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Abstract
Existing evidence suggests that the organization of cognitive functions may differentiate during
development. We investigated two key components of executive functions, memory maintenance
and inhibitory control, by applying latent factor models appropriate for examining developmental
differences in functional associations among aspects of cognition. 263 children (aged 4 to 14
years) were administered tasks that required maintaining rules in mind or inhibiting a prepotent
tendency to respond on the same side as the stimulus. Memory maintenance and inhibitory
control were not separable in children of 4 - 7 or 7 — 9.5 years, but were differentiated in an older

group (9.5 — 14.5 years).
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Memory Maintenance and Inhibitory Control Differentiate
from Early Childhood to Adolescence
Psychometric research generally emphasizes the stability of the structure of cognitive
abilities (see Carroll, 1993; Sternberg, 1994, for reviews). In contrast, multivariate research on
cognitive development in children and older adults highlights developmental differences in the
structure of cognitive abilities and their functional organization (Cattell, 1971; Flavell, 1982;
Garrett, 1946; Horn, 1968; Jones & Conrad, 1933). One of the main hypotheses concerning
changes in the functional organization of cognitive abilities during child development is the
differentiation hypothesis (e.g., Garrett, 1946). It postulates that the structure of intelligence
develops from a relatively unified, general ability in childhood to more differentiated, specific
cognitive abilities by early adulthood. Heinz Werner (1957) generalized the notion of
differentiation to the orthogenetic principle, denoting that development proceeds from a state of
relative globality to a state of increasing differentiation and hierarchical integration. The notion
of developmental changes in specificity and differentiation of cognitive processes was later
extended to account for cognitive changes across the lifespan, suggesting that the organization of
cognitive processes de-differentiates in old age. Indeed, considerable evidence for such de-
differentiation has been found (Baltes, Cornelius, Spiro, Nesselroade, & Willis, 1980; Schaie,
1962; for recent evidence, see de Frias et al., 2007; Li, Lindenberger, Hommel, Aschesleben,
Prinz, & Baltes, 2004).
Methodologically, developmental differentiation refers to the observation that the degree
of correlation across different intellectual abilities, often represented as the prominence of a
general factor (g) of intellectual functioning, decreases from childhood to adulthood (e.g.,

Carroll, 1993).This empirical observation is assumed to reflect the decreasing influence of
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domain-general processing constraints and the increasing importance of specialized mechanisms
and knowledge across development (Baltes et al., 2006; Deary et al., 1996; cf. Spearman, 1927).

This study provides evidence for the developmental differentiation of two cognitive
functions that depend on the prefrontal cortex (PFC), working memory and inhibitory control, in
the course of child development. Both working memory and inhibitory control are key
components of executive functions, broadly defined as processes that control (e.g., regulate and
coordinate) goal-directed behavior and are often linked to the functioning of the PFC (Diamond,
2006; Miller & Cohen, 2001; Miyake & Shah, 1999; Stuss & Benson, 1986). Working memory
has been conceptualized differently by various researchers. Notwithstanding the conceptual
differences, a general consensus holds that working memory refers to the ability to briefly hold
information in mind (memory maintenance) while also performing mental operations on that
information (e.g., Baddeley, 2007; Baddeley & Hitch, 1974; Cowan, 1995; Just & Carpenter,
1992; Petrides, 1994; Shah & Miyake, 1996; Smith & Jonides, 1999). In adults, memory
maintenance appears to rely more heavily on ventrolateral (inferior) PFC (except at supra-span
levels) and manipulation of its contents appears to rely more on dorsolateral PFC (D'Esposito,
Postle, Ballard, Lease, 1999; D'Esposito, Postle, & Rypma, 2000; Rypma, Berger, & D'Esposito,
2002; Rypma & D'Esposito, 1999).

Inhibitory control refers to the ability to suppress inappropriate response or attentional
tendencies in order to act appropriately (Carlson, Moses, Hix, 1998; Dempster, 1992; Diamond,
1989, 2006; Moutier, Plagne-Cayeux, Melot, Houdé, 2006; Nigg, 2000). It, too, relies on lateral
PFC, albeit usually more posteriorly within lateral PFC (Casey et al., 1997; Durston et al., 2002;
Leung & Cai, 2007; Xue, Aron, & Poldrack, 2008). When memory maintenance and inhibition

are compared directly within the same study (e.g., Bunge, Ochsner, Desmond, Glover, &
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Gabrieli, 2001, McNab et al., 2008), both processes recruit several overlapping regions.
However, within the circuitry, some regions are more critically involved in the resolution of
interferences, whereas others are more involved in the resolution of an increase in maintenance
load, supporting the notion that the two processes are distinct but interrelated. In this article, we
focus on the information-maintenance aspect of working memory (henceforth termed ‘memory
maintenance’) and inhibitory control and investigate whether developmental differentiation
occurs between these executive functions.

