & Nilsson. (2007) found
higher correlations among measures of episodic recall, seman-
tic knowledge, and verbal fluency, indicating dedifferentiation in
groups aged 65–70 and 75–80 years relative to earlier age cohorts
(see also Schaie, Maitland, Willis, & Intrieri, 1998).

As for potential mechanisms underlying cognitive dedifferentia-
tion, neural network simulations suggest that increased processing
noise due to suboptimal gain modulation that simulated deficient
DA modulation leads to increased within-network performance
variability, resulting in increased coactivation of different processes
(Li & Sikström, 2002) and higher correlations across different cogni-
tive tasks (Li, Lindenberger, et al., 2001). Other than this theoretical
link, higher performance variability and process dedifferentiation
have mostly been treated as separate phenomena. In the rare case
when both questions were addressed in a common study, children
and older adults showed greater trial-to-trial variability in a range
of RT tasks and, at the same time, also exhibited higher correlations
between measures of five primary mental abilities (Li et al., 2004).
However, age differences in processing variability and dedifferen-
tiation were only examined in parallel in the study by Li et al.’s
(2004) thus, the question whether there is a direct empirical link
between intraindividual variability and cognitive dedifferentiation
remains open.

Of special interest here, molecular imaging studies have shown
that DA neuromodulation affects both episodic memory and work-
ing memory. For instance, a single-photon emission computed
tomography (SPECT) study reported that striatal D2/D3 receptor
density correlated with verbal episodic memory and working mem-
ory (Chen et al., 2005). Along the same lines, two positron emission
tomography (PET) studies showed that D2 receptor binding in the
hippocampus was associated with episodic memory performance
as well as with executive functioning (Takahashi et al., 2007, 2008).
Thus, at the within-person level, impaired DA modulation may
affect episodic memory and working memory and increase pro-
cessing variability. Increased processing variability, as illustrated
in neurocomputational simulations (Li, Lindenberger, et al., 2001;
Li & Sikström, 2002), consequently may lead to increased between-
person variability in episodic and working memory and result in a
higher correlation between these two memory functions.

1.4. Aims and key hypotheses of the present study

Integrating the evidence from several lines of research reviewed
above, the present study aimed at investigating the effects of per-
formance variability on forgetting and dedifferentiation of memory
functions in older adults. Individuals were grouped into lower and
higher variability groups on the basis of their performance in a
perceptual speed task. Based on earlier results showing that sub-

optimal DA receptor binding is related to increased RT variability
in episodic memory (MacDonald, Cervenka, et al., 2009), we first
investigated whether trial-to-trial RT variability is associated with
long-term episodic forgetting. We hypothesized that individuals
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ith higher variability, reflecting lower DA activity, would exhibit
ore forgetting after a 1-week retention interval.
Second, we investigated the relation between intraindividual

ariability and dedifferentiation of memory functions by compar-
ng the factor correlations between measures of episodic memory
nd working memory as a function of variability. Based both
n empirical evidence showing that DA receptor density affects
oth episodic and working memory (Chen et al., 2005) and the
heoretical variability–dedifferentiation link derived from neuro-
omputational simulations, we hypothesized that the correlation
etween episodic and working memory would be higher among

ndividuals showing higher variability.

. Methods and materials

.1. Participants and sample inclusion criteria

Five-hundred and seventy-four healthy older adults aged 60–71 years were
ecruited via newspaper announcements and posters in public transportations. All
ubjects reported normal or corrected to normal vision and were right-handed, as
ndexed by the Edinburgh Handedness Index (Oldfield, 1971). All participants scored
ver 27 on the Mini-Mental Status Examination (MMSE). All participants were not
n medications that may affect memory function and did not report a history of head
njuries, medical (e.g., heart attack), neurological (e.g., epilepsy), or psychiatric dis-
ases (e.g., depression). All participants had completed at least 8 years of education.
ritten informed consent was obtained from all subjects, who were paid for their

articipation. The study was approved by the ethics committees of the Max Planck
nstitute for Human Development and the Charité University Medicine, Berlin.

.2. Measures

Participants underwent two cognitive testing sessions, 1 week apart. Each
ession lasted about 3 h in which participants were tested in groups of about 6
ndividuals. The cognitive battery measured episodic memory, working memory,
xecutive functioning, perceptual speed as well as other psychometric measures of
ntelligence (such as Gf and Gc). Responses were given via button boxes and key-
oards. The four tasks included in the present study are described in more details
elow.

