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Abstract

Working memory (WM) represents the capacity to store and process a limited amount
of information. Better understanding developmental changes of WM forms a key topic in
research on neuropsychology of aging. Previous studies reveal age-differences in WM and in
executive functions (EFs). Although EFs are seen as essential mechanisms in WM, the
specific relation between the two cognitive constructs so far remains unclear. The present
study set out to investigate the unique roles of the three main facets of EFs (i.e., updating,
inhibition, and shifting) in accounting for age-related variability in WM. Therefore, one-
hundred seventy-five younger and 107 older adults performed a battery of cognitive tests
including measures of WM, EFs, and processing speed. A set of statistical approaches
including regression analyses and path models was used to examine the cognitive correlates
that could explain individual and age-related variance in WM. Significant age-differences
were found on WM and on EF measures. Regression analyses and path models showed that
updating and inhibition but not shifting played a major role in explaining age-related variance
in WM. In sum, findings suggest that updating and inhibition are most influential for age-
differences in WM. They further show that age and processing speed do not significantly
contribute to variability in WM performance beyond executive resource. The present findings
have implications for conceptual and developmental theories of WM and may further offer an
initial empirical basis for developing possible trainings to improve older adults’ WM

performance by strengthening the efficiency of updating and inhibitory processes.
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Introduction

Working memory (WM) refers to the dynamic relationship between passive storage
and active processing, manipulation or transformation of information held in memory (e.g.,
Baddeley, 2007, 2010, 2012). WM is involved in a wide range of complex cognitive
behaviors, such as reasoning, decision making, and problem solving (e.g., Bizon, Foster,
Alexander, & Glisky, 2012; Duarte, Woods, Rooney, Atkinson, & Grant, 2012; Engle, 2002).
It therefore plays a major role in different core models of cognition and forms one of the main
constructs of neuropsychology (e.g., Anderson & Lebiere, 2014; Cowan, 1995, 2010, 2017).
Multiple studies using brain imaging have associated WM with activation of the (pre-)frontal
cortex and the fronto-parietal network (see e.g., Dehn, 2017; Glisky & Kong, 2008; Kane &
Engle, 2002; Nee et al., 2013; Owen, McMillan, Laird, & Bullmore, 2005; Rottschy et al.,
2012; Roussel, Dujardin, Hénon, & Godefroy, 2012; Wager & Smith, 2003). As a
consequence, WM further represents an essential indicator in neuropsychological
assessments, as it represents a proxy of intact functioning of the cognitive processes
associated to the (pre-)frontal cortex.

Most relevant to the present study, WM has been a primary topic of interest in aging
research, as it consistently accounts for substantial age-related variability in a variety of other
higher-order cognitive processes (e.g., Chen & Li, 2007; Kane, Bleckley, Conway, & Engle,
2001; McCabe, Roediger, McDaniel, Balota, & Hambrick, 2010; Verhaegen, 2012). Deficits
in WM are among the first symptoms of several neuropsychological diseases related to aging,
such as mild cognitive impairment or Alzheimer's disease (e.g., Belleville, Chertkow, &
Gauthier, 2007; Belleville, Rouleau, Van der Linden, & Collette, 2003; Gagnon & Belleville,
2011). Further, reduced WM is associated with a decrease of older adults’ autonomy and

personal well-being (e.g., Klingberg, 2010; Nissim et al., 2016; Williams & Kemper, 2010).



As a consequence, disentangling the cognitive and neuropsychological processes that
underlie age-related changes in WM is a key goal in research on aging (e.g., Constantinidis &
Klingberg, 2016; Craik & Salthouse, 2011; Heinzel, Lorenz, Duong, Rapp, & Deserno, 2017;
Wang et al., 2011). Specifically, examining the developmental trajectory of WM has been a
central interest for the last thirty years (e.g., Alloway & Alloway, 2013; Park & Payer, 2006;
Swanson, 2017; Wingfield, Stine, Lahar, & Aberdeen, 1988). Taken together, the literature
has so far established that WM generally declines in old age (e.g., Bopp & Verhaeghen, 2005;
Borella, Carretti, & De Beni, 2008; Chai, Abd Hamid, & Abdullah, 2018; Fabiani, 2012;
Rhodes & Katz, 2017; Sander, Lindenberger, & Werkle-Bergner, 2012; Verhaeghen &
Salthouse, 1997). However, the question of which factors contribute to age-related decline of
WM is still under heavy debate.

On a neural level, age-deficits in WM have been associated with an altered activation
modulation in older adults: When processing a WM task, the activation of the fronto-parietal
network would be broader and more rapid in older compared to younger adults (see e.g.,
Hakun & Johnson, 2017; Kaup, Drummond, & Eyler, 2014), which would lead to a less
efficient activation of the regions that are specifically required for the particular WM task
(also see Cappell, Gmeindl, & Reuter-Lorenz, 2010; Carp, Gmeindl, & Reuter-Lorenz, 2010;;
Mattay et al., 2006; Nagel et al., 2011; Schneider-Garces et al., 2010).

From a cognitive perspective, one important feature of WM is the system's limited
capacity, which concurrently has to be shared between storage and online processing of
information. As a consequence, certain theoretical approaches have focused on the storage
component of WM tasks in order to explain age-deficits. The processing speed theory, for
example, suggests that WM deficits are caused by a general slowing of computational
processes that comes with age, which would lead to difficulties in information storage

(Salthouse, 1996). Specifically, items would either not be encoded and stored fast enough — or



if they were temporarily stored — they would be lost before they can be rehearsed or retrieved
from storage (also see Salthouse 2000a, 2000b)

In contrast, most theoretical approaches have focused on the processing component of
WM tasks in order to explain age-deficits. Specifically, they suggest that with increasing age,
generally less cognitive resources are available for the processing of the WM task and/or for
the coordination of the two concurrent components (e.g., Bailey, Dunlosky, & Hertzog, 2009;
Belleville, Rouleau, & Caza, 1998; Lustig, Hasher, & Zacks, 2007; Engle, 2002). However,
these approaches disagree in that they determine different cognitive resources to be the reason
for age-deficits in WM. The inhibition-deficit theory, for example, suggests that WM deficits
arise as older adults would have fewer inhibitory resources, which would lead to more
difficulties inhibiting non-pertinent information that interferes with the retrieval of task-
relevant information (e.g., Hasher & Zacks, 1988; Lustig et al., 2007; Zeintl & Kliegel, 2007).
The strategy-deficit hypothesis states that in combination with deficiencies of cognitive
processing, WM deficits in older adults may increase because of difficulties in producing and
using appropriate strategies to encode information (e.g., Bailey et al., 2009). Finally, the
executive attention framework suggests that age-related variability in WM could be explained
by older adults’ difficulty to maintain cognitive control over task-relevant representations in
challenging settings with high task-interference (e.g., Engle, 2002; Engle & Kane, 2004;
Hedden & Yoon, 2006; McCabe et al., 2010).

A common feature of these theories of cognitive aging is that they associate age-
deficits of WM to a decline of underlying, more specific mechanisms of controlled attention,
namely executive functions (EFs). EFs can be defined as group of top-down attentional
processes that are related to goal-directed, non-routine behavior and the control of complex
cognition (e.g., Banich, 2009). They are involved in elaborating plans, adapting to novel

situations, self-regulating emotional states, and in problem solving (e.g., Atkinson & Shiffrin,



1968; Diamond, 2013; Hofmann, Schmeichel & Baddeley, 2012; Norman & Shallice, 1986;
Zelazo, Carlson, & Kesek, 2008).

Similar to WM, EFs have been associated to activity in the (pre-)frontal cortex by
studies showing executive deficits in patients with frontal lesions (see e.g., Alvarez & Emory,
2006; Cipolotti et al., 2015; Godbout, Grenier, Braun, & Gagnon, 2005) as well as by studies
using neuro-imaging (see e.g., Alvarez, & Emory, 2006; Blakemore, & Choudhury, 2006;
Giedd et al., 1999; Stuss & Alexander, 2000; Stuss & Knight, 2002; Robbins & Arnsten,
2009). Further, EFs have been suggested as mediators of age-related decline in other
cognitive domains (e.g., Salthouse, Atkinson & Berish, 2003).

For the present study, we focused on the conceptual framework suggested by Miyake
and colleagues, which defines three distinguishable yet inter-related facets of EFs, that is,
updating, inhibition, and shifting (see Miyake et al., 2000). Updating processes allow to
manipulate information that is held in WM, to evaluate its relevance for the current task, and
to replace it with newer, more relevant information (Passolunghi & Pazzaglia, 2005).
Inhibition describes the ability to deliberately suppress dominant, automatic, or conflicting
responses when necessary and to shield WM from distractors (Diamond, 2013). Shifting
involves flexibly reallocating attentional resources between multiple tasks, operations, or
mental sets (Altmann & Gray, 2008).

