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We examined the hypothesis that age-related differences in the reliance on executive control may be better explained by variations of task demand than by a mechanism specifically
linked to aging. To this end, we compared the relationship between the performance of
young and older adults on two executive functioning tests and an updating working-memory
task with different load levels. The results revealed a significant interaction between age,
task demand, and individual executive capacities, indicating that executive resources were
only involved at lower loads in older adults, and only at higher loads in young adults. Overall,
the results are not consistent with the proposition that cognition places greater demand on
executive control in older adults. However, they support the view that how much young and
older adults rely on executive control to accomplish cognitive tasks depends on task
demand. Finally, interestingly these results are consistent with the CRUNCH model
accounting for age-related differences in brain activations.
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Introduction
Although it is well established that executive functioning declines during aging, an issue of current interest is that older adults appear to rely more on executive control than young adults
when faced with a demanding task [1–3]. Recent studies in the domains of memory and reasoning have demonstrated that executive function measures correlate more with the performance of older adults than with that of young adults [4–8]. Accordingly, some authors have
postulated that cognitive tasks place greater demand on executive control resources in older
than in young adults, and that this phenomenon may correspond to an aging-specific mechanism to compensate for age-related differences (a hypothesis referred to as a “shift from automatic to controlled forms of processing with advancing age”) [4, 9, 10].
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Greater correlations between executive functioning measures and the cognitive performance
of older adults are consistent with recent functional neuroimaging data on age-related differences in brain activations. Larger brain activations, referred to as over-activations, have been
found in older than in young adults, predominantly in brain areas known to underlie executive
functioning, such as the prefrontal cortex (PFC) and the parietal cortex (PC). Age-related brain
over-activations have been observed in many cognitive tasks, such as episodic memory, perceptual, and reasoning tasks, as well as tasks involving working memory (WM), the domain of the
present study [1, 11, 12]. This phenomenon has generally been interpreted as a specific neural
response associated with aging to overcome the impact of smaller neural capacity and/or efficiency ([1, 13–15] for a review). By comparing these neuroimaging data with behavioral data
regarding the greater reliance on executive functioning in older adults, some authors have
inferred that this additional neural recruitment in cortical areas, classically associated with
executive functioning, may reflect a greater involvement of executive control processes in order
to limit age-related cognitive decline [4, 5, 8, 10, 11, 16].
However, an important outstanding question concerns whether this greater involvement of
executive control is specific to older adults or can also occur in young adults when the task
demand exceeds a certain threshold. Given the reduced resources of older adults, their reliance
on executive control would start to take effect at a lower level of task demand than that of
young adults. To test this hypothesis, the three variables—age, executive control, and task
demand–must be varied within the same experimental design. The notion that task demand is
a crucial factor in the involvement of executive resources is consistent with the CRUNCH
model (Compensation-Related Utilization of Neural Circuits Hypothesis), which assumes that
older adults’ greater reliance on prefrontal cortical resources is due to task demand, rather than
to aging per se [17]. This model suggests that greater task demand increases recruitment in
some cortical regions among both older and younger adults, but at different levels of load.
Strong evidence for this prediction has recently been found in functional neuroimaging studies
showing that age-related differences in the brain activation of the prefrontal cortex associated
with working memory follows a particular profile, with over-activation in older adults at lower
load levels, disappearing at higher levels, and appearing only at higher load levels in young
adults [18–23]. Given the strong involvement of the prefrontal cortex in executive functioning
[1], an interesting question is whether a similar pattern could be observed in the reliance on
executive control.
The main purpose of this study was to test the hypothesis that increased reliance on executive control corresponds more to a general mechanism occurring when both young and older
adults are faced with heavy task demand relative to their respective resources. We assume first
that age-related differences in the reliance on executive functioning depend mainly on task
demand, and secondly, probably due to their reduced capacity, that older adults will be more
likely to show greater reliance on executive functioning at lower memory loads, whereas young
adults will show this reliance at higher loads. We examined this issue by measuring the performance of young and older adults on an Updating Working-Memory Task (UWMT) with six
different load levels, and by assessing executive functioning using two tasks, namely the Wisconsin Card Sorting Test (WCST) and the Initial Verbal-fluency Test (ILFT).
We expected to observe a significant three-way interaction between age, level of task
demand, and executive functioning, providing statistical confirmation of differences between
young and older adults regarding the level of executive functioning involved at each level of
task demand. Accordingly, a relationship between Updating Working-Memory Task and executive functioning performance should begin to be significant at lower levels of demand and
continue to be significant at higher levels in older adults, and should be significant only at
higher levels of demand in young adults. However, regarding older adults, a possible alternative
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result is that the working memory and executive functioning relationship would become nonsignificant at higher load levels. This would occur if, across memory-load conditions, this relationship follows the pattern predicted by the CRUNCH model for prefrontal cortex recruitment, whereby older adults would have reached their limit in the involvement of executive
resources at higher load levels.