.2.1. Speed and trial-to-trial variability in the Identical Pictures task
Trial-to-trial variability was computed as the standard deviation of correct RTs

n a perceptual speed measure, the Identical Pictures task. Intraindividual variabil-
ty in the Identical Pictures task has been related to tasks assessing interindividual
ifferences in frontal lobe functioning, such as conflict monitoring (Li, Hämmerer,
üller, Hommel, & Lindenberger, 2009) and verbal fluency (Lövdén et al., 2007). In

ach trial, participants were presented with five pictures in the lower half of the
creen and had to choose which one was identical to a target picture presented
n the upper part of the screen. This test included a total of 46 trials and termi-
ated after 80 s. All images were derived from the Kit of Factor-Referenced Cognitive
ests (Ekstrom, French, Harman, & Derman, 1976; for a detailed description, see
indenberger, Mayr, & Kliegl, 1993). Reaction time and number of correct trials were
ecorded.

.2.2. Forgetting between immediate and 1-week delayed recognition memory
At the beginning of the first session, participants were presented with 48 com-

lex, colored images of neutral emotional valence sequentially each for 3 s. All
timuli were derived from the International Affective Picture System (Lang, Bradley,
Cuthbert, 1997). The images were encoded incidentally; during the study phase,

articipants were required to determine whether an “indoor” or “outdoor” scene
as shown (24 indoor and 24 outdoor scenes were presented). The first retrieval

est was administered at the end of the first session after a delay of approximately
.5 h. The second retrieval test was done exactly 1 week later. During retrieval, par-
icipants viewed each image for 3 s and were asked to determine whether each scene
as presented (“old”) or not presented (“new”) during encoding. In each retrieval

est, 24 unique old scenes and 24 unique new scenes (lures) were presented. To
ccount for response bias, proportions of hits minus false alarms was used as a
easure of recognition (Macmillan & Creelman, 2005).

.2.3. Spatial working memory task (SWM)
The task used to assess spatial working memory has been described before in

agel et al. (2008). In this task, dots were presented one at a time in a specific
ocation of a 4 × 4 grid. After a sequence of dots was presented, a probe appeared in
ne of the 16 locations. Participants were required to determine whether a dot had

een presented before in this specific location (i.e., location memory condition). If
articipants gave a yes response, a digit was presented in this location to probe the
articipants to indicate whether the digit matched the serial position of the dot in
he presented series (i.e., sequence memory condition). Working memory load was

anipulated by presenting either four or seven dots in a given trial. A total of 96
logia 49 (2011) 1879–1888 1881

trials were presented. Here, we focus on the sequence memory condition. We took
the mean accuracy for set sizes 4 and 7 to indicate spatial working memory.

2.2.4. Backward serial recall
The task used to assess serial order memory was the same as described in Li et al.

(2010). Participants were asked to memorize three lists of 12 words each presented
via headphones. While the participants listened to the words, they simultaneously
saw numbers on the computer screen that represented the serial positions of the
words. After list presentation, subjects recalled the items in backward order, begin-
ning with the last item presented (i.e., item 12 to item 1). Given that the recency
portion of backward serial recall relies more on short-term memory (Richardson,
2007), backward recall accuracy for the primacy (items 1–4) and middle (items 5–8)
portions were used as indicator variables to form the verbal episodic memory factor.

2.3. Data-based exclusion of participants

Distributional characteristics of the indicator variables were examined to iden-
tify outliers. It is well-known that the distributions of RT and intraindividual
variability (iiV) in RT measures are positively skewed; we thus transformed both
measures by taking the inverse of the reaction time (1/RT) and variability (1/iiV)
measures (Behrens, 1997; Li et al., 2004). Consequently, larger values on the trans-
formed variables were associated with faster reaction times and lower variability.
Outlier participants whose z-scores exceeded ±4 standard deviations on one of the
recognition memory measures (immediate recognition, delayed recognition, abso-
lute difference score, i.e., immediate – delayed recognition) or the perceptual speed
measures (1/RT, 1/iiV, number of correct responses) were excluded from the anal-
ysis (<1% in total). Furthermore, participants with negative hits minus false alarms
scores in the immediate or delayed recognition tasks were excluded (3.7%), as this
usually indicates that the task was performed inappropriately. Furthermore, partic-
ipants who scored higher in delayed than in immediate recognition (4%) were also
excluded because these participants were characterized by significantly more non-
responses in the immediate recognition memory test, suggesting either technical
errors during testing (e.g., key malfunctioning) or inappropriate response behavior
(e.g., pressing wrong response keys). The final sample consisted of 524 older adults
(age range = 60.1–71.2 years, mean age = 65.1, SD = 2.8; 298 women and 226 men).