As previously outlined, executive facets have been suggested to specifically contribute
to age-related decline of WM. The inhibition-deficit theory, for example, associated WM
deficits to a decline of inhibitory control in older adults (e.g., Lustig et al., 2007). The
executive attention framework suggests that in addition to inhibitory deficits, older adults
would have more difficulties maintaining executive attention on active goals and memoranda
(Engle & Kane, 2004). Further, the strategy-deficit hypothesis concludes that age-differences
can be attributed to a decrease of executive functioning which leads to inefficient or

insufficient use of strategies (Bailey et al., 2009).



Analyzing the processes that are involved in typical WM tasks in more detail further
illustrates how certain EFs might be specifically deployed. In complex span tasks, for
example, participants have to simultaneously process (e.g., reading a set of sentences and
judging their semantical coherence) and store information (e.g., memorizing a letter presented
after each sentence; Kane et al., 2004). To do so, different executive facets are required: for
each new set of sentences, updating resources have to be deployed in order to erase and
replace previously memorized items, whereas inhibition resources would be required in order
to resist proactive interference of previously learned, now irrelevant items.

This is supported by empirical evidence, which indicates that specific facets of EFs are
deployed by WM tasks. Studies focusing on younger adults for example demonstrate an
association between WM and inhibition (e.g., Heitz & Engle, 2007; Kane & Engle, 2000;
Kane et al., 2001; Long & Prat, 2002; Lustig, May, & Hasher, 2001; Redick & Engle, 2006;
Unsworth, Schrock, & Engle, 2004; Unsworth & Spillers, 2010). Further studies on younger
adults find a significant association between WM and updating (e.g., Miyake et al., 2000;
Redick, Calvo, Gay, & Engle, 2011; Schmiedek, Hildebrandt, Lovdén, Wilhelm, &
Lindenberger, 2009; Shamosh et al., 2008). There is less consensus in the literature regarding
the role of shifting in WM. Some experimental studies have found a link between shifting and
WM (e.g., Baddeley, Baddeley, Bucks, & Wilcock, 2001; Baddeley, Chincotta, & Adlam,
2001; Liefooghe, Barrouillet, Vandierendonck, & Camos, 2008; Wongupparaj, Kumari, &
Morris, 2015a). In line with these findings, the multicomponent model of Baddeley and Hitch
suggests that shifting resources would be a sub-fractionation of the executive central
component of WM, allowing individuals to switch between different task sets (see e.g.,
Baddeley, 2007). However, several other studies have failed to confirm the relation between
shifting and WM (e.g., Logan, 2004; Oberauer, Sii, Wilhelm, & Wittmann, 2008; St Clair-
Thompson, 2011; St Clair-Thompson & Gathercole, 2006; Wongupparaj, Kumari, & Morris,

2015b). They conclude that besides reallocating (= shifting) attentional resources between



different task sets, WM “reflects the ability to direct attention to multiple elements at the
same time” (Oberauer et al., 2008, p. 650). Thus, complex WM tasks would deploy specific
executive processes beyond shifting. In consideration of these opposing findings, it seems
important to further explore the association between shifting and WM capacities, in particular
when shifting is considered simultaneously with the other executive facets.

Taken together, one limitation of previous studies which examined the relationship
between WM and EF is that they mostly examined each of the three executive facets
separately. This might influence findings, on one hand because all executive tasks require
shared lower-level cognitive processes (e.g., Shallice & Burgess, 1996; Stuss & Alexander,
2000), and on the other hand because the three executive facets strongly correlate and
performance on executive tasks may partly depend on an underlying, more general executive
factor (see e.g., Friedman & Miyake, 2017; also see e.g., Gade, Schuch, Druey, & Koch,
2014; Kiesel et al., 2010; Koch, Gade, Schuch, & Philipp, 2010).

However, given the EFs’ fractionation into three correlated facets (i.e., updating,
inhibition, and shifting; see Miyake et al., 2000; Friedman & Miyake, 2017), it is still unclear
whether age-related decline in WM can be further attributed to particular EFs. In this context,
the major focus of the present study is to clarify the most relevant EFs that account for age-
related variability in WM measures, which is an important issue of neuropsychology. In order
to allow for a comprehensive examination of the relation between WM and specific facets of
EFs, the present study therefore set out to assess all three EFs in one group of participants.

Further, all studies referenced above examined WM performance in younger adults. In
fact, only few studies addressed the relation between EFs and age-related variability in WM,
with most research narrowly focusing on the role of inhibition. Salthouse and Meinz (1995),
for example, showed that age-related variance in WM was substantially reduced after
controlling for inhibition. Lustig et al. (2001) similarly showed that age-differences in WM

were larger when the WM task required greater inhibition of proactive interference. Likewise,



Van Gerven, Van Boxtel, Meijer, Willems, and Jolles (2007) demonstrated a mediating role
of inhibition in age-related WM decline. Further, the role of updating and shifting in
accounting for WM performance has been less explored in older adults and therefore remains
an open question. As a consequence, the present study should importantly contribute to the
currently available research on the specific relation of different executive facets and age-
related variability in WM.

Previous theoretical approaches either focused on the storage or on the processing
component of WM tasks to explain age-related decline of WM. In order to better understand
the interplay of the concurrently involved components, the present study set out to disentangle
the specific influence of each executive facet after controlling for processing speed.

To summarize, conceptual considerations and empirical findings indicate that
updating, inhibition, and shifting may play an important role for age-related WM. However,
compared to previous studies that focused on certain facets of EF separately, the present study
is the first to provide a comprehensive approach including the three facets simultaneously.
The present study therefore aimed at examining the relation between WM and EFs in younger

and in older adults in more detail.

M ethod

Participants

The sample consisted of 282 participants: 175 younger adults (mean age = 23.2 years,
SD = 3.4, range: 18-39) and 107 older adults (mean age = 66.0 years, SD = 3.7, range: 57-77).
All younger adults were undergraduate students from the local university, who volunteered in
exchange for partial course credit or a small monetary reward. All older adults volunteered in
exchange for a small monetary reward. Exclusion criteria were history of or current physical
and mental health problems. The two age groups did not differ with respect to gender

distribution (younger adults: 52% males; older adults: 40% males; y*(df=1) = 1.83, p =.177)
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and years of education (younger adults: M = 13.3, SD = 2.1; older adults: M = 13.5, SD =2.9;
#(270) = 0.91, p = .364). In terms of general cognitive abilities, the two age groups differed in
both crystallized and fluid intelligence in the anticipated direction: Crystallized intelligence
was assessed with a German vocabulary test (MWT; Lehrl, 1977) in which older adults (M =
31.50, SD = 2.04) attained significantly higher scores than younger adults (M = 30.54, SD =
2.11; 1(272) = 3.64, p < .001). Fluid intelligence was indexed using a short version of the
matrices-test (Raven, Raven, & Court, 1998), with younger adults obtaining significantly
higher scores (M = 12.10, SD = 1.93) than older adults (M = 8.28, SD = 2.09; #(279) = 15.60,
p < .001). The present data were part of a broader research project to examine executive
control and complex cognition in younger and older adults (Schnitzspahn, Stahl, Zeintl,
Kaller, & Kliegel, 2013).
Procedure

In two sessions of approximately 2h each, participants were individually administered
a battery of cognitive tasks which were partly computerized and partly paper-pencil based and
presented in the same pseudo-randomized order for all participants. Each session included a
short break. After informed consent was obtained, a sociodemographic questionnaire was
given to the participants. They were asked to fill it out at home and return it at the second
testing session. Thereafter, the tests followed, which are described in detail below. The first
session included two inhibition and two shifting tasks and one updating task as well as the
measures of fluid and crystallized intelligence. The second session included the second
updating task, two measures of speed, and the WM measures. The two tasks measuring the
same construct were intermixed with measures of other constructs and never administered
directly one after the other.
Materials

WM measures
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To assess WM, we used two established WM span tasks: reading span (Daneman &
Carpenter, 1980) and counting span (Engle, Tuholski, Laughlin, & Conway, 1999). In the
reading span task, participants had to read and evaluate the semantic coherence of simple
sentences one at a time and to memorize the last word of each sentence in the order of the
presentation. In the counting span task, a series of displays were presented, and participants
had to count and memorize the number of dark blue circles among light blue circles and dark
blue squares in the order of presentation. The number of targets per display varied from three
to nine. The number of color distractors (light blue circles) and the number of shape
distractors (dark blue squares) was also varied.

For both tasks, three practice trials and eight critical trials were administered, with list
lengths that pseudo-randomly varied between 2 to 5 items to be remembered per trial. The
dependent variables were partial-credit unit scores (PCU; see Conway et al., 2005), which
were chosen due to their high internal consistency. PCU express the mean proportion of items
within a trial that were recalled correctly.

