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In this paper, we propose a preliminary theory of executive functions that address in a
specific way their relationship with working memory (WM) and higher-level cognition. It
includes: (a) four core on-line WM executive functions that are involved in every novel
and complex cognitive task; (b) two higher order off-line executive functions, planning
and revision, that are required to resolving the most complex intellectual abilities; and
(c) emotional control that is involved in any complex, novel and difficult task. The
main assumption is that efficiency on thinking abilities may be improved by specific
instruction or training on the executive functions necessary to solving novel and complex
tasks involved in these abilities. Evidence for the impact of our training proposal on
WM’s executive functions involved in higher-level cognitive abilities comes from three
studies applying an adaptive program designed to improve reading comprehension
in primary school students by boosting the core WM'’s executive functions involved
in it: focusing on relevant information, switching (or shifting) between representations
or tasks, connecting incoming information from text with long-term representations,
updating of the semantic representation of the text in WM, and inhibition of irrelevant
information. The results are consistent with the assumption that cognitive enhancements
from the training intervention may have affected not only a specific but also a more
domain-general mechanism involved in various executive functions. We discuss some
methodological issues in the studies of effects of WM training on reading comprehension.
The perspectives and limitations of our approach are finally discussed.

Keywords: executive functions, working memory, reading comprehension, Intervention programs, education

INTRODUCTION

Human thought involves the building of mental representations by integrating external and
previously stored information, and their manipulation in a cognitive space: working memory
(WM). Thinking can involve a goal or it may just involve a wandering mind, but it always requires
WM’s activation and use. For this reason it is affected by its processing and storage limits. Higher-
level thinking abilities such as complex text comprehension, deductive reasoning, writing, and
meaningful school learning operate sequentially. They consist of diverse component subtasks and
demand that people keep their attention focused throughout the entire process. Besides the initial
construction of representations, higher cognitive tasks require individuals to keep the goal of the
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task in mind, to shift from one sub-task to the next, and to
update representations by activating Long Term Memory (LTM)
information. The fulfillment of these complex cognitive tasks
demands people to activate all their WM resources in a controlled
and supervised way. The more complex and novel the intellectual
task an individual is faced with the more involved WM’s executive
processes are in its resolution.

There is an obvious corollary to the tight relationship between
WM’s executive processes and thinking abilities: One way to
improve these abilities is by training people in the use and
activation of executive processes during the execution of novel
and complex tasks involved in these abilities. This approach
has three main theoretical components: (a) a proposal about
the executive processes involved in higher cognitive abilities;
(b) an analysis of how these executive processes operate while
carrying out the complex and novel tasks selected; and (c) a
proposal regarding how the executive processes can be trained.
The two first components are peculiar to our proposal; the
third component is common with the current theoretical and
experimental approach of WM training.

In this paper we shall present our theoretical approach
and how it can be applied to the acquisition of reading
comprehension in childhood. In the next section we will address
the relationship between WM and executive functions, and
explain our theoretical proposal regarding executive functions
and its development. After that, we will tackle a central issue
for training: the modifiability of WM and executive functions.
Later we will describe our training program on WM’s executive
functions involved in reading comprehension. The improvement
of reading comprehension in primary school using our approach
has been confirmed already and we will include some of
the results we have found in diverse experiments. Finally, we
will address the perspectives and limitations of our theoretical
conception on the improvement of thinking abilities.

WORKING MEMORY AND EXECUTIVE
FUNCTIONS

Working memory and executive functions (EFs) are tightly
related but have diverse theoretical and experimental origins. EFs
have its origin in neuropsychology, particularly in the work of
Alexander Luria. Although the term “executive function” comes
from Lezak (1982), Luria was the first author who conceptualized
it. Luria (1966) was a prominent soviet neuropsychologist whose
work led him to postulate connections among the frontal lobes
(or the prefrontal cortices, PFC), executive functioning and
problem solving. He documented the behaviors of individuals
who suffered frontal lobe damage while they attempted to
solve a problem and concluded that problem-solving behavior
was dependent on a number of essential skills, or executive
functions, which were dependent on the frontal lobes. Luria
described the main components of executive functioning
as: anticipation (setting realistic expectations, understanding
consequences), planning (organization), execution (flexibility,
maintaining set), and self-monitoring (emotional control, error
recognition).