2.4. Defining extreme groups

We applied an extreme-group approach to sort participants into upper-third
and lower-third groups based on their performance.

The extreme-group approach increases the statistical power for detecting small
effects (Feldt, 1961; Preacher, Rucker, MacCallum, & Nicewander, 2005). This prop-
erty is particularly relevant for several reasons in the present study. First, as
reviewed above, the literature on forgetting suggests that interindividual differences
in forgetting are difficult to detect. Second, we studied a relatively homogeneous
sample of healthy older adults, which limits the range of interindividual variations
in forgetting and reduces the likelihood of observing moderate or large effect sizes.
Third, the measure of forgetting is a difference score. This may potentially set a
limit on the observable relation between variables due to the often discussed low
reliability of difference score measures (e.g., Bonate, 2000).

To investigate our key hypotheses, participants were first grouped based on
the transformed variability measure (i.e., 1/iiV). Given that the transformed mea-
sure reflects the inverse of RT variability, individuals from the upper tercile of the
distribution were sorted into the low-variability group, whereas individuals from
the lower tercile were sorted into the high-variability group. For the purpose of
control analyses, two other types of grouping were also performed. A group of
low-speed and a group of high-speed individuals were identified based on the trans-
formed speed measure. Finally, two memory decay groups were selected based on
the absolute difference (Rogosa, Brandt, & Zimowski, 1982) of the proportion of
hits minus false alarms in the episodic recognition task (immediate recognition –
delayed recognition), with higher values being associated with more forgetting. The
non-overlap in grouping was 43% comparing the variability and speed groups and
over 60% comparing the decay groups with either the variability or speed groups,
ensuring partial independence of the analyses targeting the different groupings.
All analyses focused on the extreme groups. A detailed sample description of the
different groups is presented in Table 1. Given that memory performance may be
influenced by vascular health (e.g., Elias et al., 1997; Raz et al., 2008), extreme groups
were also characterized with respect to a range of relevant indicators, including dia-
betes, diagnoses of cardiovascular disease, and arterial hypertension. Importantly,
there were no differences between the key independent factors (i.e., variability and
speed groups) with respect to the markers of vascular health or on a derived measure
of hypertension grade (see Table 1 for details). This latter measure was computed
according to the guidelines published by the World Health Organization (WHO) and
the International Society of Hypertension (ISH; WHO, ISH Writing Group, 2003). As

for the dependent factor (i.e., memory decay groups), there were small effects of
the percentage of diabetics and hypertensives being higher in the low-decay group,
relative to the high-decay group. Note, however, the direction of the effects coun-
tered the expected negative influence of hypertension on memory and thus could
not bias the results in favoring of our predictions.
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Table 1
Demographic variables split by speed, variability, and decay groups.

Variability grouping Speed grouping Decay grouping

Low
n = 174

High
n = 175

High
n = 175

Low
n = 175

Low
n = 175

High
n = 175

Demographics
Age (M ± SD) 64.7 (2.8) 65.4 (2.8) 64.4 (2.8) 65.6 (2.8) 64.7 (2.8) 65.4 (2.7)a

Women/men 93/81 115/60 93/82 109/66 93/82 119/56b

Year of education (M ± SD) 10.9 (1.7) 10.9 (1.9) 11.0 (1.6) 10.7 (1.8) 10.8 (1.6) 11.0 (1.8)c

State of health (M ± SD) 3.9 (0.6) 3.9 (0.6) 3.9 (0.6) 3.8 (0.6) 3.9 (0.6) 3.9 (0.7)c

MMSE (M ± SD) 29.4 (0.7) 29.4 (0.7) 29.4 (0.7) 29.4 (0.7) 29.4 (0.7) 29.4 (0.7)c

Indicators of vascular health
Diabetes 6.9% 4% 6.3% 5.2% 8.6% 3.4%d

Cardiovascular disease 34.7% 38.9% 32.6% 36.2% 32.8% 33.7%c

Hypertension medication 31.8% 36% 29.1% 33.9% 28.7% 30.3%c

Hypertension grade (M ± SD) 1.54 (.93) 1.43 (1.0) 1.61 (.96) 1.52 (1.0) 1.63 (.92) 1.44 (1.0)c