EF measures

Updating. To assess updating, we used the keep-track and letter-memory tasks (see
Miyake et al., 2000). The keep-track task consisted of 5 series of 15 words. Each word
represented one of six possible semantic categories and was randomly presented for 1500 ms
on the computer screen. Participants were instructed to remember the last exemplar from
different target categories (e.g., “fruit”). The number of target categories increased over trials
from 2 to 4. For each series, 2-3 exemplars from each target category were presented
(requiring participants to replace the memorized words in WM with newly memorized
words). The dependent variable was the mean proportion of correctly recalled words across
the 5 series.

For the letter-memory task, 12 letter-series were presented for 1500 ms per letter, one

letter at a time. Each series consisted of 5 to 9 letters and participants’ task was to recall the
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last three letters of each list (for a total of 36 letters). The dependent variable was the mean
proportion of correctly recalled letters across 12 series.

Inhibition. To measure inhibition, we used an antisaccade task (see Miyake et al.,
2000), and a Simon task (see Simon & Berbaum, 1990). On the antisaccade task, for each trial
participants had to fixate a fixation point presented at the center of the screen for 1000 to
3000 ms. As soon as a cue appeared on one side of the screen, participants were instructed to
shift their gaze to the opposite side, where, shortly (225 ms) after the cue, an arrow was
briefly presented (100 ms) and then masked. Participants were instructed to indicate the
direction in which the arrow pointed (left, up, or right) by pressing one of three response
buttons. Correct identification was only possible when the gaze was immediately shifted in
the direction opposite to the cue. A total of 92 trials were presented. The dependent variable
was the proportion of correct responses.

On the Simon task, for each trial, the central fixation point was followed by a left or
right pointing arrow which was presented on the left, center or right of the screen. Participants
were asked to indicate the direction of the arrow (independent from its screen position) by
pressing a right or left response key. Inter-trial interval was 500 ms; a total of 120 trials were
presented. The dependent variable was the difference in mean reaction times (RTs) between
correct responses on congruent trials (e.g., left-pointing arrows presented on the right side of
the screen) and congruent trials (e.g., left-pointing arrows presented on the left side of the
screen). Note that proportion scores were calculated (see below).

Shifting. To assess shifting, we used the category-switch (Friedman et al., 2006; Mayr
& Kliegl, 2000) and the color-shape task (Friedman et al., 2006). In the category-switch task,
words representing objects or animals were presented on the screen. In task A, participants
had to categorize them as “small” (e.g., a coin) versus “large” (e.g., a lion), whereas in task B,
they had to categorize them as “living” (e.g., a lion) versus “non-living” (e.g., a coin).

Participants first performed a block of task A and a block of task B in randomized order, both
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of which consisted of 28 trials. They then performed a mixed block of 80 trials, for which
participants had to switch between task A and task B at random intervals (the current
classification task was indicated with stimulus presentation).

In the color-shape task, circles and triangles that were either blue or red were
presented on the screen and participants had to indicate their color (task A), or their shape
(task B). The procedure was similar to the category-switch task, with the difference that the
pure blocks consisted of 26 trials and the mixed block consisted of 82 trials. The dependent
variable for both switching tasks was the difference in mean RT between the mixed block and
the two task-pure blocks (see Miyake et al., 2000).

Processing Speed measures

To assess participants’ processing speed, we used the identical-pictures and number-
comparison tasks (Ekstrom, French, & Harman, 1976). In the identical-pictures task,
participants had to compare simple line drawings. For each trial, a target line drawing was
presented on the left of the screen, along with different visually similar drawings on the right
that served as the response options. Participants were instructed to indicate which drawing
was identical to the target, by pushing an associated button.

In the number-comparison task, participants had to compare number-pairs. For each
trial, a pair of two numbers (with number of digits varying between trials) were presented at
the center of the screen, and participants had to indicate whether they were identical.

In both tasks, a time limit of 90 s was imposed, and participants were instructed to
solve as many problems correctly as possible out of a maximum of 90 problems. The
dependent variable was the number of correctly solved problems within the given time.

Data preprocessing and analysis

To account for general age-related slowing, we computed proportional scores for all

dependent variables relying on reaction times (i.e., performance in the Simon task measuring

inhibition as well as in the category-switch and the color-shape task measuring shifting).
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Proportion scores were computed by dividing the dependent variable (i.e., the difference in
RT between both conditions, e.g., incongruent and congruent conditions in the Simon task,
mixed and pure blocks in the shifting tasks) by the mean RT. The resulting proportion score
expresses the magnitude of an individual’s RT difference score as a percentage of his/her
average response latency. The goal of this procedure is to control for general slowing effects -
the underlying idea is that such general slowing effects are not of interest. Instead,
interactions of slowing with conditions are the variables of interest (e.g., a disproportionate
slowing in mixed as opposed to pure blocks).

Before analyses, we performed the following corrections and transformations: First,
RT measures were computed on correct trials only. Of the correct trials, we excluded those
that had RTs more than two interquartile ranges above the third quartile or below the first
quartile of each individual’s RT distribution in a given task.! Second, variables measuring the
proportion of correct responses were arcsine-transformed to assure that they were
approximately distributed normally; RT difference scores were computed and multiplied by -
1 so that higher values represented better performance. Individuals that were univariate
outliers (i.e., values more than three interquartile ranges above the third quartile or below the
first quartile) or multivariate outliers (i.e., extreme Mahalanobis distance with p < .001) were
excluded.? Across the 12 tasks and 282 participants, 4.4% (4.0% for the younger and 4.9% for
the older group) of the data were missing. Listwise deletion was conducted in terms of the
particular analysis (i.e., only cases with full information in the respective analysis investigated
variables were included)3. For all analyses, the R environment was used (version 2.14.2; R
Development Core Team, 2011) and the R package lavaan (Rosseel, 2012) for the path model

analyses.
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Results

In a first step, we investigated whether there were age-differences in the cognitive
measures using 7-tests. In a second step, regression analyses were conducted for an initial
exploration of the relation between EF facets and WM but also to identify the cognitive
measures that would serve as predictors for WM in general and age-related WM in particular.
In a third step, path models were used to evaluate the individual role of updating, inhibition,

and shifting in mediating age-differences on WM.

Descriptive Statistics and Age-Differences

Results revealed reliable age-differences in the expected direction (i.e., age decline) on
all cognitive variables, (all ps < .003) except for performance in the color-shape task
measuring shifting (see Table 1). Cohen’s d (Cohen, 1988; defined effect sizes of 0.2 as
small, 0.5 as medium, and 0.8 as large) varied between -0.03 (color shape task) and 2.04
(identical-pictures task); the largest age-differences were obtained in updating, processing
speed, and the Simon task measuring inhibition. To build constructs, all cognitive measures
were converted into standardized (z)-scores and then, the two relevant construct measures
were combined. Reliable age-detriments were found for all constructs (for WM, updating,
inhibition, and speed: ps < .001; for shifting: one-tailed p-value = .040).

Insert Table 1 about here

Correlation analyses. To describe relations between all cognitive constructs, pairwise
correlations were computed (see Table 2). In these analyses, all constructs were represented as
the means of their two respective individual indicator variables. WM significantly correlated

with all other cognitive constructs except for shifting. Regarding the intercorrelation of the
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executive facets, updating and inhibition correlated significantly (r = .42), while shifting

showed no relation with the other EF facets or WM.

Insert Table 2 about here

Explaining the Age-Differenceson WM

Regression analyses. Next, we computed regression analyses to investigate age-
differences on WM. In these analyses, the constructs of WM, speed, updating, inhibition, and
shifting were again represented as the means of their two respective individual indicator
variables. WM served as the dependent measure. In order to examine whether non-executive
and/or executive measures could account for age-variability in WM, a set of hierarchical
regression analyses was conducted (cf. Baron & Kenny, 1986; Judd & Kenny, 1981). First,
age was included as (continuous) predictor of WM, yielding a clear effect (which represents
the above reported age difference). All following steps addressed the question of whether this
age-difference could be better accounted for by cognitive measures. Thus, in order to test
whether the age-difference could be better accounted for by lower level cognitive resources,
in a second step, processing speed was included as an additional predictor. Analogously, in
order to test whether the age-difference could be better accounted for by higher order
cognitive processes, in a third step, the three EF measures were included as additional
predictors. The results are summarized in Table 3. In addition to identifying cognitive
measures that could serve as predictors of WM in general, this analysis was a first exploration
of which measures account for variance in WM when all cognitive measures are considered
concurrently. This approach was followed by subsequent analyses using a path model

approach to evaluate separate mediational mechanisms for the EF measures.