During the last quarter of the past century extensive work in
this area has been done. Different functional circuits within the
prefrontal cortex have been described from a neuroanatomical
point of view. This work has confirmed the role of the frontal
lobes in executive functioning (Fuster, 1989; Cummings, 1993).
The idea that every executive process is mediated by the PFC
(i.e., the frontal executive hypothesis), has long been widely
accepted. It provides a conceptual framework for the belief that
all executive processes are alike in critical ways. However, diverse
studies have shown that EFs do not depend solely on the PFC.
Other cortical and non-cortical regions of the brain are also
involved in the cognitive and emotional processes that we call EFs
(see Alvarez and Emory, 2004).

The development of diverse brain regions directly related
with EFs, particularly the PFC but also the anterior cingulate,
parietal cortex, and the hippocampus, is particularly relevant
in infancy and early childhood. This development entails the
early overproduction of synaptic connections, followed by their
selective pruning or reduction, and the establishment of new
circuits and interconnections between diverse brain regions
(see Johnson, 1998; Diamond, 2002). Whereas maturation and
structural development seem to predominate in childhood, an
important development of efficiency in the use of available
cognitive resources occurs from 10 to 12 years that results in large
performance differences between children and young people
(e.g., Jolles et al., 2011).

As a matter of fact, the study of brain development has shown
that adolescence is a critical stage. A number of studies have
shown that in this age period structural changes are still occurring
in the prefrontal cortex: the proliferation of synapses occurs up to
adolescence, and the pruning of neuronal connections continues
till the third decade of life in adulthood (Blakemore and Frith,
2005). However, the most relevant modification in the adolescent
brain is likely the global increase in the myelinization process.
The enlargement of the sheath that covers and isolates neuronal
axons is responsible for an increase in the speed of neural
connection. It thus yields a parallel rise of the efficiency of brain
computations underpinning the development of intellectual
abilities and particularly EFs (Nelson et al., 2006).

In spite of extensive work carried out during the past 30
years and the increase in neuroscientific evidence regarding
their cortical underpinning, EFs are still considered an elusive
concept (Jurado and Rosselli, 2007) that possibly involves some
confusion (Klenberg et al., 2001). Most of the confusion comes
from their tight relationship with WM and with higher-level
cognitive abilities. In order to reduce this conceptual confusion,
it is necessary to clarify the relationship between EFs and WM,
as well as to distinguish EFs from higher thinking abilities such
as comprehension, reasoning, or problem solving. In this paper,
we propose a preliminary theory of EFs that address in a specific
way their relationship with WM and higher-level cognition.
This conception is mainly based on two influential perspectives:
Diamond’s cognitive developmental neuroscience work on EFs,
and experimental work on executive control processes in the
fields of attention and WM.

Diamond (2009, 2013) has developed one of the most
comprehensive proposals on the EFs. According to Diamond,
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the EFs enable the mental manipulation of ideas, thinking
before acting, managing novel information and unanticipated
challenges, inhibiting and resisting temptations, and staying
focused during the execution of difficult tasks. Diamond notes
there is general agreement that there are three core EFs:
(1) working memory that holds information in mind and
works with it; (2) inhibition or inhibitory control, including
self-control (behavioral inhibition), and interference control
(selective attention and cognitive inhibition); and (3) cognitive
flexibility, that is adapting cognitive behavior to changing
demands or priorities. Cognitive flexibility is related to task
switching and is the opposite of rigidity. According to Diamond,
there are other higher order EFs, such as thinking, problem
solving, and reasoning, which are built from the core EFs (Collins
and Koechlin, 2012; Lunt et al., 2012). As we will see, our proposal
shares with Diamond the existence of core and higher order
EFs. However, our view regarding the relation between WM and
EFs, as well as between EFs and thinking abilities, differs from
Diamond’s view.

A second crucial perspective on the EFs comes from
experimental research on cognition, particularly attention,
and WM. Attention can be defined as the prioritization of
information matching the individual’s task goals (Nobre and
Stokes, 2011). Attention has been treated as representing a
cognitive filter (Broadbent, 1958), a basic model to stimuli
orientation (Posner, 1980), but also as a control process of WM
(Shiffrin and Schneider, 1977). Attention and WM are tightly
related. In fact, they are increasingly viewed as overlapping
constructs (see Awh et al., 2006; Gazzaley and Nobre, 2011).
Thus, recent theoretical models of WM describe a function for
attention, although in these models there is not much agreement
on its specific role.