Empirical studies in the psychometric tradition have often investigated the developmental
differentiation hypothesis with measures of intellectual abilities that do not map onto specific
cognitive mechanisms such as working memory or inhibitory control. Evidence from this line of
research is mixed. In a classical review of about 60 factor analytic studies, Reinert (1970)
reported a trend toward increasing differentiation of abilities with age. However, in a more recent
review, Carroll (1993) failed to find strong evidence in support of differentiation. Results from a
handful of recent cross-sectional studies investigating this topic are consistent with Carroll’s
finding, as the proportion of variance accounted for by a general factor was found to remain
unchanged across age groups (e.g., Bickley, Keith, & Wolfle, 1995; Deary et al., 1996; Juan-
Espinosa, Cuevas, Escorial, & Garcia, 2006; Juan-Espinosa, Garcia, Colom, & Abad, 2000;
Juan-Espinosa et al., 2002). An exception to this is a study conducted by Tideman and
Gustafsson (2004). Employing multiple-group confirmatory factor-analytic techniques, the
authors found that latent factors of verbal and non-verbal intelligence were less highly correlated
in older age groups (6- to 7-year-olds) than in younger children (3- to 4-year-olds), consistent
with the developmental differentiation hypothesis.

To date, there is a small but growing body of research that directly examines the
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functional organization of basic cognitive mechanisms (as opposed to intelligence constructs)
across child development. Gathercole and colleagues (Gathercole, Pickering, Ambridge,
Wearing, 2004; Alloway, Gathercole, & Pickering, 2006) examined whether the structure of
working memory (according to the Baddeley multi-component model) changes during child
development. In general, the authors found that the basic structure of working memory
components is largely in place by 4 years of age. However, the domain-specific visuospatial
construct and the domain-general processing construct show stronger links in younger children
(4-6 years old) compared to older children. In a recent lifespan study, Li et al. (2004) examined
correlations among a variety of basic processes (ranging from visual search, response
competition, long-term and short-term memory search, and choice reactions) and psychometric
intelligence (i.e., fluid and crystallized intelligence) in a lifespan sample covering the ages of 6 to
89 years. It was found that correlations between fluid and crystallized intelligence and the
constituent cognitive processes were stronger at either end of the lifespan than in young
adulthood. These results support the longstanding theoretical conjecture (Baltes et al., 1980;
Schaie, 1962) that intellectual abilities and cognitive processes are more undifferentiated in
childhood, gradually become more specialized and reach a more differentiated state in
adolescence and adulthood, and then undergo de-differentiation during old age. Given that
higher-order intellectual functions are supported by basic cognitive mechanisms, we decided to
examine whether increasing differentiation can be observed in the functional organization of two
key components of executive functions: memory maintenance and inhibitory control.

Recent progress in understanding the neural bases of cognitive development and the
emerging emphasis on cross-level integrations provide increasing opportunities for linking

cognitive differentiation to neural changes (Churchland & Sejnowski, 1988; Li & Lindenberger,
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1999; Li, Lindenberger, & Sikstrom, 2001; Lindenberger, Li, Backman, 2006; Munakata, Casey,
& Diamond, 2004; Nelson et al., 2002). Specifically, the development of memory maintenance
and inhibitory control, the two mechanisms investigated here, appears to be closely linked to the
development of PFC. Converging evidence from anatomical, neurochemical, and functional
studies suggests that PFC and the functional circuits in which it participates undergo profound
changes and reorganization over age well into adolescence and young adulthood (e.g., Bens,
2002; Casey, Galvan, & Hare, 2005; Diamond, 2002; Elbert, Heim, & Rockstroh, 2001; Giedd et
al., 1999; Gogtay et al., 2004; Lenroot & Giedd, 2006; Paus, 2005; Sowell, Thompson, Holmes,
Batth et al., 1999; Sowell, Thompson, Holmes, Jernigan, & Toga, 1999).

At the functional level, neuroimaging studies suggest that cognitive development is
accompanied by changes in patterns of brain activation, including enhanced activation in critical
regions, attenuation in others, as well as shifts in lateralization (e.g., Bunge, Dudukovic,
Thomason, Vaidya, & Gabrieli, 2002; de Haan, Pascalis, & Johnson, 2002; Durston et al., 2006;
Johnson, 2000, 2001). These effects taken together usually result in more focal and less diffuse
brain activation from childhood to adulthood. Also, the activation pattern seen during one type of
cognitive task shows less overlap with the pattern of neural activation while performing a
different task. Both of these patterns are consistent with a change from less differentiated neural
mechanisms to more differentiated function. When differentiation first starts to occur, focal
activation is quite intense, but with increasing efficiency the key neural region needs to work less
hard. Accumulating evidence suggests that functional circuitry (within-region as well as between
regions) and cortical dynamics are constantly undergoing reorganization in adapting to
influences such as environmental stimulation, experience, brain development, and deterioration

or damage (e.g., Li, 2003; Mueller, Brehmer, von Oertzen, Li, & Lindenberger, 2008; Mueller,
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Gruber, Klimesch, & Lindenberger, submitted; Theoret et al., 2005).
Aims of This Study

We postulate that the increasing specialization of PFC neural circuits over time, in
conjunction with normative developmental experiences, promotes the differentiation of PFC-
dependent cognitive functions. In early childhood, the operation and expression of basic
cognitive mechanisms are assumed to depend strongly on system-general constraints. With
maturation, these system-general constraints are relaxed through increased specification and
specialization of neural circuits, which in turn support greater complexity in cognitive structure
and diversity in the operations of cognitive mechanisms.