Insert Table 3 about here
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In the first step, age accounted for approximately 8% of variability in WM, F(1, 251)
= 21.59, p < .001. In the second step, including processing speed as an additional predictor
increased the explained variability to 11%, F(2, 250) = 15.85, p < .001. In this two-level
regression, only processing speed (but not age) was a significant predictor of WM. Including
the three EF facets as additional predictors in a third step increased the explained variability
to 22%, F(5, 247) = 13.80, p < .001. In this three-level regression, age, processing speed, and
shifting were non-significant predictors of WM; the variability in WM was accounted for by
updating and inhibition, with the latter emerging as the strongest predictor. A set of model
comparisons revealed the role of updating and inhibition as predictors of WM: Removing the
three EF measures from the model resulted in a significant reduction of explained variance,
AR? = .11, p < .001. In contrast, removing age from the model did not result in a significant
reduction of explained variance, 4R? < .01, p = .390. The same pattern emerged when
removing processing speed, 4R? = .01, p = .119, removing age and processing speed together,
AR? = .01, p = .294, and removing age, processing speed, and shifting together from the
model, 4R? = .01, p = .474. Thus, the most economical model contained only updating (f =
.19, p = .002) and inhibition (5 = .33, p < .001) as predictors for WM, R? = .21, F(2, 250) =
33.32, p <.001.

Mediation analyses. The previous regression analyses indicated that there was no
remaining variance in WM accounted for by age, once variability in EF (particularly updating
and inhibition) was entered in the model. To further evaluate the individual role of each EF in
mediating age-differences in WM, path models were used to simultaneously estimate indirect
and direct effects. For all models, age was entered as a continuous variable. In a first step, for
each executive facet a separate model was created, examining whether the respective facet
would mediate age-differences in WM. These indirect effects were significant both for

updating (standardized f = -.15; p < .001) as well as for inhibition (standardized § = -.20; p <
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.001), where this was not the case for shifting (standardized f < .01; p = .751). The direct
effect of age on WM was not significant for the updating-model (standardized S = -.13; p =
.054) nor for the inhibition-model (standardized S = -.08; p = .263), but was significant for the
shifting-model (standardized f§ = -.28; p <.001).

As one of the shifting measures (i.e., the color-shape task) failed to detect age-
differences, the shifting model was repeated with the category-switch task as single indicator
to evaluate whether results were caused by the low shifting-age relation. This analysis
revealed the same pattern of results: The indirect effect via shifting was still non-significant
(standardized f = .01; p = .377) and the direct effect of age on WM remained significant
(standardized f = -.29; p <.001).

Thefull model

In a final step answering the developmental question of whether specific facets of EF
predicted age-differences in WM, a comprehensive model was evaluated. In this approach,
previously revealed mechanisms were arranged in a global path model to allow for a
simultaneous evaluation of the individual role of each executive facet in predicting age-
related WM. The derived model contained mediational paths for each EF to constitute indirect
effects of age on WM via the EF measures (see Figure 1). As shifting did not show any
pairwise correlation with the two other EF, only the correlation between updating and
inhibition was included in the model. All constructs were again represented as the means of
their two respective individual indicator variables. Age was entered as a continuous variable.
The resulting model showed a nearly perfect fit, y(df = 3) = 1.02, p = .797, CFI > .99,

RMSEA < .01.

Insert Figure 1 about here
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For updating and inhibition, the respective indirect effect was significant (via
updating: standardized f = -.09; p = .006; via inhibition: standardized f = -.19; p < .001),
where this was not the case for shifting (standardized f < .01; p = .609). The direct effect of
age on WM was not significant (standardized f = .01; p = .890).

Repeating the full model with the category-switch task as single indicator for shifting
revealed the same results: The indirect effect via shifting was still non-significant
(standardized S = .01; p = .369). The indirect effects via updating (standardized f = -.09; p =
.006) and via inhibition (standardized f = -.19; p < .001) remained significant. The direct

effect of age on WM was still non-significant (standardized f < .01; p = .988).

Discussion

The present study investigated the specific role of the three major facets of EF in age-
related changes of WM performance. Using multiple indicators per variable and different
statistical approaches, several major results were revealed: First, age-differences in WM were
confirmed (supporting previous literature, see e.g., Bopp & Verhaeghen, 2005; Chai et al.,
2018; Rhodes & Katz, 2017; Sander et al., 2012). Second, age-differences were also found in
all three EF facets (also replicating previous results, e.g., Bélanger et al., 2010; Mayr &
Liebscher, 2001; Verhaeghen & Basak, 2005). Third, and most importantly, a set of statistical
approaches suggests that executive facets differently account for age-related variability in
WM. Specifically, updating and inhibition seem most influential.

The main question of the current project was whether EF predicts WM beyond basic
cognitive processes (i.e., processing speed), and if so, whether certain executive facets would
specifically underlie age-differences in WM performance. A set of hierarchical regression
analyses showed that the inclusion of EF measures as predictors in addition to age and
processing speed led to a greater amount of explained variance in WM. More specifically,

updating and inhibition (but not shifting) significantly predicted WM. Importantly, when all
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factors were considered together in one model, age and processing speed did not contribute to
variability in WM performance beyond executive resources. Moreover, when executive
predictors were considered, age and processing speed no longer significantly predicted WM.

A set of model comparisons suggests that age, speed, and shifting were redundant
predictors in the presence of the other executive measures. Congruently, mediation analyses
using path models showed that the WM age-differences were mediated by updating and
inhibition, whereas this was not the case for shifting. This supports the notion that inhibition
and updating are the most relevant EF facets underlying age-differences in WM. These results
are congruent with predictions of the executive attention framework (Engle, 2002; Engle &
Kane, 2004), such that maintaining and refreshing goals or memoranda in memory (which
deploys updating resources) while suppressing interfering, non-pertinent information (which
deploys inhibition resources) are the most important factors underlying individual (age-)
differences in WM.

Engle and Kane (2004) argue that active memory maintenance and inhibitory control
are the two interdependent factors that form executive attention, which consists the central
core of WM. The present results confirm that updating and inhibition are two related, yet
separable constructs that contribute to WM performance. As a consequence, the current
findings speak against the alternative frameworks which predict that age-related variance in
WM is exclusively accounted for by inhibitory control (e.g., Lustig et al., 2007) or by
processing-related resources such as updating (e.g., Belleville et al., 2003). Instead, the
current data support the view that a combination of inhibition and updating resources are
essential in explaining age-related decline in WM, which is consistent with the two-factor
view of cognitive control (see e.g., Engle, 2002; Engle & Kane, 2004).

Further, the present data suggests that age-related variance in shifting does not
contribute to age-detriments in WM. This is in line with previous meta-analytic results (see

Verhaeghen, 2011), which showed that task-shifting did not explain any age-related variance
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in complex cognition over and beyond the effects explained by processing speed. Similarly,
Oberauer and colleagues (2008) have also shown that shifting was unrelated to WM, whereas
Miyake and colleagues (2000) showed a negative relation between shifting and WM.

Given that only one of the two shifting tasks used in the present study showed age-
differences (i.e. category-switch task), one could argue that these missing age-differences are
the reason why shifting was not related to age-related WM in the present study. However,
path model analyses using the category-switch task as single indicator for shifting revealed
the same pattern of results in all cases. Thus, even when focusing on a task which showed a
substantial age decline, shifting did not play any role in explaining age-related WM. This
result supports the conclusion drawn above that shifting is not as essential as the other EF
facets for explaining age-differences in WM.

In addition to supporting previous research exhibiting age-related decline in EF (e.g.,
Crawford et al., 2000; Salthouse et al., 2003), our results are novel in that they address the
specific role of the different executive facets in age-related decline in WM more
comprehensively. Thus, our data supports previous research that has highlighted the
individual roles of inhibition (e.g., Lustig et al., 2001; Salthouse & Meinz, 1995; Van Gerven
et al., 2007) and updating (Pelegrina, Borella, Carretti, & Lechuga, 2012; Schmiedek, Li, &
Lindenberger, 2009) on age-differences in WM separately. However, our results extend the
current literature by examining how these executive facets in combination account for
independent age-related variance in WM.

Finally, and of more practical relevance, previous studies show that decreases of older
adults’ WM not only are among the first symptoms of neuropsychological diseases, such as
mild cognitive impairment and Alzheimer’s disease (e.g., Belleville et al., 2003, 2007;
Gagnon & Belleville, 2011), but that they can also lead to less autonomy and lower quality of
life (e.g., Klingberg, 2010; Nissim et al., 2016). As a consequence, the current findings may

provide crucial novel insight into the specific facets of EFs that could be particularly relevant
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when aiming to improve older adults’ WM. Past literature demonstrates the plasticity of
higher-order cognitive functions such as WM (e.g., Williams & Kemper, 2010). It further
illustrates how cognitive training interventions can lead to increased activity in the (pre-
)frontal cortex and the fronto-parietal network that underlies WM functioning (e.g.,
Constantinidis & Klingberg, 2016). As a consequence, the present findings seem of particular
interest, as they illustrate that in order to increase WM performance, cognitive trainings
targeting pre-frontally mediated updating resources and inhibitory control may be particularly
efficient. Thus, repeated enhancement of updating and inhibition resources may lead to
increased WM capacity, which may prolong older adults’ independence and increase their
personal well-being.