Percentage of hypertensives 90.2% 84.6% 90.9% 84.6% 92.6% 84%e

M = mean; SD = standard deviation; state of health is based on four self-ratings on 5-point scales (1 = poor; 5 = excellent); hypertension grades were computed based on
systolic blood pressure (SBP) and diastolic blood pressure (DBP), using the 2003 World Health Organization guidelines; Grade 1: SBP = 140–159 or DBP = 90–99; Grade 2: SBP
160–179 or DBP 100–109; and Grade 3: SBP ≥ 180 or DBP ≥ 110, with Grade 1 indicating mild hypertension. For analytical purposes, normotensives were assigned a grade
of zero. Participants with either of the three hypertensive grades and/or taking hypertension medication were categorized as hypertensives (Li et al., 2010; Raz, Rodrigue,
Kennedy, & Land, 2009).

a One-way analyses of variance for chronological age: speed groups, F(1,348) = 15.83, p < .001, �2
p = 0.044; variability groups, F(1,347) = 5.99, p < .05, �2

p = 0.017; decay
groups, F(1,348) = 5.10, p < .05, �2

p = 0.014.
b Variability groups, �2

sex(1, n = 349) = 5.45, p < .05; decay groups, �2
sex(1, n = 350) = 8.09, p < .01.

c n.s.
9) = 4

, n =
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d Variability and Speed groups, �2
diabetes

(1) = n.s.; decay groups, �2
diabetes

(1, n = 34
e Variability and Speed groups, �2

hypertensives
(1) = n.s.; decay groups, �2

hypertensives
(1

. Results

.1. Summary of analyses and covariates

Behavioral data, testing our first hypothesis that variability is
elated to forgetting, and demographic data were analyzed using
PSS for Windows 15.0 (SPSS, Chicago, IL). In addition, we con-
ucted two sets of comparison analyses (i.e., the effects of speed
rouping on forgetting and the effect of memory decay group-
ng on variability and speed) to ascertain that the predicted effect
f processing variability on forgetting is unique. For all analy-
es, partial eta squared (�2

p) was used to indicate effect sizes and
he alpha level was set to p = .05. Four covariates were included
n the analysis of covariance (ANCOVA) reported below. Chrono-
ogical age was entered as a covariate to control for differences
n age among extreme groups (see Table 1). Sex was used as a
ovariate for two reasons: (i) the female advantage in episodic
emory is a common finding (e.g., Herlitz, Nilsson, & Bäckman,

997), and (ii) unequal distributions of sex in the extreme groups,
ith women being overrepresented in the high-variability and
igh-decay groups (see Table 1). Third, because larger variability is
sually associated with higher mean response times (e.g., Shammi,
osman, & Stuss, 1998), mean RT in the Identical Pictures task was
sed as a covariate in order to ensure that group differences in
ariability were not due to group differences in speed (i.e., 1/RT).
onversely, intraindividual variability was covaried out in analy-
es involving the speed groups. Finally, the number of correctly
ompleted items in the Identical Pictures task was chosen as a
orth covariate in all analyses with the variability groups because
revious research has shown that accuracy on measures of percep-
ual speed predicts changes in episodic memory (Hertzog, Dixon,
ultsch, & MacDonald, 2003).

To test our second hypothesis that individuals with greater
rocessing fluctuations also show more dedifferentiated mem-
ry functions, we examined the latent factor correlations between

easures of working memory and episodic memory in the high-

nd low-variability groups using structural equation modeling
SEM; Kline, 2005). First, measurement invariance between high-
nd low-variability groups was evaluated by applying multiple
.16, p < .05.

349) = 6.22, p < .05.

group confirmatory factor analyses using AMOS 7.0 (Arbuckle,
2006a, b; Byrne, 2004).

A series of progressively more stringent models was evalu-
ated, constraining different aspects of the measurement models
(factor loadings, residuals, factor covariances) to be equal across
variability groups. Given that the more constrained models were
nested within the initial model, the difference in �2 fit statistics
(��2) was used to determine whether the more parsimonious
model could be accepted. The alpha-level for statistical deci-
sions regarding difference in �2 fit statistics was set at the
.05 level. For reasons given above, sex and chronological age
were included as covariates in all SEM analyses as well. The
following fit indices were used to examine model fit for the
confirmatory factor analyses: the normed chi-square (�2/df),
Akaike’s information criterion (AIC), the root mean square error
of approximation (RMSEA), and the comparative fit index (CFI;
see Kline, 2005, for interpretation of these indices). Behavioral
data used in latent factor analyses were transformed into z scores
across the variability groups. The assumption of multivariate
normality was tenable, as Mardia’s coefficient of multivari-
ate kurtosis provided by AMOS was not statistically significant
(p > .05).