The analyses reported here are based on data originally reported by Davidson, Amso,
Anderson, and Diamond (2006). In contrast to that publication, which, for the most part,
examined age differences separately for each of the different tasks, here we use multivariate
statistical techniques to examine age differences in the relations among tasks. In the original
study, 325 participants (from 4 to 13 years of age and young adults) were tested on a
computerized battery of tests designed to independently manipulate (a) the maintenance and
manipulation of information held in mind and (b) inhibitory control, to examine the
development, interrelations, and possible independence of these two domains of function.
Specifically, the battery included tasks designed to vary demands on retaining and processing
information that is held in mind and/or inhibiting irrelevant information and/or prepotent
responses, in single-task as well as in task-switching contexts (the latter requiring more cognitive
flexibility). Although only behavioral data were presented in the Davidson et al. (2006) article,
the battery of tasks was designed to be suitable for use in the MR scanner environment and those

results have been presented elsewhere (Diamond, O’Craven, & Savoy, 1998).
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Differences in the developmental trajectories of information maintenance and inhibitory
control aspects of executive functions have been reported (Diamond, 2002; Huizinga, Dolan, &
van der Molen, 2006; Luciana, Conklin, Hooper, & Yarger, 2005). In the original article,
Davidson et al. (2006) found that 4-year-old children were already able to retain two conditional
rules in mind, and that the relative increase in difficulty of holding more rules in mind did not
change over age. Inhibitory control, on the other hand, was especially difficult for younger
children as they showed (a) an inhibitory cost completely absent in adults (a cost in both speed
and accuracy of exercising inhibition in single-task blocks of incongruent trials versus single-
task blocks of congruent trials), (b) that inhibitory cost (the difference in performance on
congruent and incongruent blocks) was greater for children of 4-9 years of age than was the
differences in performance due to increasing the memory load from two to six items, and (c) the
younger the child, the greater the spatial incompatibility effect in variants of the Simon task
(reflecting the cost of inhibiting the pull to respond on the same side as the stimulus). The age
difference in performance was greatest in the most difficult condition, in which inhibition and
memory maintenance were taxed in a task-switching context (Davidson et al., 2006; see Kray,
Eber, & Lindenberger, 2004; Kray & Lindenberger, 2000, for parallel findings in aging and
across the lifespan). In addition to examining age differences in mean performance level,
Davidson et al. examined raw correlations between the memory maintenance and inhibitory
control measures. To their surprise, the correlations turned out to be high, despite their
hypothesis that the two constructs would be independent.

Analytical Strategy. By using statistical models separating specific variance from
variance common to all indicators of a given construct, this study examines the hypothesis that

inhibitory control and the maintenance aspect of working memory develop from a relatively
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unitary executive function construct at younger ages into distinct mechanisms at older ages. As
discussed by Burgess (1997), interpretation of raw correlations among executive function tasks
(as was done by Davidson et al., 2006) may be problematic due to issues associated with task
impurity, low reliability, and measurement error. A multivariate latent variable approach (i.e.,
confirmatory factor analysis) that simultaneously accounts for measurement error and extracts
common variance among the tasks provides better estimates of interrelations among postulated
constructs (Horn & McArdle, 1992; Nesselroade & Thompson, 1995). Thus, the present analysis
extends the original work of Davidson et al. (2006) by representing both the mean and
covariance structures between memory maintenance and inhibitory control as two aspects of
executive functions at the latent (error-free) level separately for three age groups, thereby
allowing for a direct test of the developmental differentiation hypothesis.

In an early observation, Nesselroade (1970) postulated that “the universe of behavior is
not constant for different age levels and therefore the manifest nature of the factor in behavioral
measures will change” (pp. 199-200). According to this notion of differential manifestation, the
same ability may manifest itself in different ways as development unfolds (see also, Kagan,
1980). The analytical strategies of structural equation modeling applied in child development and
aging research are typically more appropriate for examining individual differences in amount
(quantity) rather than in form (quality) (cf. Nesselroade, Gerstorf, Hardy, & Ram, 2007). In
particular, invariant loading patterns across groups (i.e., invariance in form) are seen as
prerequisites before factor comparisons across groups can be considered legitimate (see e.g.,
Meredith, 1993). This view on invariance assumes that the behavioral manifestations of
unobserved abilities are necessarily the same across development and there can only be