Limitations of the present study concern the following issues: First, the specificity of
the selected cognitive tasks may limit the generalizability of the results. However, to reduce
distortions due to a specific single task, multiple indicators for the cognitive constructs were
used. In addition, all tasks represent established indicators of WM, updating, inhibition, and
shifting. Second, age-differences were not obtained in one of the two shifting measures. Thus,
further research has to examine whether the role of shifting in explaining age-related WM
remains comparably negligible when more sensitive shifting tasks are used which may show
clearer age-differences. Note, however, the findings by Verhaeghen (2011) suggest that
shifting may be an exception among the EF facets: It seems to be less influenced by age, and
may therefore not be underlying the age decline in other cognitive functions such as WM.
Third, we acknowledge that the present results might be biased due to missing data. Yet, the
amount of missing data was comparably small in both age groups (and the pattern of results
was identical for three different missing data techniques). Fourth, although a relatively large
sample was tested, the younger age group consisted mainly of university students, which

might limit the generalizability of the present findings: Different correlational patterns
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between the EF facets and WM might be found in clinical samples or participants with a
lower level of education.

To review, the present study shows that updating and inhibition are key aspects of EF
involved in age-related WM performance. This empirical finding supports the theoretical
assumption that memory manipulation and maintenance as well as inhibitory control are the
most essential underpinnings of WM (e.g., Engle & Kane, 2004). By identifying which
executive facets specifically underlie WM in aging, the present study further offers an
empirical basis for developing possible interventions and trainings to improve older adults’

WM performance by strengthening their updating and inhibition performance.
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Footnotes

1 The proportions of excluded trials were, for the younger and older sample, respectively, 1.3% and
2.6% in the Simon task, 3.7% and 2.2% in the category-switch task, and 2.0% and 1.4% in the color-shape task.

2 There were univariate outliers in the switching tasks (2 younger and 2 older adults) and the letter-
memory task (1 older adult). Furthermore, there were three multivariate outliers from the group of older adults.
When these outliers were included, analyses yielded a highly similar pattern of results.

3 Because of the small proportion of missing data in general and the comparable fraction for both age
groups, the applied listwise deletion technique was considered justifiable and results are reported for this
method. Additionally, for a more conservative investigation, all analyses were repeated using mean imputation
(i.e., all missing values were replaced with the mean of the respective variable). Furthermore, the path model
analyses were repeated using the full-information maximum likelihood algorithm to estimate missing values
allowing the inclusion of all 282 participants. Note that the pattern of results was the same for all three missing

data techniques.



25

Acknowledgements

We declare no conflict of interest.

We thank Melanie Zeintl for assistance with setting up the study and data collection.

Matthias Kliegel received support from the Swiss National Science Foundation
(SNSF). Christoph Stahl and Christoph Kaller received support from the German Federal

Ministry of Education and Research (BMBF, grants #01GW0730 and #01GW0710).



26

References

Alloway, T. P., & Alloway, R. G. (2013). Working memory across the lifespan: A
cross-sectional  approach.  Journal of  Cognitive  Psychology, 25(1), 84-93.
doi:10.1080/20445911.2012.748027

Altmann, E. M., & Gray, W. D. (2008). An integrated model of cognitive control in
task switching. Psychological Review, 115, 602-639.

Alvarez, J. A., & Emory, E. (2006). Executive Function and the Frontal Lobes: A
Meta-Analytic Review. Neuropsychology Review, 16(1), 17-42. doi:10.1007/s11065-006-
9002-x

Anderson, J. R., & Lebiere, C. J. (2014). The atomic components of thought.
Psychology Press.

Atkinson, R. C., & Shiffrin, R. M. (1968). Human memory: A proposed system and its
control processes. In K. W. Spence & J. T. Spence (Eds.), The psychology of learning and
motivation (Vol. 2, pp. 89-195). New York: Academic Press.

Baddeley, A. (2007). Working memory, thought, and action, (vol. 45). New York:
Oxford University Press.

Baddeley, A. (2010). Working memory. Current biology, 20(4), 136-140.

Baddeley, A. (2012). Working memory: theories, models, and controversies. Annual
review of psychology, 63, 1-29.

Baddeley, A. D., Baddeley, H. A., Bucks, R. S., & Wilcock, G. K. (2001). Attentional
control in Alzheimer's disease. Brain, 124(8), 1492-1508

Baddeley, A., Chincotta, D., & Adlam, A. (2001). Working memory and the control of
action: evidence from task switching. Journal of Experimental Psychology: General, 130(4),

641.



27

Bailey, H., Dunlosky, J., & Hertzog, C. (2009). Does Differential Strategy Use
Account for Age-Related Deficits in Working-Memory Performance? Psychology and Aging,
24(1), 82-92. doi: 10.1037/a0014078

Banich, M. T. (2009). Executive function: The search for an integrated account.
Current Directions in Psychological Science, 18, 89-94.

Baron, R. M. & Kenny, D. A. (1986). The Moderator-Mediator Variable Distinction in
Social Psychological Research: Conceptual, Strategic, and Statistical Considerations. Journal
of Personality and Social Psychology, 51(6), 1173-1182.

Bélanger, S., Belleville, S., & Gauthier, S. (2010). Inhibition impairments in
Alzheimer’s disease, mild cognitive impairment, and healthy aging: Effect of congruency
proportion in a Stroop task. Neuropsychologia, 48, 581-590.

Belleville, S., Chertkow, H., & Gauthier, S. (2007). Working memory and control of
attention in persons with Alzheimer's disease and mild cognitive impairment.
Neuropsychology, 21(4), 458-469.

Belleville, S., Rouleau, N., & Caza, N. (1998). Effect of normal aging on the
manipulation of information in working memory. Memory & Cognition, 26, 572-583.

Belleville, S., Rouleau, N., Van der Linden, M., & Collette, F. (2003). Effect of
manipulation and irrelevant noise on working memory capacity of patients with Alzheimer's
dementia. Neuropsychology, 17(1), 69-81.

Bizon, J., Foster, T., Alexander, G., & Glisky, E. (2012). Characterizing cognitive
aging of working memory and executive function in animal models. Frontiers in Aging
Neuroscience, 4(19). 1-14. doi:10.3389/fnagi.2012.00019

Blakemore, S. J., & Choudhury, S. (2006). Development of the adolescent brain:
implications for executive function and social cognition. Journal of Child Psychology and

Psychiatry, 47(3-4), 296-312. doi:10.1111/1.1469-7610.2006.01611.x



28

Bopp, K. L. & Verhaeghen, P. (2005). Aging and verbal memory span: A meta-
analysis. Journals of Gerontology Series B: Psychological Sciences and Social Sciences,
60(5), 223-233.

Borella, E., Carretti, B., & De Beni, R. (2008). Working memory and inhibition across
the adult life-span. Acta Psychologica, 128(1), 33-44. doi: 10.1016/j.actpsy.2007.09.008

Cappell, K. A., Gmeindl, L., & Reuter-Lorenz, P. A. (2010). Age differences in
prefontal recruitment during verbal working memory maintenance depend on memory load.
Cortex, 46(4), 462-473.

Carp, J., Gmeindl, L., & Reuter-Lorenz, P. A. (2010). Age Differences in the Neural
Representation of Working Memory Revealed by Multi-Voxel Pattern Analysis. Frontiers in
Human Neuroscience, 4, 217. doi:10.3389/fnhum.2010.00217

Chai, W. J., Abd Hamid, A. 1., & Abdullah, J. M. (2018). Working Memory From the
Psychological and Neurosciences Perspectives: A Review. Frontiers in Psychology, 9(401).
doi:10.3389/fpsyg.2018.00401

Chen, T., & Li, D. (2007). The roles of working memory updating and processing
speed in mediating age-related differences in fluid intelligence. Aging, Neuropsychology, and
Cognition, 14(6), 631-646.

Cipolotti, L., Healy, C., Chan, E., Bolsover, F., Lecce, F., White, M., . . . Bozzali, M.
(2015). The impact of different aetiologies on the cognitive performance of frontal patients.
Neuropsychologia, 68, 21-30. doi:10.1016/j.neuropsychologia.2014.12.025

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Hillsdale, NJ:
Lawrence Erlbaum.

Constantinidis, C., & Klingberg, T. (2016). The neuroscience of working memory
capacity and  training.  Nature  Reviews  Neuroscience, 17(7),  438-449.

doi:10.1038/nrn.2016.43



29

Conway, A. R. A., Kane, M. J., Bunting, M. F., Hambrick, D. Z., Wilhelm, O., &
Engle, R. W. (2005). Working memory span tasks: A methodological review and user's guide.
Psychonomic Bulletin & Review, 12(5), 769-786.