Material and Method
Participants
The sample comprised 101 participants divided into two age groups: 48 young adults aged
between 25 and 45 years (M = 32.52, SD = 6.63) and 53 older adults aged between 60 and 80
years (M = 70.83, SD = 5.79). The number of males and females was approximately the same in
the two age groups, with 19 men and 29 women in the young group, and 22 men and 31
women in the older group. The sample sizes for each group were planned for approximately
fifty participants, representing the data-collection stopping rule. This was based on indications
of a previous study [24] comparing young and older adults on an updating working-memory
task, and also to ensure sufficient power to demonstrate a significant effect of age on the updating working-memory task and correlations between this task and executive measures within
each group. We tested 48 young participants and 55 older participants. Two older participants
were excluded from the study for their difficulty performing the UWMT. The study was
approved by the Institutional Review Board of the Cognition and Learning Research Center
(CeRCA-UMR CNRS 7295) of the University of Tours and the University of Poitiers. Given
that no invasive technology was used, and that only adults were involved, and because the data
were analyzed strictly anonymously, the authors considered that participants could give their
informed consent orally. Consent was recorded in a research logbook alongside each participant’s number. This procedure was approved by the authors’ Institutional Review Board.
Participants performed the Mill-Hill Vocabulary test [25]. A significant effect of age was
found in educational level, younger adults having completed more years of education (M =
14.21, SD = 3.21 for the young group; M = 12.00, SD = 2.93 for the older group; [t(99) = 3.62, p
< .001]). No significant difference was found in vocabulary skills, suggesting that, despite the
difference in the number of years of education, the two groups had a similar level of general
knowledge (M = 22.73, SD = 4.49 for the young group; M = 23.41, SD = 4.50 for the older
group); [t(99) = -0.81, p = .42]). All participants were volunteers, and none were taking medication likely to affect their cognitive abilities. The older adults scored above the 27 cut-off point
on the Mini-Mental State Examination [26], indicating that none suffered from dementia or
cognitive impairment.

Materials and design
Participants carried out an updating working-memory task (UWMT) and two executive function tests (WCST; ILFT).