quantitative difference.
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Here, we follow a relatively novel strategy for identifying and scaling latent variables that
allows for different manifestations of latent factors in different age groups (for a similar
application in aging research, see Tucker-Drob & Salthouse, 2008). The basic strategy was
introduced by Little, Slegers, and Card (2006) and designated as the effects-coding method. The
strategy entails constraining the set of indicator intercepts to sum to zero for each construct and
the set of loadings for each construct to sum to the number of unique indicators. As a
consequence, the estimated latent variances and latent means meaningfully reflect the observed
metric of the indicators, optimally weighted by the degree to which each indicator represents the
underlying latent construct. Little et al. (2006) noted that this strategy adheres to Nesselroade’s
(2007) idiographic method. Within the invariant configuration of construct-indicator mappings,
differences in the relative pattern of factor loadings across groups capture the idiosyncratic
manifestation of a construct while simultaneously yielding latent variable estimates for group
comparison. In the context of the current study, decreases over age in the correlation between
factors indicate increasing differentiation at the level of process interrelations with age.

Methods

We restrict the description of measures and procedures to variables that are of primary
relevance to the analysis reported here (for more details of the original study see Davidson et al.,
2006).

Participants

Adults in the original sample were excluded from the present analyses because of the small
sample size (n = 20), which would have prevented use of confirmatory factor analysis. This left
us with 263 participants with complete data, aged 4 to 14 years. For the multiple-group analysis,

the sample was equally divided into three age groups: youngest (N = 90; Mage = 5.2 years; age



Differentiation in Development 12

range = 4.0 - 6.7 years), middle (n = 90; Mage = 8.05; age range= 6.8 - 9.45 years), and oldest (n
= 83; Mage = 11.14; age range = 9.5 - 14.6 years). Having three age groups was based on
theoretical considerations that it is important to keep the separation between the middle and
oldest group as developmental difference in PFC integrity was found between pre-adolescent and

adolescence periods (e.g., Giedd et al., 1999).

Procedures

Participants completed six tasks designed to vary demands on memory load, inhibitory
control, or both. All tasks were computer administered, including stimulus presentation and
response recording. Participants were instructed to hold a button box with both hands and to
respond with their thumbs. For each trial, one stimulus appeared either at the left, right, or
middle of the screen. Depending on the conditional rules associated with the stimuli for each task
(e.g., if stimulus A, press left; if stimulus B, press right), participants had to decide whether to
press the left or right button. To adjust for the robust effect of age differences in processing
speed, stimulus presentation time was 2500 ms for the youngest age group, whereas stimulus
presentation time was 750 ms for the middle and oldest age groups. Stimulus durations were
established based on pilot testing. Differences in stimulus duration across the groups affected
mean performance but not the correlations among tasks within each group and thus should not
pose a concern for the present analyses. The current analysis focused on factor structure instead
of mean performance, we refer the readers to the original publication (i.e., Davidson et al., 2006)
for results of mean performance.

Each task began with instructions followed by a short practice block consisting of four or

six trials. Achieving more than 75% correct performance on the practice trials and being able to
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verbally explain the conditional rules of the task to the experimenter were the criteria for
indicating that a participant had obtained a good enough understanding of the task to proceed to
testing. Participants were allowed to repeat the practice block if necessary to achieve that
criterion. In the following sections, each of the six tasks is described.
Tasks

Abstract Shapes. This memory task consisted of two conditions that varied in set size,
involving either two or six abstract shapes. At the beginning of each block, participants were
taught a rule for each shape, i.e., whether they should press the left or right button when that
abstract shape appeared. The stimuli were presented in the center of the screen so there should
have been no preferential activation of the right or left hand. The Abstract Shapes task taxed
memory maintenance but not inhibition. Participants first completed the two-shape condition,
followed by the six-shape condition. There were two blocks of 20 trials for each of these two
conditions. For each condition, the dependent measure was the proportion of correct responses
over total responses.

Dots-Incongruent. Two types of dots (striped or solid) were used as stimuli for this task.
In each trial, a stimulus appeared randomly on the left or right side of the screen. For half of the
participants a solid dot indicated they should respond on the side opposite to the location of the
dot (i.e., spatially-incompatible trials). For a striped dot they were to respond on the same side as
the dot. For the other half of participants, these instructions were reversed. All participants
started with an initial block of 20 compatible trials (i.e., respond on the same side as the dot,
called the Dots-Congruent condition). Since this condition placed little demand on either
inhibition or working memory, it is not considered here. This condition was followed by a block

of 20 incompatible trials (Dots-Incongruent). Participants had to inhibit the prepotent tendency to
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respond on the same side as the stimulus in order to respond correctly (Lu & Proctor, 1995;
Georgopoulos, 1994; Georgopoulos, Lurito, Petrides, Schwartz, & Massey, 1989). The
dependent measure was the proportion of correct responses in this block.