Cowan, N. (1995). Attention and memory: An integrated framework. Oxford: Oxford
University Press.

Cowan, N. (2010). Multiple Concurrent Thoughts: The Meaning and Developmental
Neuropsychology of Working Memory. Developmental Neuropsychology, 35(5), 447-474.

Cowan, N. (2017). The many faces of working memory and short-term storage.
Psychonomic Bulletin & Review, 24(4), 1158-1170. doi:10.3758/s13423-016-1191-6

Craik, F. 1., & Salthouse, T. A. (Eds.). (2011). The handbook of aging and cognition.
Psychology Press.

Crawford, J. R., Bryan, J., Luszcz, M. A., Obonsawin, M. C., & Stewart, L. (2000).
The executive decline hypothesis of cognitive aging: Do executive deficits qualify as
differential deficits and do they mediate age-related memory decline? Aging,
Neuropsychology and Cognition, 7(1), 9-31.

Daneman, M. & Carpenter, A. (1980). Individual differences in working memory and
reading. Journal of verbal learning and verbal behaviour, 19(4), 450-466.

Dehn, M. J. (2017). How working memory enables fluid reasoning. Applied
Neuropsychology: Child, 6(3), 245-247. doi:10.1080/21622965.2017.1317490

Diamond, A. (2013). Executive Functions. Annual Review of Psychology, 64, 135-
168. doi:10.1146/annurev-psych-113011-143750

Duarte, N.A., Woods, S.P., Rooney, A., Atkinson, J.H., & Grant, 1. (2012). Working
memory deficits affect risky decision-making in methamphetamine users with attention-
deficit/hyperactivity dis-order. Journal of Psychiatric Research, 46, 492-499.

Engle, R. W. (2002). Working memory capacity as executive attention. Current

Directions in Psychological Science, 11(1), 19-23.



30

Engle, R. W. & Kane, M. J. (2004). Executive attention, working memory capacity,
and a two-factor theory of cognitive control. In: B. Ross (Ed.), The psychology of learning
and motivation (Vol. 44). Elsevier, NY.

Engle, R. W., Tuholski, S. W., Laughlin, J. E., & Conway, A. R. (1999). Working
memory, short-term memory, and general fluid intelligence: a latent-variable approach.
Journal of experimental psychology: General, 128(3), 309.

Ekstrom, R. B., French, J. W., & Harman, H. H. (1976). Kit of factor-referenced
cognitive tests. Princeton, NJ: Educational Testing Service.

Fabiani, M. (2012). It was the best of times, it was the worst of times: A
psychophysiologist's view of cognitive aging. Psychophysiology, 49(3), 283-304. doi:
10.1111/5.1469-8986.2011.01331.x

Friedman, N. P., Miyake, A., Corley, R. P., Young, S. E., Defries, J. C., & Hewitt, J.
K. (2006). Not all executive functions are related to intelligence. Psychological Science, 17,
172-179.

Friedman, N. P., & Miyake, A. (2017). Unity and diversity of executive functions:
Individual differences as a window on cognitive structure. Cortex, 86(Supplement C), 186-
204. doi: 10.1016/j.cortex.2016.04.023

Gade, M., Schuch, S., Druey, M. D., & Koch, 1. (2014). Inhibitory control in task
switching. In J. Grange & G. Houghton (Eds.) Task Switching and Cognitive Control (pp.
137-159). New York, NY: Oxford University Press.

Gagnon, L. G. & Belleville, S. (2011). Working Memory in Mild Cognitive
Impairment and Alzheimer's Disease: Contribution of Forgetting and Predictive Value of
Complex Span Tasks. Neuropsychology, 25(2), 226-236.

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A.,

. . Rapoport, J. L. (1999). Brain development during childhood and adolescence: a

longitudinal MRI study. Nature Neuroscience, 2(10), 861-863.



31

Glisky, E. L., & Kong, L. L. (2008). Do Young and Older Adults Rely on Different
Processes in Source Memory Tasks? A Neuropsychological Study. Journal of experimental
psychology. Learning, Memory, and Cognition, 34(4), 809-822. doi:10.1037/0278-
7393.34.4.809

Godbout, L., Grenier, M. C., Braun, C. M. J., & Gagnon, S. (2005). Cognitive
structure of executive deficits in patients with frontal lesions performing activities of daily
living. Brain Injury, 19(5), 337-348.

Hakun, J. G., & Johnson, N. F. (2017). Dynamic range of frontoparietal functional
modulation is associated with working memory capacity limitations in older adults. Brain and
Cognition, 118(Supplement C), 128-136. doi: 10.1016/j.bandc.2017.08.007

Hasher, L. & Zacks, R. T. (1988). Working memory, comprehension, and aging: A
review and a new view. In G. Bower (Ed.), The psychology of learning and motivation (Vol.
22, pp. 193-225). San Diego, CA: Academic Press.

Hedden, T., & Yoon, C. (2006). Individual differences in executive processing predict
susceptibility to interference in verbal working memory. Neuropsychology, 20, 511-528.

Heinzel, S., Lorenz, R. C., Duong, Q. L., Rapp, M. A., & Deserno, L. (2017).
Prefrontal-parietal effective connectivity during working memory in older adults.
Neurobiology of Aging, 57(Supplement C), 18-27. doi: 10.1016/ j.neurobiolaging.2017.05.005

Heitz, R. P. & Engle, R. W. (2007). Focusing the spotlight: Individual differences in
visual attention control. Journal of Experimental Psychology: General, 136, 217-240.

Hofmann, W., Schmeichel, B. J., & Baddeley, A. D. (2012). Executive functions and
self-regulation. Trends in Cognitive Sciences, 16(3), 174-180. doi: 10.1016/j.tics.2012.01.006

Judd, C. M. & Kenny, D. A. (1981). Process analysis: Estimating mediation in

evaluation research. Evaluation Research, 5(5), 602-619.



32

Kane, M. J. & Engle, R. W. (2000). Working memory capacity, proactive interference,
and divided attention: Limits on long-term retrieval. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 26, 333-358.

Kane, M. J., & Engle, R. W. (2002). The role of prefrontal cortex in working-memory
capacity, executive attention, and general fluid intelligence: An individual-differences
perspective. Psychonomic Bulletin & Review, 9(4), 637-671. doi:10.3758/BF03196323

Kane, M. J., Bleckley, M. K., Conway, A. R. A., & Engle, R. W. (2001). A controlled-
attention view of working memory capacity. Journal of Experimental Psychology: General,
130(2), 169-183.

Kane, M. J., Hambrick, D. Z., Tuholski, S. W., Wilhelm, O., Payne, T. W., & Engle,
R. W. (2004). The Generality of Working Memory Capacity: A Latent-Variable Approach to
Verbal and Visuospatial Memory Span and Reasoning. Journal of Experimental Psychology:
General, 133(2), 189-217. doi: 10.1037/0096-3445.133.2.189

Kaup, A. R., Drummond, S. P. A., & Eyler, L. T. (2014). Brain functional correlates of
working memory: Reduced load-modulated activation and deactivation in aging without
hyperactivation or functional reorganization. Journal of the International Neuropsychological
Society, 20(9), 945-950. doi: 10.1017/S1355617714000824.

Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A. M., &
Koch, 1. (2010). Control and interference in task switching - A review. Psychological
Bulletin, 136(5), 849-874. doi:10.1037/a0019842

Koch, 1., Gade, M., Schuch, S., & Philipp, A. M. (2010). The role of inhibition in task
switching: A review. Psychonomic Bulletin & Review, 17(1), 1-14. doi:10.3758/pbr.17.1.1

Klingberg, T. (2010). Training and plasticity of working memory. Trends in Cognitive
Sciences, 14(7), 317-324. doi:10.1016/j.tics.2010.05.002

Lehrl, S. (1977). Der Mehrfachwahlwortschatztest MWT-B. Erlangen: Straube.



33

Lehto, J. H. (1996). Are executive function tests dependent on working memory
capacity? Quarterly Journal of Experimental Psychology Section a-Human Experimental
Psychology, 49(1), 29-50.

Liefooghe, B., Barrouillet, P., Vandierendonck, A., & Camos, V. (2008). Working
memory costs of task switching. Journal of Experimental Psychology-Learning Memory and
Cognition, 34(3), 478-494.

Logan, G. D. (2004). Working memory, task switching, and executive control in the
task span procedure. Journal of Experimental Psychology: General, 133(2), 218-236.

Long, D. L. & Prat, C. S. (2002). Working memory and Stroop interference: An
individual differences investigation. Memory & Cognition, 30, 294-301.