Within this perspective, the work by Miyake et al. (2000)
has been particularly influential (see Garon et al., 2008). These
authors carried out a differential study with university students
that found support for the existence of three main EFs: (1)
response inhibition (the ability to inhibit dominant, automatic,
or pre-potent responses), (2) updating WM representations (the
ability to monitor incoming information for relevance to the
task at hand and then appropriately update it by replacing
older, no longer relevant information with newer, more relevant
information), and (3) set shifting (the ability to flexibly switch
back and forth between tasks or mental sets). These authors
showed that these three EFs are diverse, but tightly interrelated
and overlapping. Recent neuroimaging studies also indicate unity
and diversity of EFs in terms of brain localization (Collette et al.,
2005). Likewise, a number of authors have addressed the question
of whether the unity/diversity framework appropriately describes
the structure of EFs in children, adolescents and adults (see, e.g.,
Miyake and Friedman, 2012). Findings indicate that the latent
factor structure of executive control changes qualitatively over
development, from a unitary structure in preschoolers to multiple
components in school-age children and adolescents.

The study of the relationship between EFs and higher-level
cognition has been frequently carried out according to Baddeley’s
multiple-component model of WM (Baddeley and Hitch, 1974;
Baddeley, 1986, 2000). According to this theory, the WM system

includes two domain-specific storage structures or slave systems
(the phonological loop and the visuo-spatial sketchpad), an
episodic buffer that links these two components with LTM, and
a central executive (CE). The CE is the main component of
the WM system and it is in essence based on the “supervisory
attention system” described by Norman and Shallice (1986). CE
not only has to coordinate the other components but is also in
charge of the attentional control of information. Two related
and influential models of WM are: Cowan’s (1999) embedded-
processes model, and Engle’s (2001; Unsworth and Engle, 2007)
general capacity model. In spite of their differences, Baddeley’s,
Cowan’s, and Engle’s models all share the idea of a domain-
general CE in charge of controlling cognitive resources while
solving new or difficult tasks.

Following the recent proposals of these authors (see Miyake
et al., 2000; Engle, 2002; Cowan, 2005; Baddeley, 2007), in this
paper we claim that there are four main core WM EFs involved
in the on-line execution and monitoring of complex intellectual
tasks: to focus and sustain attention, to switch attention, to
activate and update representations, and to inhibit automatic
processes and discard irrelevant information. All four of these CE
processes demand cognitive effort and resources.

Focusing and sustaining attention is an EF that is required in
order to solve any non-automated task. It involves the capacity
to resist possible distractors and keep attention focused on a task.
During infancy, focusing may be a difficult task since at this age
attention is mainly determined by environmental factors such as
novelty. In complex tasks, focusing allows individuals to orient
their attention on a number of elements or blocks of information,
keeping them in their mental space in a voluntary and conscious
way.

A second CE function, related with focusing, is the capacity
to switch attention. It allows changing one’s attention from
one stimuli, representation, or process to another, according
to internal goals and task demands. In order to solve complex
tasks, we must not only be able to fix our attention on those
elements (stimuli or representations), or processes relevant to the
execution of a task, but also must be able to shift our attention
to other necessary aspects or components of the task. Thus,
switching attention involves moving in a flexible way the focus of
attention from one entity to another. This is supported by meta-
analytical neuroimaging studies that provide neural evidence for
switching (Wager and Smith, 2003). These studies conclude that
switching seems to involve neural mechanisms located in the
parietal cortex, which again argues against the exclusive frontal-
executive hypothesis.

Processes related to “updating” information not only involve
the simple active maintenance of relevant ongoing processing
elements, but they also involve a “review” of the “fitness” of the
representations generated and managed from new elements (i.e.,
a kind of “supervision” and “monitoring” of the information
when approaching the objectives of the task). This is what
happens for example during text comprehension. The process of
text understanding requires readers to activate prior knowledge
in order to continuously achieve appropriate semantic synthesis,
and thus to update mental representations regarding the meaning
of the text. Recent research confirming the capacity of updating
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to predict fluid intelligence explicitly stresses the importance of
this process in higher-level cognition (see Friedman et al., 2006;
Chen and Li, 2007; Belachi et al., 2010).