Dots-Mixed. This condition was presented after the Dots-Congruent and Dots-
Incongruent conditions. Here, both types of dots (striped and solid) were used as stimuli. Before
the task started, participants were reminded again about the conditional rule associated with each
of the two dots. Either a striped or solid dot appeared randomly on the left or right of the
computer screen, yielding spatially compatible and incompatible trials. Participants had to hold
in mind the two rules, mentally calculate whether same-side or opposite-side meant press left or
press right on a given trial, inhibit the irrelevant rule, and (on spatially-incompatible trials)
inhibit the tendency to press the button on the same side as the stimulus. This task heavily taxed
both inhibition and working memory. There were 20 trials. The dependent measure was the
proportion of correct responses on spatially-incompatible trials in this block.

Pictures. This inhibitory control task was a classic Simon task. A color picture of either a
frog or butterfly was presented on the left or right of the computer screen. Participants were
instructed to press the left button when they saw a butterfly, and to press the right button when
they saw a frog. Stimuli were presented randomly on the left or right of the screen over the block
of 20 trials, yielding spatially compatible and incompatible trials. To minimize the demands on
memory, small pictures of the stimuli were attached next to the correct buttons on the response
box. Thus, the Pictures task is seen as taxing inhibition on spatially incompatible trials, but not
taxing memory. The dependent measure was the proportion of correct responses on spatially-

incompatible trials.
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Arrows. In this measure of inhibitory control, an arrow (either pointing straight down or
toward the opposite side at a 45 degree angle) was presented randomly at the left or right of the
computer screen. When an arrow pointing straight down appeared on the screen, participants
were to press the button on the same side as the arrow (spatially-compatible trials). When an
arrow pointing diagonally towards the opposite side appeared, participants were to press the
button on the side opposite the arrow (spatially-incompatible trials). Twenty trials were
administered. The Arrows task is seen as taxing inhibition of the tendency to respond on the
same side as the stimulus for trials with a diagonal arrow, but it is not seen as taxing memory
because no arbitrary, abstract association needed to be held in mind; all participants had to do
was look at the stimulus and it indicated where to respond. The dependent measure was the
proportion of correct responses on spatially-incompatible trials.

Overview of Statistical Analyses

Trials in which a response was given in less than 200 ms (anticipatory response) were
considered too fast to be meaningful and thus were excluded from the analyses. The mean
proportion of such non-valid responses ranged from 10-17% across tasks. Significant age-
specific and task-specific effects on anticipatory responses were observed (see Davidson et al.,
2006). This was resolved by taking proportional measures of accuracy. We focused on accuracy
instead of reaction time because reaction time measures are known to reflect a strong processing
speed factor (e.g., Fry & Hale, 1996; Li et al., 2004; Salthouse, 1996). The correlations between
reaction time measures are high in all age groups and produce factors that are highly correlated,
precluding the possibility of detecting age differences in differentiation, unless a wide lifespan

age range is covered (e.g., Li et al., 2004).



Differentiation in Development 16

For each measure, outliers were identified within each group as having a z-score of more
than 3.29 (p<.001, two-tailed test). Only .01 percent of the data was considered as outliers
(distributed equally across the groups) and extreme scores were replaced with the next most
extreme score within the acceptable distribution. Descriptive data for all tasks are listed in Table
1. Most variables showed acceptable distributions in each age group (i.e., no extreme skewness
or kurtosis). The reliability of each measure was examined with the Spearman-Brown reliability
coefficient estimated from split-half reliabilities between odd- and even-numbered trials of the
corresponding task. This procedure yielded satisfactory values for reliability for most tasks: .69
for Arrows, .74 for Dots-Incongruent, .70 for Dots-Mixed, .87 for 2-Abstract-Shape, .75 for 6-
Abstract-Shape, and .55 for Pictures.

Steps of confirmatory factor analysis. Structural equation modeling analyses were
implemented in M-plus (Muthén & Muthén, 1998-2006). We first attempted to achieve a tenable
multiple-group solution (Horn & McArdle, 1992; Vandenberg & Lance, 2000). A three-group
model was fit, with the equality constraints mentioned above imposed. Having established a
tenable two-factor model, a sequence of increasingly strict sets of equality constraints was
imposed across age groups to examine the extent of measurement and factorial invariance. The
latent factors were regressed onto age to control for potential group differences in the
contribution of age-induced collinearities to the factor structure.

All structural models were computed using maximum likelihood estimation. Several
indices of model fit were considered. Models were considered a good fit with y/df of less than
2, comparative fit index of more than .95 (CFI; Bentler, 1990), and a root-mean-square error of
approximation of less than .08 including .05 with its 90% confidence interval (RMSEA; Browne

& Cudeck, 1992; Steiger, 1990). Nested models were compared by testing the significance of the



Differentiation in Development 17

difference in y°, with the degrees of freedom being equal to the difference in the number of free
parameters between the two models. The threshold for statistical significance was specified at the
.05 level.

Results

Goodness-of-fit test results of the models are presented in Table 2. First, a one-factor
model was simultaneously fit to the data of all age groups (Model 1). All tasks loaded on a
general factor and parameters including factor loadings, factor variance, factor means, indicator
intercepts, and unique variance (residuals) were estimated. As can be seen in Table 4, the fit of
Model 1 was not acceptable, y* = 65.03, y*/df =1.55, CFI =0.89, and RMSEA = 0.08 (90% CI =
.04 to .12). Thus, within the common metric space of all age groups, a single factor model did
not adequately capture the complexity of the data.