Lustig, C., Hasher, L., & Zacks, R. T. (2007). Inhibitory Deficit Theory: Recent
Developments in a “New View”. Inhibition in Cognition, 17, 145-162.

Lustig, C., May, C. P., & Hasher, L. (2001). Working memory span and the role of
proactive interference. Journal of Experimental Psychology: General, 130(2), 199-207.

Mattay, V. S., Fera, F., Tessitore, A., Hariri, A. R., Berman, K. F.,, Das, S., . . .
Weinberger, D. R. (2006). Neurophysiological correlates of age-related changes in working
memory capacity. Neuroscience Letters, 392(1), 32-37. doi: 10.1016/j.neulet.2005.09.025

Mayr, U. & Kliegl, R. (2000). Task-set switching and long-term memory retrieval.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 26, 1124-1140.

Mayr, U. & Liebscher, T. (2001). Is there an age deficit in the selection of mental sets?
European Journal of Cognitive Psychology, 13, 47-69.

McCabe, D. P., Roediger, H. L., McDaniel, M. A., Balota, D. A., & Hambrick, D. Z.
(2010). The Relationship Between Working Memory Capacity and Executive Functioning:
Evidence for a Common Executive Attention Construct. Neuropsychology, 24(2), 222-243.

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., &Wager,

T. D. (2000). The unity and diversity of executive functions and their contributions to



34

complex frontal lobe tasks: A latent variable analysis. Cognitive Psychology, 41(1), 49-100.
doi:10.1006/cogp.1999.0734

Nagel, 1. E., Preuschhof, C., Li, S. C., Nyberg, L., Backman, L., Lindenberger, U., &
Heekeren, H. R. (2011). Load Modulation of BOLD Response and Connectivity Predicts
Working Memory Performance in Younger and Older Adults. Journal of Cognitive
Neuroscience, 23(8), 2030-2045. doi:10.1162/jocn.2010.21560

Nee, D. E., Brown, J. W., Askren, M. K., Berman, M. G., Demiralp, E., Krawitz, A.,
& Jonides, J. (2013). A Meta-analysis of Executive Components of Working Memory.
Cerebral Cortex, 23(2), 264-282. doi:10.1093/cercor/bhs007

Nissim, N. R., O’Shea, A. M., Bryant, V., Porges, E. C., Cohen, R. H., & Woods, A. J.
(2016). Frontal Structural Neural Correlates of Working Memory Performance in Older
Adults. Frontiers in Aging Neuroscience, 8, 328. doi:10.3389/fnagi.2016.00328

Norman, D. A., & Shallice, T. (1986). Attention to action: Willed and automatic
control of behaviour. In R. J. Davidson, G. E. Schwartz, & D. Shapiro (Eds.), Consciousness
and Self-Regulation: Advances in Research and Theory (Vol. 4, pp. 1-18). New York: Plenum
Press.

Oberauer, K., Sii, H. M., Wilhelm, O., & Wittmann, W. W. (2008). Which working
memory functions predict intelligence? Intelligence, 36, 641-652.

Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. T. (2005). N-back
working memory paradigm: A meta-analysis of normative functional neuroimaging. Human
Brain Mapping, 25(1), 46-59. doi:10.1002/hbm.20131

Park, D. C., & Payer, D. (2006). Working Memory Across the Adult Lifespan. In E.
Bialystok & F. I. M. Craik (Eds.), Lifespan cognition: Mechanisms of change (pp. 128-142).

New York, NY, US: Oxford University Press.



35

Passolunghi, M. C., & Pazzaglia, F. (2005). A comparison of updating processes in
children good or poor in arithmetic word problem-solving. Learning and individual
differences, 15(4), 257-269.

Pelegrina, S., Borella, E., Carretti, B., & Lechuga, M. T. (2012). Similarity-based
interference in a working memory numerical updating task: Age-related differences between
younger and older adults. Experimental Psychology, 59, 183-189.

R Development Core Team (2011). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.

Raven, J. C., Raven, J. E., & Court, J. H. (1998). Progressive matrices. Oxford,
England: Oxford Psychologists Press.

Redick, T. S., Calvo, A., Gay, C. E., & Engle, R. W. (2011). Working Memory
Capacity and Go/No-Go Task Performance: Selective Effects of Updating, Maintenance, and
Inhibition. Journal of Experimental Psychology: Learning Memory and Cognition, 37(2),
308-324.

Redick, T. S. & Engle, R. W. (2006). Working memory capacity and attention network
test performance. Applied Cognitive Psychology, 20, 7T13-721.

Rhodes, R. E., & Katz, B. (2017). Working memory plasticity and aging. Psychology
and Aging, 32(1), 51-59. doi:10.1037/pag0000135

Robbins, T. W., & Arnsten, A. F. T. (2009). The Neuropsychopharmacology of
Fronto-Executive Function: Monoaminergic Modulation Annual Review of Neuroscience
(Vol. 32, pp. 267-287). Palo Alto: Annual Reviews.

Rosseel, Y. (2012). lavaan: An R Package for Structural Equation Modeling. Journal
of Statistical Software, 48(2), 1-36.

Rottschy, C., Langner, R., Dogan, L., Reetz, K., Laird, A. R., Schulz, J. B., . . .
Eickhoff, S. B. (2012). Modelling neural correlates of working memory: A coordinate-based

meta-analysis. Neuroimage, 60(1), 830-846. doi:10.1016/j.neuroimage.2011.11.050



36

Roussel, M., Dujardin, K., Hénon, H., & Godefroy, O. (2012). Is the frontal
dysexecutive syndrome due to a working memory deficit? Evidence from patients with stroke.
Brain, 135(7), 2192-2201. doi:10.1093/brain/aws132

Salthouse, T.A. (1992). Influences of processing speed on adult age differences in
working memory. Acta Psychologica, 79, 155-170.

Salthouse, T.A. (1994). The aging of working memory. Neuropsychology, 8,535-543.

Salthouse, T. A. (1996). The processing-speed theory of adult age differences in
cognition. Psychological Review, 103, 403-428.

Salthouse, T. A. (2000a). Aging and measures of processing speed. Biological
psychology, 54(1-3), 35-54.

Salthouse, T. (2000b). A theory of cognitive aging (Vol. 28). Amsterdam:
NorthHolland.

Salthouse, T. A., Atkinson, T. M., & Berish, D. E. (2003). Executive functioning as a
potential mediator of age-related cognitive decline in normal adults. Journal of Experimental
Psychology-General, 132(4), 566-594.

Salthouse, T. A. & Babcock, R. L. (1991). Decomposing Adult Age-Differences in
Working Memory. Developmental Psychology, 27(5), 763-776.

Salthouse, T. A., Babcock, R. L., & Shaw, R. J. (1991). Effects of adult age on
structural and operational capacities in working memory. Psychology and Aging, 6, 118-127.

Salthouse, T. A. & Meinz, E. J. (1995). Aging, Inhibition, Working-Memory, and
Speed. Journals of Gerontology Series B-Psychological Sciences and Social Sciences, 50(6),
297-306.

Sander, M. C., Lindenberger, U., & Werkle-Bergner, M. (2012). Lifespan age
differences in working memory: A two-component framework. Neuroscience &

Biobehavioral Reviews, 36(9), 2007-2033. doi: 10.1016/j.neubiorev.2012.06.004



37

Schmiedek, F., Hildebrandt, A., Lovden, M., Wilhelm, O., & Lindenberger, U. (2009).
Complex Span Versus Updating Tasks of Working Memory: The Gap Is Not That Deep.
Journal of Experimental Psychology: Learning Memory and Cognition, 35(4), 1089-1096.

Schmiedek, F., Li, S. C., & Lindenberger, U. (2009). Interference and facilitation in
spatial working memory: Age-associated differences in lure effects in the n-back paradigm.
Psychology & Aging, 24, 203-210.

Schneider-Garces, N. J., Gordon, B. A., Brumback-Peltz, C. R., Shin, E., Lee, Y.,
Sutton, B. P., . . . Fabiani, M. (2010). Span, CRUNCH, and Beyond: Working Memory
Capacity and the Aging Brain. Journal of Cognitive Neuroscience, 22(4), 655-669.
doi:10.1162/jocn.2009.21230

Schnitzspahn, K. M., Stahl, C., Zeintl, M., Kaller, C. P., & Kliegel, M. (2013). The
role of shifting, updating, and inhibition in prospective memory performance in young and
older adults. Developmental Psychology, 49(8), 1544-1553. doi:10.1037/a0030579

Shallice, T., & Burgess, P. (1996). Executive and cognitive functions of the prefrontal
cortex - The domain of supervisory processes and temporal organization of behaviour.
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences,
351(1346), 1405-1412. doi:10.1098/rstb.1996.0124

Shamosh, N. A., DeYoung, C. G., Green, A. E., Reis, D. L., Johnson, M. R., Conway,
A. R. A., ... Gray, J. R. (2008). Individual differences in delay discounting: Relation to
intelligence, working memory, and anterior prefrontal cortex. Psychological Science, 19, 904-
o11.