3.2. The relation between intraindividual variability and
forgetting

Central to our hypothesis about the relation between variabil-
ity and forgetting, we conducted a two-way mixed design repeated
measures ANCOVA with variability group (low, high) as between-
subjects factor and session (immediate, delayed recognition) as
within-subjects factor. This analysis yielded a significant effect
for the critical interaction between variability group and session,
F(1,343) = 4.0, p < .05, �2

p = 0.011. As can be seen in Fig. 1A, although
the two variability groups performed equally well in immediate
recognition memory, individuals in the high-variability group per-

formed worse in the delayed recognition condition, indicating more
had been forgotten, than individuals in the low-variability group.
There were no overall main effects of variability group (F < 1) and
session (F = 2.94, n.s.).
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factor correlations exhibited the best fit. In this model, the corre-
lation between the working memory and episodic memory factors
was higher in the high-variability group (r = .63, p < .001) compared
to the low-variability group (r = .25, p < .05). Fig. 2 displays the stan-

Fig. 2. Factor model used in multiple group analyses on the relation between vari-
ability and dedifferentiation of memory processes (shown here is Model 2, the metric
invariant model, see text and Table 2). The standardized factor loadings and inter-
factor correlation for the high-variability group are shown in parentheses. Sex and
chronological age are not shown in the figure, but were included as covariates on
ig. 1. (A) Immediate and delayed recognition for the low- (n = 174) and high- (n =
igh- (n = 175) speed group. Error bars represent one standard error around the me

As for the comparison analyses, a speed group (low,
igh) × session (immediate, delayed recognition) mixed ANCOVA
evealed only a significant main effect of speed group, F(1,345) = 5.3,
< .05, �2

p = 0.015. As can be seen in Fig. 1B, individuals in the
ow-speed group showed lower performance overall. However,
peed was not associated with more forgetting, because the speed
roup × forgetting interaction was not reliable (p > .10). In two uni-
ariate ANCOVAs, we also tested whether the decay groups (low,
igh) would differ with respect to intraindividual variability and
ean reaction time. However, for these control analyses, we did not

nd any significant main effects of group on intraindividual vari-
bility, F(1,344) = 2.3, n.s., nor on mean reaction time, F(1,345) = 1.8,
.s.

.3. The relation between intraindividual variability and memory
edifferentiation

In the first step, a factor model was specified with two latent
ariables, each with two indicators. Fig. 2 displays a graphical rep-
esentation of the factor model. The reference model (Model 1)
as identified by fixing the variances of the latent variables to 1

nd constraining the factor loadings for each factor to be equal in
ach group, testing for configural invariance. The fit of this ref-
rence model (Model 1) was acceptable, �2(16) = 35.48, p < .01,
IC = 87.5, RMSEA = .059, 90% CIRMSEA [.03, 09], CFI = .93. The sec-
nd, more constrained, model (Model 2) tested the hypothesis
f identical magnitude of factor loadings across groups, i.e., met-
ic (or weak) factorial invariance; cf. Meredith (1964). Model 2
lso exhibited an acceptable fit, �2(18) = 36.14, p < .01, AIC = 84.1,
MSEA = .054, 90% CIRMSEA [.03, 08], CFI = .93, and the restriction did
ot result in significantly worse fit compared to Model 1, ��2 = .66,
df = 2, p > .05. Next, in addition to factor loadings, the residual

ariances were constrained to be the same across groups (Model
). The fit of Model 3 remained acceptable, �2(24) = 48.98, p < .01,
IC = 85.0, RMSEA = .055, 90% CIRMSEA [.03, 08], CFI = .91. However,

he chi-square difference test was significant, ��2 = 12.84, �df = 6,
< .05, indicating that the residual variances could not be equated
cross the two variability groups. The level of invariance achieved
i.e., metric invariance) was maintained for the analyses of factor

ntercorrelations. We then specified a model in which the interfac-
or correlations for the two groups were constrained to be equal,
2(19) = 43.20, p < .01, AIC = 89.2, RMSEA = .061, 90% CIRMSEA [.04,
9], CFI = .91 (Model 4). A direct comparison to Model 2 revealed
ariability group. (B) Immediate and delayed recognition for the low- (n = 175) and

that this equality constraint was associated with a reliable decre-
ment in model fit, ��2 = 7.06, �df = 1, p < .05, indicating that the
factor intercorrelations differed significantly between the two vari-
ability groups. Thus, Model 2 of metric invariance but different
the latent constructs in all analyses. SWM, spatial working memory factor; VEM,
verbal episodic memory factor; SWM1, SWM accuracy for sequence memory set
size 4 condition; SWM2, SWM accuracy for sequence memory set size 7 condition;
VEM1, backward recall for primacy portion (items 1–4); VEM2, backward recall for
middle portion (items 5–8). *p < .05 and **p < .001.
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Table 2
Fit indices for models testing different degrees of measurement invariance for the high- and low-variability groups with chronological age and sex as covariates on latent
constructs.