Second, a model with two correlated factors was fit. We postulated two factors: (a)
memory maintenance (as measured by 2-Abstract-Shapes and 6-Abstract-Shapes, assuming that
the common variance between the two memory tasks reflects the ability to hold rules in mind)
and (b) inhibitory control (as measured by Dots-Incongruent, Dots-Mixed, Pictures, and Arrows,
assuming that the common variance among these four tasks reflects the ability to inhibit
stimulus-congruent response tendencies). The loading patterns were fixed to be the same across
all groups (configural invariance), while the factor loadings, factor variances, unique variance
parameters (i.e., error variances), factor means, and intercepts of indicators were allowed to vary
across the three age groups (see Figure 1). Model 2 provided a better fit to the data than Model 1,
x> = 55.84, y*/df =1.55, CFI = .91, and RMSEA = .08 (90% CI = .03 to .12). The correlation

estimated for the youngest group was .98, for the middle-aged group it was 0.81, and it was 0.32
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for the oldest group. This model provides initial support to the hypothesis that memory
maintenance and inhibitory control differentiate with increasing age.

We next proceeded from configural to metric measurement invariance by imposing
equality constraints on the unstandardized factor loadings (Model 3). Model 3 was nested within
Model 2, and a direct comparison showed that the assumption of equal factor loadings was not
tenable, Ay> =17.31, Adf = 8, p =.03. In other words, constraining all factor loadings to be equal
across age groups led to a significant decrement in fit. An examination of the factor loading
pattern revealed that the inhibitory control factor manifested itself differently across the three age
groups (see Figure 2 Panel A), whereas memory maintenance showed relatively similar loading
patterns across age (see Figure 2 Panel B). Hence, we examined whether partial metric
invariance across the three age groups was tenable (Models 3a and 3b). As expected, holding the
factor loadings of the memory maintenance factor equal across groups but allowing factor
loadings for inhibitory control to vary freely provided an acceptable representation of the data
(but not vice versa). Therefore, the corresponding model (i.e., Model 3b in Table 2) was retained
for subsequent analyses. The common variances of the two factors reliably differed from zero in
all three age groups (for all six nested comparisons, p <.05), which is a precondition for testing
hypotheses regarding their intercorrelations.

Finally, we examined group differences in factor interrelations, which are shown in
Figure 3, to address the main hypothesis of this study. First, we examined separately for each age
group whether the correlation between memory maintenance and inhibitory control could be
fixed to one (cf. van der Sluis, Dolan, & Stoel, 2005), indicating an undifferentiated general
executive functioning factor instead of two distinct memory maintenance and inhibitory control

factors. In the resulting models (Model 4a, 4b, 4c), the model fit was significantly worse only
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when the correlation of the oldest children group was fixed to one Ay” =4.61, Adf =1, p < .05.
In the last step of testing, we examined whether the correlations of the three age groups could be
constrained to be equal. The resulting model (Model 4d) showed significantly worse fit Ay>
=4.62, Adf = 1, p <.05, indicating that the correlation between the two factors is significantly

different across the age groups.
Discussion

The goal of this study was to examine whether two components of executive functions,
memory maintenance and inhibitory control, differentiate from childhood to early adolescence.
Using multiple-group confirmatory factor analysis, we found: (a) that the correlation between
memory maintenance and inhibitory control differs reliably from 1.0 in early adolescence, but
not in younger children; (b) that the correlation between memory maintenance and inhibitory
control is significantly lower in young teenagers than in younger children.

Our findings appear counter to some recent studies that failed to find support for
developmental differentiation (e.g., Deary et al., 1996; e.g., Juan-Espinosa, Cuevas, Escorial, &
Garcia, 2006). The present study and those studies differ in several important ways, however.
First, the main analytical strategies of the previous studies were either to examine the manifest
(i.e., raw) correlations, or to compare the amount of variance extracted by the first unrotated
factor in a principal component analysis. Neither of those methods separates unique variance
from common variance. The confirmatory factor analysis utilized in the current study ensured
that the constructs of interest were error-free (see also Alloway et al., 2006; Gathercole et al.,
2004; Tideman & Gustafsson, 2004). In particular, the scaling method adapted from Little et al.
(2006) is a suitable addition to the multivariate methodological toolbox of developmental

psychology, as it allows the relative pattern of factor loadings, and hence the behavioral
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manifestation of cognitive abilities, to change with age (cf. Kagan, 1980; Nesselraode, 1970;
Nesselroade et al., 2003, 2007). This nonarbitrary yet flexible scaling method provides valuable
indications of the nature of the developmental change process. For example, we observed that the
factor-loading pattern of memory maintenance remained relatively similar across the ages
investigated, whereas the factor-loading pattern of inhibitory control differed by age.
Furthermore, inhibitory control has been shown to be particularly poor in young children and
undergo prolonged development across childhood compared to working memory maintenance as
defined in this study (e.g., Davidson et al., 2006; Diamond 1995; 2002; but see Huizinga et al.,
2006), indicating that age-related differences in covariance pattern of the ability structures occurs
concomitantly with age-related changes in the mean pattern (i.e., performance level). Based on
these findings, we suggest that the increasing differentiation of executive functions from
childhood to early adolescence is driven by the protracted development of inhibitory control.