The capacity to inhibit information or representations that are
not relevant to the task involves prioritizing the processing of
some types of information over other types. However, inhibition
involves not only the process of selecting information, but also
the capacity to resist new information while maintaining essential
information relevant to carry out the online task (see Borella
et al., 2008). Thus, the inhibitory control of attention enables us
to selectively attend, focusing on what we choose to attend to
and suppressing any other stimuli, processes, or responses. These
processes are critical in those complex tasks in which information
processing are beyond the capabilities of the WM. A way to
avoid overloading WM is to inhibit irrelevant representations
and discard unnecessary information. Another ability related
to inhibition is cognitive reflection (see Frederick, 2005). This
ability involves controlling the behavior in a thoughtful way and
inhibiting the first answer that comes “to mind” when solving
difficult intellectual problems.

As we can see, our view includes the three classic executive
functions proposed and tested in a classical study by Miyake
et al. (2000): shifting, updating and inhibition, with the addition
of a fourth component: focusing. The relevance of focusing is
widely recognized in education: as every teacher knows, focusing
and sustaining attention is a main executive process in school
learning. In fact, according to Baddeley (2007), the capacity to
focus and direct attention is probably WM’s most crucial EF. One
influential perspective on the role of WM capacity in mental work
and cognitive development makes a different claim (see Pascual-
Leone, 1987, 2000). It argues for the relevance of a component
of mental attention that allows one to allocate capacity-limited
attention to representations held in WM. According to Pascual-
Leone, mental-attentional capacity is a limited capacity to hold in
mind at any one time different information elements or schemes
that are relevant for intellectual task resolution. Mental capacity
is counteracted by a mechanism of mental attention interruption
that corresponds to the ability to actively interrupt or inhibit the
schemes that are not relevant to the task. From this perspective,
Im-Bolter et al. (2006) proposed a fourth components model.
Besides the two basic attentional components, mental activation
capacity and mental inhibition capacity, they also include
two executive components: shifting and updating. This model
has shown its predictive capacity in children with specific
language impairment. It has been extended to the study of how
these four components contribute to children’s ability to solve
multiplication word problems (Agostino et al., 2010). The main
difference between this model and the proposal of this paper is
that we consider the four components as central EFs of WM.

When resolving a complex and novel task, such as reading
a difficult text, the actions of these four WM executive
functions are tightly related. Resolving a task as such always
requires breaking it down into subtasks, and thus focusing
and switching attention between these. It also demands that
individuals retrieve knowledge stored in LTM in order to update
representations during the execution process. This updating,
however, also implies inhibiting older elements and information

TABLE 1 | Main types of executive functions.

General Characteristics Executive Functions

WM’s on-line core EFs
Every complex and novel cognitive
task demand their use

Focusing and sustaining attention
Switching attention

Activating and updating representations
Inhibition of responses and information

Off-line higher order EFs

Most complex intellectual abilities
such as reasoning and problem
solving demand their use.

They are carried out within WM and
require to apply core WM'’s EFs

Planning future behavior

Revision of task execution

Emotional processes
They are involved in solving any kind
of complex, novel and difficult task.

Emotional control of behavior

in its representation. Likewise, in order to be able to inhibit
representations and discard information, individuals have to be
focused on the relevant components of the task and resist and
sustain their attentional focus in spite of the temptations invoked
by the context or the stimuli itself.

Although, our main objective in this paper is centered on
the four core EFs that concern the present on-line control
and resolution of a cognitive task, our conception, following
Diamond’s proposal, entails also other higher order EFs (see
Table 1). There are EFs that focus not only on on-line tasks,
but instead on the future (i.e., planning), or on past behavior
(i.e., revision). These higher order EFs are required in most
complex cognitive abilities such as problem solving, reasoning,
and writing. Planning involves the selection, formulation and
evaluation of a sequence of thoughts and actions to achieve a
desired goal (see Morris and Ward, 2005). It allows a person
to analyze and adjust the available information, as well as
the strategies and processes needed to solve tasks. In fact,
problem solving and planning tasks, such as the Tower of
Hanoi or the Tower of London, have frequently been used to
measure executive functioning especially sensitive to frontal lobes
dysfunction (see Goel and Grafman, 1995).