Model �2 df �2/df AIC RMSEA 90% CI for RMSEA CFI ��2 �df �p

Model 1:
Configural invariance 35.48 16 2.22 87.5 .059 [.03, .09] .93 – – –

Model 2:
Metric invariance 36.14 18 2.01 84.1 .054 [.03, .08] .93 .66 2 .719

Model 3:
Metric invariance and equal residual variances 48.98 24 2.04 85.0 .055 [.03, .08] .91 12.84 6 .046

Model 4:
8
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Metric invariance and equal factor covariance 43.20 19 2.27

IC, Akaike’s information criterion; RMSEA, root mean square error of approximati

ardized factor loadings and the interfactor correlations of Model
. Fit statistics are summarized in Table 2.

Given that measures of perceptual speed are often regarded as
ensitive indicators of cognitive aging (Salthouse, 1996), we also
onducted comparison analyses with the speed grouping. In this
ase, we were able to establish configural and metric invariance.
n addition, equating the residual variances and the factor covari-
nces across groups did not result in significantly worse model
t. Importantly, constraining the factor correlations in this case,
owever, did not lead to a reduction in fit, indicating that the corre-

ations between the memory factors can be constrained to be equal
r = .39, p < .001) for both speed groups (due to space limitation,
ther details about the control analysis, such as raw correlations,
odel fit statistics, factor loadings, and interfactor correlations for

he model with the best fit, are reported in the Appendix).

. Discussion

In light of recent empirical findings of (i) lower DA D2 receptor
ensity being associated with greater performance variability in
pisodic memory (MacDonald, Cervenka, et al., 2009), and (ii) the
nvolvement of DA in episodic memory consolidation (Bethus et al.,
010; O’Carroll et al., 2006), we hypothesized that individuals with
igher intraindividual variability would exhibit more forgetting,
resumably reflecting suboptimal dopaminergic neuromodulation.
urthermore, we examined whether higher processing variability
s associated with the dedifferentiation of memory functions. Based
n (i) neurocomputational modeling work linking suboptimal DA
odulation to increases in performance variability and subsequent

edifferentiation (Li, Lindenberger, et al., 2001) and (ii) findings
ocumenting that working memory and episodic memory both are
elated to DA functioning (Bäckman et al., 2000; Chen et al., 2005;
rixon-Lindroth et al., 2005), we hypothesized that higher perfor-
ance variability would result in higher correlations between these
emory functions.
As expected, intraindividual variability was associated with

mount of forgetting, independent of mean performance levels,
ith the high-variability group showing more forgetting than the

ow-variability group. The relation between processing variabil-
ty and forgetting was unique, as the comparison analyses using
peed and forgetting as grouping criteria yielded very different
atterns of results. These findings are in line with previous stud-

es suggesting that, although intraindividual variability and speed
hare substantial variance, RT variability as a measure provides
nformation beyond mean RT (Li et al., 2004, 2009; Ram, Rabbitt,
tollery, & Nesselroade, 2005; Schmiedek, Lövdén, & Lindenberger,
009). Grouping participants on a memory difference score (i.e.,

mmediate-delayed recognition memory) did not yield statistically

eliable between-group differences either with respect to perfor-
ance variability or processing speed; grouping based on mean

eaction time revealed a main effect of group on overall episodic
emory performance, but did not have an effect on forgetting.
9.2 .061 [.04, .09] .91 7.06 1 .008

, confidence interval; CFI, comparative fit index.