The second reason that our findings appear counter to other findings is that many
previous studies made use of psychometric tests of intellectual abilities (e.g., Wechsler scale or
Differential Aptitude Test), and predominantly assessed complex forms of cognition such as
language, numerical ability, and reasoning, each of which requires multiple cognitive abilities. In
the present study, tasks were designed from a cognitive neuroscience perspective with the
explicit goal of assessing basic cognitive functions that are building blocks for more complex
forms of cognition. Thus, the abilities measured by the current task battery may have been more
sensitive to developmental differentiation than measures conceived within the psychometric
research tradition.

Our findings are relevant to the debate over whether working memory and inhibitory

control are essentially one function or represent separable cognitive mechanisms. Some
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researchers view holding information in mind and exercising inhibitory control as closely related
but separate processes, both being components of executive function (e.g., Diamond, 2006;
Gernsbacher & Faust, 1991; Levy & Anderson, 2002), or as two separate sub-processes of
working memory (e.g., Conway & Engle, 1994; Hasher, Stoltzfuz, Zacks, Rypma, 1991; Kane &
Engle, 2002). According to an alternative view, often adopted in neural network modeling, there
is no need for a separate inhibitory function beyond working memory (e.g., Cohen, Dunbar, &
McClelland, 1990; Kimberg & Farah, 1993; Miller & Cohen, 2001; Munakata, 2001). The
increasing differentiation between memory maintenance and inhibitory control observed here
suggests the presence of two mechanisms after early childhood and that the specificity of these
two mechanisms increases from childhood to adolescence.

The development of working memory and inhibitory control as key components of
executive functions has been of great interest to developmental psychology and developmental
cognitive neuroscience, as these mechanisms are considered cornerstones of adaptive self-
regulation, higher-order cognition, and goal-directed behavior (Camos, 2008; Dempster, 1992;
Harnishfeger & Bjorklund, 1993; Houdé¢ & Tzourio-Mazoyer, 2003; St Clair-Thompson &
Gathercole, 2006; Unsworth & Engle, 2007) important for success in school and in life (e.g.,
Diamond, Barnett, Thomas, Munro, 2007). A child’s capacity to retain and work with
information held in mind (i.e., working memory) and to suppress inappropriate attention or
actions in favor of appropriate ones (i.e., inhibitory control) continues to develop across
childhood and adolescence (see Diamond, 2006, for a review). The functioning and development
of various aspects of working memory, inhibition, and cognitive flexibility have been shown to
depend closely on the structure, neurochemistry, and functional activity of PFC and its networks

of functional connections (Arnstein & Robbins, 2002; Bunge & Wright, 2007; Casey et al., 1995;
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Crone, Donohue, Honomichl, Wendelken, & Bunge, 2006; Miller & Cohen, 2001; Perlstein,
Dixit, Noll, & Cohen, 2003).

Based on a dataset with a wide age range spanning early childhood to adolescence, the
results from our analysis indicate that the construct of executive functions is not differentiated in
children before seven years of age. In parallel, functional changes in the neural basis for
cognitive control and executive functioning appear to be characterized by an early lack of
differentiation that gives way to increasingly focal activation later in childhood and then
decreasingly intense activation of the focal regions during late adolescence as the key regions
come to function more efficiently (e.g., Brown et al., 2005; Casey, Galvan, & Hare, 2005;
Durston et al., 2006). Thus, we hypothesize that (a) the undifferentiated memory maintenance
and inhibitory control observed in younger children in the present analyses corresponds to highly
overlapping patterns of neural activation documented by others for tasks requiring different
components or combinations of executive function in young children; (b) the increasing
differentiation between memory maintenance and inhibitory control from early childhood to late
childhood/early adolescence observed in the present analyses corresponds to increasingly focal
and less overlapping neural activation patterns for the cognitive functions with age; and (c)
further specialization and partial automatization of these cognitive processes in the course of
later development and learning reported by others corresponds to decreasing neural activation of
these focal regions and increasing recruitment of other regions of the brain that can subserve task
performance more efficiently.

We would like to mention four limitations of the present study that are pertinent for
future investigations. First, our analyses were based on age group as a categorical variable. There

may be differences within each age group that a finer-scale analysis might reveal and/or any
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discontinuity between younger and older children might not exactly correspond to our age-group
split (based on equal numbers of subjects per group). It would be desirable to examine age
differences in latent construct correlations in a more continuous fashion, that is, as a function of
years of age (or of other, more proximal indicators of development such as white matter growth).
Sample size restrictions did not permit us to examine that here.