Simon, J. R. & Berbaum, K. (1990). Effect of conflicting cues on information
processing: The 'Stroop effect' vs. the 'Simon effect'. Acta Psychologica, 73, 159-170.

St Clair-Thompson, H. L. (2011). Executive functions and working memory
behaviours in children with a poor working memory. Learning and Individual Differences,

21(4), 409-414. doi: 10.1016/;.1ind1f.2011.02.008



38

St Clair-Thompson, H. L., & Gathercole, S. E. (2006). Executive functions and
achievements in school: Shifting, updating, inhibition, and working memory. Quarterly
Journal of Experimental Psychology, 59(4), 745-759. doi: 10.1080/17470210500162854

Stuss, D. T., Alexander M.P. (2000). Executive functions and the frontal lobes: A
conceptual view. Psychological Research, 63, 289 - 298.

Stuss, D. T., Knight, R.T. (2002). Introduction. In: Stuss, D. T.; Knight, R. T., (Eds.),
Principles of frontal lobe function (pp. 1-7). New York: Oxford University Press.

Swanson, H. L. (2017). Verbal and visual-spatial working memory: What develops
over a life span? Developmental Psychology, 53(5), 971-995. doi:10.1037/dev0000291

Unsworth, N., Schrock, J. C., & Engle, R. W. (2004). Working memory capacity and
the antisaccade task: Individual differences in voluntary saccade control. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 30, 1302-1321.

Unsworth, N. & Spillers, G. J. (2010). Working memory capacity: Attention control,
secondary memory, or both? A direct test of the dual-component model. Journal of Memory
and Language, 62(4), 392-406.

Van der Linden, M., Brédart, S., & Beerten, A. (1994). Age-related differences in
updating working memory. British Journal of Psychology, 85, 145-152.

Van Gerven, P. W. M., Van Boxtel, M. P. J., Meijer, W. A., Willems, D., & Jolles, J.
(2007). On the relative role of inhibition in age-related working memory decline. Aging,
Neuropsychology, and Cognition, 14(1), 95-107.

Verhaeghen, P. (2011). Aging and Executive Control: Reports of a Demise Greatly
Exaggerated. Current Directions in Psychological Science, 20(3), 174-180.

Verhaeghen P. (2012). Working memory still working: Age-related differences in
working memory and executive control.. In: Ohta N., Naveh-Benjamin M, editors. (Eds.),

Memory and Aging, (pp. 3-30). New York, NY: Psychology Press.



39

Verhaeghen, P. & Basak, C. (2005) Ageing and switching of the focus of attention in
working memory: Results from a modified N-Back task. The Quarterly Journal of
Experimental Psychology, 58, 134-154.

Verhaeghen, P., Marcoen, A., & Goosens, L. (1993). Facts and fiction about memory
aging: A quantitative integration of research findings. Journal of Gerontology: Psychological
Sciences, 48, 157-171.

Verhaeghen, P. & Salthouse, T. A. (1997). Meta-analyses of age-cognition relations in
adulthood: Estimates of linear and non-linear age effects and structural models. Psychological
Bulletin, 122, 231-249.

Wager, T. D., & Smith, E. E. (2003). Neuroimaging studies of working memory.
Cognitive, Affective, & Behavioral Neuroscience, 3(4), 255-274. doi:10.3758/CABN.3.4.255

Wang, M., Gamo, N. J., Yang, Y., Jin, L. E., Wang, X. J., Laubach, M., . . . Arnsten,
A. F. T. (2011). Neuronal Basis of Age-Related Working Memory Decline. Nature,
476(7359), 210-213. doi:10.1038/nature10243

Williams, K. N., & Kemper, S. (2010). Interventions to Reduce Cognitive Decline in
Aging. Journal of Psychosocial Nursing and Mental Health Services, 48(5), 42-51. doi:
10.3928/02793695-20100331-03

Wingfield, A., Stine, E. A., Lahar, C. J., & Aberdeen, J. S. (1988). Does the capacity
of working memory change with age?. Experimental aging research, 14(2), 103-107.

Wongupparaj, P., Kumari, V., & Morris, R. G. (2015a). Executive function processes
mediate the impact of working memory impairment on intelligence in schizophrenia.
European Psychiatry, 30(1), 1-7. doi: 10.1016/j.eurpsy.2014.06.001

Wongupparaj, P., Kumari, V., & Morris, R. G. (2015b). The relation between a
multicomponent working memory and intelligence: The roles of central executive and short-

term storage functions. Intelligence, 53, 166-180. doi: 10.1016/j.intell.2015.10.007



40

Zeintl, M. & Kliegel, M. (2007). How do verbal distractors influence age-related
operation span performance? A manipulation of inhibitory control demands. Experimental
Aging Research, 33, 163-175.

Zelazo, P. D., Carlson, S. M., & Kesek, A. (2008). Development of executive function
in childhood. In C. A. Nelson & M. Luciana (Eds.), Handbook of developmental cognitive

neuroscience  (Vol. 2,  pp. 553-574).  Cambridge, @ MA: MIT  Press.



Table 1

Participants’ mean scores and standard deviations in the neuropsychological tests as a function of age group (younger versus older adults)

Younger adults Older adults
Neuropsychological tests
M SD  Min Max M SD Min Max t value Cohen’s d

Working Memory

Reading span task * 094 025 0.37 1.57 0.83 0.27 0.25 1.57 3.15%* 0.41

Counting span task * 096 024 025 1.57 0.85 0.20 0.34 1.32 4.12%%* 0.51
Updating

Keep-track task * 0.78 0.18 041 1.25 0.65 0.15 0.22 1.02 5.80%** 0.73

Letter-memory task * .11 028 043 1.57 0.82 0.24 0.11 1.33 8.45%*%* 1.05
Inhibition

Antisaccade task * 1.05 022 045 1.57 0.94 0.20 0.34 1.57 4.05%** 0.51

Simon task ” -0.05 0.07 -024 0.12 -0.16  0.07 -0.35  -0.01 12.84%*%* 1.62
Shifting

Category-switch task ” -041 0.18 -0.76  0.15 -0.47  0.13 -0.80  0.02 3.05%* 0.38

Color-shape task ” -0.70 0.13 -097 -0.09 -0.70  0.13 -0.98  -0.34 0.27 -0.03
Processing Speed

Identical-pictures task 36.03 521 22 49 2595 4.44 16 41 1627 2.04

Number-comparison task 22,60 4.78 13 35 18.17 401 11 30 7.85%% 0.98

Note. * Accuracy scores were arcsine-transformed. ” The sign of the response latency difference scores has been reversed; as a consequence, negative
values represent costs and positive benefits, i.e. higher values represent better performance across all variables; proportion scores were used for the

respective measures.

** p <.01; *** p <.001 (after applying a Bonferroni correction, controlling for multiple testing per construct).



Table 2

Pairwise correlations between performances in all cognitive constructs

Construct 1 2 3 4 5
1. WM 1
2. Updating 5k ] — - —
3. Inhibition AL 4%k ] - —
4. Shifting -.04 .08 .004 1 ---
5. Speed 20%xk - 44k 5k 13 1

Note. All constructs are represented as the combined standardized means of their two
respective individual indicator variables. Higher values represent better performance across
all variables. Proportion scores were used for inhibition and shifting.

#*%k p <.001 (after applying a Bonferroni correction, controlling for multiple testing).



Table 3

Hierarchical regression predicting WM

43

Predictors S R? AR? F dfl df2
Step 1 .08 08#** 21.59%** 1 251
Age = 2THEE 21.59%** 1 251
Step 2 A1 03#%* 15.85%* 2 250
Age -.11 2.08 1 250
Speed 23H* 9.39%#* 1 250
Step 3 22 A1 13.80%** 5 247
Age 07 0.74 1 247
Speed 12 2.45 1 247
Updating 18%* 7.18%%* 1 247
Inhibition 32Hk* 20.86%** 1 247
Shifting -.02 0.13 1 247

Note. All constructs are represented as the combined means of their two respective individual
indicator variables. Higher values represent better performance across all variables. Age was
entered as a continuous variable. f coefficients are standardized. dfl = degree of freedom in
the numerator; df2 = degree of freedom in the denominator.

# <013 #+% p < .001.



44

Updating

Shifting

m

Figure 1. The full model. All constructs are represented as the combined means of their two
respective individual indicator variables. Age was entered as a continuous variable. Note that
as shifting did not show any pairwise correlation with the two other EF, only the correlation
between updating and inhibition was included in the model. Values on uni-directional arrows
represent standardized f-weights, whereas values on double arrows represent correlation
coefficients (‘ p < .10, significance at one-tailed level; ** p <.01; *** p <.001).