In this study, we found that individual differences in process-
ing variability predict episodic memory forgetting in old age. This
finding is noteworthy given the notorious difficulties in isolating
individual differences or experimental manipulations that uniquely
predict forgetting (see MacDonald, Stigsdotter-Neely, et al., 2006,
for review). At the same time, our results are in line with two
sets of evidence underscoring DA’s effect on processing noise
and memory consolidation. Both earlier computational theories
(Li, Lindenberger, et al., 2001) as well as recent empirical results
from receptor imaging studies (MacDonald, Cervenka, et al., 2009)
suggest that individual differences in DA signaling affect perfor-
mance variability. Furthermore, several lines of findings show that
DA is involved in long-term episodic memory. Animal research
shows that stimulation of dopamine receptors in the hippocampus
enhances memory performance by facilitating long-term potentia-
tion (Frey, Huang, & Kandel, 1993; Huang & Kandel, 1995), a cellular
mechanism critical to long-term memory (Cooke & Bliss, 2006).
Based on these findings, it has been suggested that a functional
loop involving the dopaminergic midbrain and the hippocampus
controls long-term memory formation (for review, see Lisman &
Grace, 2005). In healthy adults, this notion is supported by a PET
study that found a strong relationship between striatal DA D2
receptor binding and a measure of episodic memory (Cervenka
et al., 2008). Further, imaging studies have documented that coac-
tivation of dopaminergic midbrain regions (substantia nigra and
ventral tegmental area) and the hippocampus during encoding is
associated with enhanced long-term memory formation of reward-
related stimuli (Adcock, Thangavel, Whitfield-Gabrieli, Knutson,
& Gabrieli, 2006; Wittmann et al., 2005). Also in line with our
findings, animal data show that infusion of DA antagonist in the
hippocampus impairs long-term memory, but leaves short-term
memory intact (Bethus et al., 2010; O’Carroll et al., 2006). Another
study highlights the importance of DA availability after 12 h for
memory consolidation (Rossato, Bevilaqua, Izquierdo, Medina, &
Cammarota, 2009). These authors observed a rapid decay of already
existing fearful memories after the injection of a D1 receptor antag-
onist into the hippocampus of rats 12 h after a fearful experience,
whereas the injection of a D1 agonist resulted in a persistent fear
memory.

Our finding of individual differences in perceptual speed being
related to overall memory performance, but not to forgetting, sug-
gests that individual differences in speed, though also related to DA
modulation (e.g., Bäckman et al., 2000; Volkow et al., 1998), may
primarily arise from other factors contributing to structural and
metabolic integrity in the brain (e.g., Bucur et al., 2008; Charlton,
Barrick, Markus, & Morris, 2010; Kochunov et al., 2010; Madden,
Bennett, & Song, 2009). For instance, measures of cognitive and
motor speed have been linked to neuroimaging indicators of myelin

breakdown in older adults (Bartzokis et al., 2007, 2010). This rela-
tionship between myelin and speed is further evidenced in patients
with demyelinating diseases, such as multiple sclerosis, who show
reduced information processing speed compared to healthy con-
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rols (e.g., Kail, 1998). Myelin degeneration has also been suggested
o, at least partly, underlie aging-related changes in white mat-
er integrity (Davis et al., 2009). Of special interest, our finding
f speed grouping being associated with overall memory perfor-
ance is in agreement with recent data showing that processing

peed had virtually identical effects in mediating the associations
etween white matter integrity and immediate and delayed mem-
ry (Charlton et al., 2010). Thus, the observed differential effects
f speed and variability on mean episodic memory performance
nd forgetting, respectively, might reflect the relative contributions
f different brain mechanisms underlying speed and variability
easures.
Regarding the relation between performance variability and

edifferentiated memory functions, we found that the correlation
etween episodic memory and spatial working memory was con-
iderably higher in the high-variability than in the low-variability
roup (r = .63 for higher variability vs. r = .25 for lower variabil-
ty). This finding was unique to the variability grouping: results
rom the comparison analyses using speed as the grouping factor
id not affect the relation between these two memory functions
r = .39 for both the high- and low-speed groups). Thus far, other
han the theoretical link explicated in earlier computational stud-
es (Li & Lindenberger, 1999; Li & Sikström, 2002), the association
etween performance variability and ability dedifferentiation has
nly been investigated indirectly in an age-heterogeneous lifes-
an sample (Li et al., 2004). Critically, the present results extend
his finding to a relatively narrow age sample of older adults (cf.
ofer & Sliwinski, 2001) and more directly examined the effect of
ithin-person variability on process dedifferentiation through the

xtreme-group design.
We focused on two cognitive domains (i.e., working mem-

ry and episodic memory) known to be sensitive to deficits in
opaminergic neuromodulation (e.g., Aalto, Brück, Laine, Någren,
Rinne, 2005; Bäckman et al., 2000; Erixon-Lindroth et al., 2005;
cNab et al., 2009; Nyberg et al., 2009; Sawaguchi & Goldman-

akic, 1991; Schott et al., 2006). These two memory functions
hare similar underlying neural networks, involving the frontos-
riatal circuitry (e.g., Chen et al., 2005; Fletcher, Shallice, & Dolan,
998; Fletcher, Shallice, Frith, Frackowiak, & Dolan, 1998; Smith