Working Memory task
Updating Working-Memory Task (UWMT) [27, 28]. The UWMT was chosen as the target working-memory task because it enables working-memory performance to be measured at
different levels of updating load, easily manipulated through the number of updating operations required in each trial.
In the Updating Working-Memory Task, participants listen strings of items of unknown
length, and then have to recall a specific number of items in the correct order. In the version
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used in this study, participants were presented with lists of 7, 8, 9, 10, 11, or 12 consonants.
They had to recall the last six consonants of each list in the order of their presentation. This
involved holding in memory the first six items and thereafter updating the items stored in
memory by dropping the “oldest” item and adding the most recent one. This updating process
must be repeated for each additional item. This procedure requires participants to make one to
n updates with subsequent serial recall, here from 1 to 6. Participants were not told the length
of each list before presentation; the experimenter indicated the end of the list. Participants
were asked to rehearse silently and to remember only the last six items, which they then had to
say aloud in the correct order after presentation of each list. Sequences sounding like words
and abbreviations were avoided, and the lists were presented in a randomized order. The
updating task score was the number of correct items recalled in the correct order, with a maximum score of 6 in each of the 6 load conditions (total maximum score = 36).
Note that the Updating Working-Memory Task was designed to tap “short-term storage”
and “updating” [28]. However, “updating” is also classically postulated to be a distinct executive function involved in regulating behavior [28]. Thus, the Updating Working-Memory Task
can be expected to share some variance with tasks designed to measure executive control,
which could partly mask the variations we expected to observe in correlations between the
UWMT and executive function tasks (i.e., WCST, ILFT). Some authors have observed that it
can be difficult to clearly define and separate working memory and executive functions (e.g.,
see [2, 29]), since these two abilities share similar processes. However, we chose the Updating
Working-Memory Task because we assumed that this possibility would be low, as the Wisconsin Card Sorting Test-Modified and the Initial Letter-Fluency Test have been defined as complex executive tasks capturing multiple executive functions, including “mental set shifting or
mental flexibility”, “inhibition”, “generation”, “monitoring” and “categorization”, but not specifically “updating” [30].

Executive function tests
The following executive function tests were chosen because they are commonly used as measures of multiple frontal-executive functions [28, 30, 31].
Wisconsin Card Sorting Test-Modified (WCST) [32]. The WCST is a standardized test
for measuring set formation and attention shifts. Participants have to sort cards containing
multidimensional drawings into different categories on the basis of minimum positive and negative feedback from the experimenter. This test is a goal-oriented task assumed to measure
multiple executive or frontal functions [33]. It is often used to measure set shifting or mental
flexibility, but it is also assumed to measure inhibition of previous task sets, problem solving,
abstract thinking, and concept generation (see 30). A structural MRI study [34] and a study of
patients with frontal lobe lesions [35] demonstrated that the Wisconsin Card Sorting TestModified is associated with prefrontal cortex regions. A significant effect of age on performance is classically found [36, 34, 31]. Moreover, a study [34] demonstrated that shrinkage of
the prefrontal cortex mediates an age-related decrease in performance. The measure reported
in the present study is the number of correctly achieved categories.
Initial Letter-Fluency Test (ILFT) [37]. The ILFT is a standardized test in which participants are asked to produce as many words as possible beginning with the letters F, A, and S in
one minute for each letter. The score is the total number of correctly produced words. It is classically described as a complex multifaceted executive task that is reliant on aspects of executive
functioning, such as generating and maintaining the search strategies needed to activate relevant responses and to suppress irrelevant ones [30]. It is therefore believed to measure the executive functions associated with inhibitory functioning, memory monitoring, and switching
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between retrieval strategies [30]. Performance is impaired in patients with frontal and executive
dysfunctions [33]. Functional imaging studies have demonstrated that phonemic verbal fluency
is associated with an increase in left dorsolateral prefrontal cortex activity [38]. A significant
effect of age on performance of the ILFT has been found [36, 39], although some studies
reported no such effect [40].
Executive functioning composite index (EFCI). We also calculated an executive composite score for each participant to assess overall executive functioning. To do so, we averaged the
standardized z-scores of the two executive tests. To justify this composite score, we carried out
a factor analysis including the Wisconsin Card Sorting Test-Modified and Initial Letter-Fluency Test measures, which yielded a single factor (accounting for 78% of the explained variance) to which both measures contributed significantly. This executive composite score was of
particular usefulness in the confirmatory General Linear Model (GLM) analysis, by allowing
the executive measures to be summarized with a single variable.

Results
Three analyses were carried out, using the STATISTICA software, version 12. First, using
Student’s t test, we examined the effects of age on each executive measure (WSCT, ILFT,
EFCI). Second, a General Linear Model (GLM) analysis was carried out to identify main
effects of age group, load level, individual executive level, and interactions between these factors. By examining the three-way interaction between these three factors, we specifically
tested the main statistical hypothesis of the present article, namely that level of executive
functioning determines performance on the Updating Working-Memory Task, but with differences between young and older adults in relation to task demand. Third, to illustrate how
the relationship between working memory and executive control varies as a function of age
and task demand, we computed correlations between performance at the six load levels in
the Updating Working-Memory Task and each measure of executive functioning, in both
young and older adults.