Second, the two Abstract-Shape measures of working memory assessed only memory
maintenance, not the manipulation of contents held in mind. Future studies should examine the
developmental differentiation of memory manipulation, memory maintenance, and inhibitory
control (cf. Huizinga et al., 2006). Third, the number of trials for some of the tasks was relatively
low (particularly the inhibitory control tasks). We proceeded with the analysis as there was no
difference in the number of available trials across age groups, and the analysis method used in
this study is suited for dealing with task impurity, low reliability, and measurement error.
However, the limitation in number of trials in the tasks needs to be considered, especially for
planning of future studies. Finally, our interpretation of results rests on the assumption that inter-
individual differences in cross-sectional data approximate patterns of development at the within-
person level. Clearly, however, developmental differentiation is a within-person phenomenon,
and is best observed within individuals over time using longitudinal designs (Molenaar,
Huizenga, & Nesselroade, 2003). Thus, it remains to be seen whether the present results
represent a valid approximation to within-person changes in the organization of memory
maintenance and inhibitory control. At this point, using confirmatory factor analysis, we found
that the mechanisms of memory maintenance and inhibitory control, as assessed by inter-
individual differences within different age groups, reliably become more differentiated from

early childhood (beginning at around 5 years) to early adolescence (mean of 11 years). This
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appears to be driven by changes in inhibitory control with age. Future investigations should
assess individual children longitudinally and investigate the neural bases for the cognitive

changes investigated here.
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Table 1

Means, Standard Deviations, Kurtosis, and Skewness for Each Measure within Each Age Group

2-Abstract-  6-Abstract- Dots-
Shapes Shapes Incongruent Arrows Dots-Mixed  Pictures

Youngest Group

Mean 0.90 0.81 0.89 0.75 0.69 0.88
Standard
Deviation  0.10 0.14 0.13 0.26 0.31 0.13
Kurtosis 0.46 -0.90 2.86 0.18 -0.39 0.67
Skewness  -1.16 -0.32 -1.73 -1.05 -0.82 -1.07
Middle Group
Mean 0.87 0.76 0.90 0.68 0.74 0.81
Sgﬁgﬁ 0.09 0.12 0.11 0.24 0.20 0.16
Kurtosis 3.94 0.38 0.89 -0.54 0.75 0.51
Skewness  -1.72 -0.70 -1.25 -0.58 -0.93 -0.87
Oldest Group
Mean 0.92 0.81 0.95 0.80 0.84 0.89
Standard
Deviation  0.06 0.14 0.06 0.19 0.15 0.11
Kurtosis 1.12 -0.18 0.64 2.48 -0.23 -0.11
Skewness  -1.20 -0.79 -1.24 -1.44 -0.85 -0.83

Note: The youngest age group received a longer presentation time than the other age groups.
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Table 2
RMSEA Nested
Competing Models v’ df CFI (90% CI)  Comparison Ay> Adf
.08 (.04 —

1. One factor 65.03 42 .89 12)

2. Two factors, configural .08 (.03 -

invariance 55.84 36 91 12)

3. Full Metric Invariance (all

factor loadings equal across .09 (.05 -

groups) 73.15 44 86 12) 3vs.2 17.31%* 8
3a. Partial Metric Invariance

(Inhibitory Control loadings .09 (.05 -

equal across groups) 7141 42 .86 12) 3avs.2 15.57* 6
3b. Partial Metric Invariance

(Memory Maintenance

loadings equal across .08 (.03 -

groups) 5831 38 91 12) 3bvs.2 2.47 2
4a. Correlation of youngest .08 (.03 -

group = 1 58.60 39 91 A1) 4avs. 3b 0.29 1
4b. Correlation of middle .08 (.03 -

group = 1 5871 39 091 A1) b vs. 3b 0.34 1
4c. Correlation of oldest .08 (.04 -

group =1 6291 39 .89 12) 4c vs. 3b 4.61% 1
4d. Correlation of youngest

group = Correlation of .08 (.03 -

middle group 5899 39 91 A1) 4d vs. 3b 0.68 1
4e. Correlation of all groups .08 (.04 -

equal 63.61 40 .89 12) 4e vs. 4d 4.62* 1

Note: See text for detailed description of the models. Df: degrees of freedom for % test; CFI:

comparative fit index; RMSEA: root mean square error of approximation.

*p <.05.
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Figure Caption

Figure 1: Two-factor model estimated for the three age groups. Note that the following
constraints were imposed: A ;=4 - Ay-A3-Aa; As=2 - Ag; T1 + T2 + T3+14 = 0; 15+ 16 = 0. The
triangle refers to a constant that equals 1 for the estimation of means.

Figure 2: Estimates of factor loading and intercorrelations plotted according to age group. Panel
A shows age trends in factor loadings for indicators of Inhibitory Control. Panel B shows age
trends in factor loadings for indicators of Memory Maintenance. Panel C shows estimates of

factor intercorrelations.
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