Jonides, 1999) and the medial temporal lobe (e.g., Axmacher
lger, & Fell, 2009; Ezzyat & Olson, 2008; Park et al., 2003; Piekema
t al., 2007; Squire, Stark, & Clark, 2004). Striatal D2 receptor den-
ity has been associated with measures of episodic memory and
orking memory (Bäckman et al., 2000; Chen et al., 2005; Erixon-

indroth et al., 2005). Similarly, D2 binding in the hippocampus
as associated not only with episodic memory, but also with exec-
tive functioning (Takahashi et al., 2007, 2008), the latter being
losely related to spatial-working memory (Busch et al., 2005; Fisk

Sharp, 2003; Rudkin, Pearson, & Logie, 2007). Juxtaposing this
vidence and the theoretical link between variability and dedif-
erentiation (Li, Lindenberger, et al., 2001), our data suggest that
uboptimal DA modulation may lead to increases in both within-
erson and between-person variability in episodic and working
emory, resulting in a higher factor correlation of these two mem-

ry functions.
Some limitations of the present investigation should be

cknowledged. First, we used an extreme-group design for data
nalysis. The main advantage of this design is its greater statistical
ower for hypothesis testing. However, it should also be under-
cored that the increased power may come with a cost in over-
stimating population effect sizes (Preacher et al., 2005).Second,
opamine neuromodulation was not directly measured. As noted

bove, increases in intraindividual reaction time variability may
lso be due to structural and functional brain changes (MacDonald,
i, et al., 2009; MacDonald, Nyberg, et al., 2006). Specifically,
ncreased trial-to-trial variability is associated with smaller white
logia 49 (2011) 1879–1888 1885

matter volume (Walhovd & Fjell, 2007) and white matter hyperin-
tensities in the frontal lobes in healthy older adults (Bunce et al.,
2007). Intraindividual variability has also been linked to gray-
matter integrity, particularly in the frontal cortex (Murtha et al.,
2002; Stuss et al., 2003). In addition, increased functional brain
activations have been related to lower intraindividual variability
and better word recognition in older adults (MacDonald, Nyberg,
Sandblom, Fischer, & Bäckman, 2008) as well as higher intraindi-
vidual variability and lower executive functioning in middle-age
adults (Bellgrove, Hester, & Garavan, 2004). Other factors such as
higher stress (Sliwinski, Smyth, Hofer, & Stawski, 2006) and sleep
deprivation (Habeck et al., 2004) may also result in increased reac-
tion time variability. Thus, in view of other operating factors, it is
important to link deficient dopaminergic neuromodulation more
directly to greater performance variability, forgetting, and dedif-
ferentiation in future studies. Here, additional information based
on receptor imaging and genetics would be especially useful.

Third, related to this point, the question remains whether
intraindividual RT variability is a qualitatively distinct marker of
dopamine status. This issue is of theoretical significance because
other indices, such as fluid intelligence, have also been associ-
ated with intraindividual variability (Li et al., 2004, 2009; Rabbitt,
Osman, Moore, & Stollery, 2001; Ram et al., 2005) and dopamine
neuromodulation (e.g., Bäckman et al., 2000; Bolton et al., 2010;
Volkow et al., 1998). Direct comparisons of the associations of
variability measures and other indices of cognitive performance
to dopamine neuromodulation are needed to shed light on this
issue.The present study makes two novel contributions to the
existing literature on performance variability. First, interindividual
differences in trial-to-trial variability are related to interindividual
changes in levels of performance at the intermediate timescale, i.e.,
episodic memory forgetting over 1 week. Second, grouping individ-
uals into high- and low-variability groups provided a more direct
way to examine the relation between processing variability and the
dedifferentiation of memory functions. Together, our findings sup-
port the idea that processing fluctuation is an important marker of
cognitive and presumably of neural integrity. Genetic, neuromod-
ulatory, and other brain mechanisms contributing to individual
differences in processing fluctuation may not only affect specific
cognitive processes, but also the functional organization of a cog-
nitive system as a whole (cf. Li et al., 2004; Li, Brehmer, Shing,
Werkle-Bergner, & Lindenberger, 2006).
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