Age group-related differences in executive functioning
To examine age group-related differences in performance on each of the three executive
function measures (WCST, ILFT, EFCI), we computed Student’s t tests. Mean scores are
summarized in Table 1. The analyses show that age group had significant effects on the
Wisconsin Card Sorting Test-Modified and Executive functioning composite index, but not
on the Initial Letter-Fluency Test, although young adults outperformed older adults in this
task.
Table 1. Means and Standard Deviations of executive functioning measures in young and older
adults.
Young (n = 48)

Old (n = 53)

t (1,99)

Executive functioning
26 (4.68)

24.47 (6.83)

1.30 (p = .20)

WCST

ILFT

5.75 (0.48)

5.19 (0.76)

4.37 (p < .001)

EFCI

0.39 (0.56)

-0.09 (0.93)

3.11 (p = .002)

ILFT: Initial Letter-ﬂuency Task
WCST: Wisconsin Card Sorting Test
EFCI: Executive Functioning Composite Index
doi:10.1371/journal.pone.0145361.t001
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Influence of executive level on UWMT as a function of age group and
load level (GLM analysis)
Consistent with the mixed design planned for this study, performance data for the Updating Working-Memory Task were analyzed in a 2 (age group: young and old) x 6 (load level: 1 to 6) x individual executive score General Linear Model analysis (GLM), with individual executive level as
continuous predictor. Note that the type of GLM analysis we selected, based on the linear regression model, involves the ANOVA. It is used to analyze models with all combinations of continuous
(as individual executive level) or categorical (as age-group) predictors when applied to quantitative
scales, and it allows the effect of repeated measures (as load variation in this study) to be calculated.
The analysis revealed a significant effect of age group indicating that older adults performed
less accurately than young adults (F(1,97) = 6.54, MSe = 2.68, η2p = 0.06, p = .01), and a significant effect of load level indicating that performance decreased with increasing load (F(5,485) =
37.97, MSe = 0.84, η2p = 0.28, p < .001). The interaction between age group and load level was
significant (F(5,485) = 4.11, MSe = 0.84, η2p = 0.04, p = .001), indicating that the performance
of older adults decreased more than that of young adults with increasing memory load. Mean
scores are summarized in Fig 1.

Fig 1. Updating Working Memory task (UWMT) performance (means and standard errors) as a function of updating load level and age group.
Performance data on the Updating Working Memory Task (UWMT) were collected at each updating load level.
doi:10.1371/journal.pone.0145361.g001
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Fig 2. Partial Pearson correlations between Updating Working Memory task (UWMT) performance and executive functioning (EFCI) as a function
of updating load level and age group. We collected performance data for the Updating Working Memory Task (UWMT) at each updating load level, and
analyzed correlations with executive functioning performance, as indexed by the executive functioning composite index (EFCI). Only significant correlations
with confidence intervals that did not include 0 are labeled. EFCI: Executive Functioning Composite Index. Note: * = p < .05; ** = p < .01; *** = p < .001
doi:10.1371/journal.pone.0145361.g002

The analysis also revealed a significant effect of executive level (F(1,97) = 20.52, MSe = 2.68,
η2p = 0.17, p < .001), indicating that performance decreased with lower executive levels, and
no significant interaction between executive level and either age (F(1,97) = 0.38, MSe = 2.68,
η2p = 0.01, p = .54) or load level (F(5,485) = 0.96, MSe = 0.84, η2p = 0.01, p = .44). Interestingly
for the present goal, the analysis yielded a significant three-way interaction between age, load
level, and executive functioning (F(5,485) = 5.24, MSe = 0.84, η2p = 0.05, p < .001). As illustrated by the correlations analysis below (Fig 2), this interaction is due to the fact that the pattern of reliance on executive functioning clearly differs between the two age groups, depending
on the load level.

Correlations in young and older adults
To illustrate and explain the significant three-way interaction between age, load level, and executive functioning yielded by the GLM analysis, we performed partial Pearson correlations in
young and older groups separately, with age introduced as a continuous covariate. This was
done on relationships between performance at the six updating levels of the Updating Working-Memory Task and the composite executive functioning measures (EFCI) in each age
group. Fig 2 summarizes these correlations. The general pattern of correlations illustrates the
result of the ANOVA. It shows that the three-way interaction is due to the fact that correlation
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patterns of the Updating Working-Memory Task with the executive functioning between
young and older adults are different. In the young group, the Updating Working-Memory
Task performance was positively correlated with the measure of executive functioning only at
the highest load levels (4, 5, and 6). In the older group, these correlations were significant only
at the lowest load levels (1, 2, and 3). These results show that the Executive Functioning Composite Index measure (EFCI) and the working memory task measure are related and vary in
the same way; however, this was true only at the lowest memory load levels for older adults and
only at the higher memory load levels for young adults. The calculation of the 95% confidence
intervals confirmed the pattern of p values. For all significant r correlations, the confidence
intervals did not include 0, whereas this was the case for all non-significant r correlations.

Discussion
The aim of the present study was to examine the hypothesis that age-related differences in the
reliance on executive control might be better explained by variations in task demand than by a
mechanism specifically linked to aging [1–10]. To this end, we compared the relationship
between performance on two executive function tests, as indicators of executive control
resources, and performance on an updating working-memory task with different load levels, in
young and older adults. We also assumed that the specific profiles of reliance on executive control of young and older adults as a function of task difficulty would be close to the CRUNCH
pattern postulated to explain reliance on the prefrontal cortex [17].
Before looking at the results directly referring to these assumptions, we can note that our
data reveal the classic aging pattern, with young adults outperforming older adults on the
Updating Working-Memory Task, the Wisconsin Card Sorting Test-Modified, and on the
Executive Functioning Composite Index. In this study, no age effect was observed on the verbal
fluency task (ILFT), which is in line with previous studies [40]. Overall, our results also confirm
a significant relationship between the updating process in working memory and executive
functioning, which can be explained by the inhibition and switching capacities involved in the
Wisconsin Card Sorting Test-Modified and the Initial Letter-fluency Task. Achieving update
operations involves the capacity to inhibit to-be-forgotten items, and to switch attention to
new items. Finally, the classic robust Age x Complexity interaction found across the board of
cognition was replicated, as the performance of the older adults on the updating working memory task declined with increasing load more than that of young adults.
Regarding the main hypothesis tested in this study, the pattern of the relationship observed
between working memory and executive functioning when load level was varied, in young and
older adults, is consistent with the hypothesis that greater reliance on executive control mainly
depends on task demand and individual limits, regardless of age. When the memory-load conditions were compared, executive functioning correlated with Updating Working-Memory
Task performance at lower load levels in older adults (< 4 updates), and only at higher load
levels in young adults (> 3 updates). This result was confirmed by the GLM analysis, showing
a significant three-way interaction between age group, load level, and individuals' executive
functioning, indicating that executive functioning influenced Updating Working-Memory
Task performance differently in young and older adults due to variations in level of task
demand. This shows that a higher reliance on executive control in older adults compared to
young adults cannot be generalized to all demand levels. Our findings help further our understanding of the assumption that aging is specifically associated with increased reliance on executive control. The shift to controlled forms of processing with advancing age that has been
observed in recent studies appears to result from an interacting effect between age and task
demand, rather than from aging per se. The significant relationship observed between
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executive resources and working memory performance under high memory load conditions in
young adults confirms that they also call upon executive resources when faced with a particularly demanding task. The main difference with older adults is that younger adults begin to
engage executive resources at a higher demand level. Although, in this study, age seems to have
a clear effect on the reliance on the executive functioning, given that this reliance also occurs in
young adults, our results are better consistent with the idea that this phenomenon is mainly
determined by task demand and individual limits than by aging per se.
While the Wisconsin Card Sorting Test-Modified and the Initial Letter-Fluency Test are
classically defined as complex tasks capturing some important executive functions, it should be
noted that they are also considered as mainly involving a single cognitive flexibility process
[33] and thus do not provide a broad assessment of executive abilities. This suggests that we
mainly tested reliance on a cognitive flexibility process rather than a more general executive
control process. This may limit the scope of this study with regard to the objective of generalizing its conclusion to executive control. This could also apply to the working memory task used
in the present study, which captures a single process associated with working memory (i.e.,
updating). Thus, while the results clearly support the view that reliance on control processes
differs in young and older adults as a function of task demand, understanding the relationship
between working memory functioning and executive functioning may ultimately require a
broader assessment of working memory and executive tasks involving more varied processes.
Secondly, our results help further our understanding of functional neuroimaging data that
show patterns of over-activations in older adults relative to young adults, predominantly in
brain areas classically associated with executive functioning. They show that the reliance on
executive control in young and older adults follows a profile close to the CRUNCH model pattern proposed to account for age-related differences in brain activations (age-related PFC overactivation at low demand level, and under-activation at high demand levels) [17]. Accordingly,
our findings are more consistent with this model than with the view that reliance on greater
neural resources may be a mechanism specific to the aging brain. Indeed, from a behavioral
perspective, our findings seem to parallel functional neuroimaging findings that the involvement of greater frontal neural resources in working memory functioning is mainly dependent
on an interacting effect between capacities associated with aging and task demand, rather than
on aging per se [19–23]. It is interesting to note that the interaction between age, task demand,
and brain activation level observed by some authors also appears for the reliance on executive
control. Accordingly, our data may shed further light on why frontal or parietal neural activation increases when faced with greater task demands, suggesting that this phenomenon may
correspond to a possible increase in the reliance on executive resources ([16] for a result supporting this view).
The main results of this study are that the reliance on executive control depends on task
demand and can be observed in young and older adults at different levels of demand. This finding suggests that the recourse to executive control when performing an Updating WorkingMemory Task could be explained better by individual working memory capacity than by aging.
Since we observed that the relationship between executive measures and Updating WorkingMemory Task performance no longer appears at high demand levels in older adults, one can
hypothesize that the engagement of executive resources increases until the limits of memory
resources are reached. After a certain threshold of demand in the updating process, it is likely
that the difference between older high and low performers on the Updating Working-Memory
Task is erased by the difficulty of the task, and hence that individual differences in executive
capacities no longer discriminate between these individuals. Older adults are likely to reach
their limits at lower levels of demand due to their lower working memory capacity. Regarding
neural activation, evidence supporting this hypothesis has been provided by Schneider-Garces
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et al. [23] using the Sternberg paradigm of working memory. These authors found that the
individual level of brain activation associated with task demand is determined by the individual
working memory span capacity, irrespective of age. At the cognitive level, further research is
required to test the hypothesis that a similar mechanism is involved in the recourse to executive
functioning, investigating whether independent measures of short-term or working-memory
capacity could be independent main predictors of the relationship between executive control
and working-memory performance.
Finally, the greater reliance on controlled processes in older adults has been postulated to be
a mechanism to compensate for age-related difficulties [5, 9, 10]. However, two other hypotheses could account for this phenomenon. It could be a simple consequence of the executive function limitation of older adults, placing more effort on these functions without any
compensatory purpose, or a result of the aging dedifferentiation phenomenon. The fact that we
also found an increase in the reliance on executive measures in young adults at higher load levels does not seem compatible with the dedifferentiation hypothesis, but it does appear consistent with the limitation hypothesis. It should be noted, however, that the limitation and the
compensation hypotheses are not mutually exclusive. It would be interesting in a future study
to provide arguments in order to explore these two hypotheses.
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