Likewise, the ability to successfully resolve complex thinking
tasks is associated with the need to evaluate the processes
and results that make up the diverse tasks executed during
its resolution. Thus, a final revision mechanism is needed to
ensure that actions are performed in line with prior demands.
Writing is probably the clearest example of complex intellectual
ability that requires revision (Allal et al., 2004). Other examples
of this need for revision are: solving mathematical problems
or drawing deductive reasoning inferences, but also processes
relating to complete understanding and learning about complex
matters. Revision should be focused on the analysis and control
of procedures applied and implemented to ensure a correct
resolution.

Apart from the core and higher order cognitive EFs, there
is another executive function clearly involved in an individual’s
action: the emotional control of behavior. In other words, the
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ability to modulate emotional responses by bringing rational
thought to bear on (or resist) our own feelings. Emotional control
underlies all human behavior, including higher-level cognition
and the executive processes previously analyzed and described.
In fact, emotional activation can interfere with cognitive control
processes in healthy individuals, and thus depression is associated
with impaired disengagement from negative information (Aker
and Landro, 2014).

Therefore, our theoretical proposal claims the existence of
three main kinds of EFs: (a) on-line core WM executive
functions: focusing attention, switching attention, activating
and updating representations, and the inhibition of automatic
processes and responses; (b) off-line higher order EFs centered
either on planning future cognitive behavior or on revising
prior behavior already executed; and (c) emotional control that
includes not only the control of desires and affections, but also
the control of anxiety and emotions that underlie the execution
of new and complex intellectual activities.

Higher order EFs, planning, and revising, involve the four core
EFs since they are also carried out within WM, even if they are
not necessary in some tasks and abilities, such as ordinary reading
comprehension. As we can see, all cognitive EFs are tightly related
with WM: the four core EFs are part of the CE functions; and
the two higher EFs are the result of applying core EFs to the
task of foreseeing and organizing future actions, and to reviewing
and evaluating prior behavior and actions. Another difference
between core and higher order EFs is that the latter overload
WM and frequently require external support or memory. The
difference between core and higher order EFs is also clearly
shown in their development.

As diverse authors have shown, the first years of life are crucial
in the development of core EFs (Diamond, 2006; Garon et al.,
2008). For example, a rudimentary ability to select a stimulus and
to focus attention is present early in infancy. The development of
attention during infancy allows preschoolers to focus on internal
representation and resist the attraction of environmental stimuli
(Rothbart and Posner, 2001). Focusing and shifting are obviously
related but they seem to show separate developmental paths in
early infancy (see Posner et al., 2006). The ability to shift attention
between two objects appears during the 1st year, and in the
2nd year children should already be able to shift between an
internal representation and a perceived stimulus. Likewise, from
3 to 5 years old, children show a significant improvement in
attention switching between tasks when the active maintenance
of information and inhibition is required (Diamond, 2002).
There are diverse response inhibition tasks that can be labeled
as simple and complex (see Garon et al., 2008). Simple inhibition
tasks, such as the ability to suppress a dominant response, involve
a minimal WM demand, and they develop in the 1st year of life.
Complex inhibition tasks involve a higher WM demand, such as
in Stroop tasks that require people to hold a verbal rule in mind,
respond according to it, and inhibit an automatic response. The
development and acquisition of this kind of complex inhibition
comes later, from 3 to 5 years old (see Garon et al., 2008). The
study of updating by requiring participants to recall the last items
of a list of letters was first used by Morris and Jones (1990),
however there is very little evidence of its development. Belachi

et al. (2010) used a more complex relevance-based updating task
(see Palladino et al., 2001), in which participants were asked to
remember the smallest items of a list of objects. They found a
linear pattern that increased with age in children between 5 and
11 years old, similar to that obtained with other measures of
WM and fluid intelligence. As we see below, we used a semantic
updating task in two studies.

The core EFs, as different studies have shown (e.g., Huizinga
et al., 2006; Best et al, 2009), continue to develop until
adolescence or even young adulthood. The study of the
development of higher order EFs, planning and revision, is
practically inexistent and there is little known about it (see
however, Nurmi, 1991). Although planning and revising also
begins to develop in infancy, higher order EFs are of belated
acquisition. The age period when they mainly develop and reach
their maximum level is late adolescence and young adulthood. In
a parallel way and underlying the development of most complex
thinking abilities, the development of higher order EFs is likely
result of the multiple and repeated realization of diverse complex
intellectual tasks in educational contexts (see Best et al., 2009).

THE MODIFIABILITY AND TRAINING OF
WM AND EFS

A number of studies focused on training-induced cognitive and
neural plasticity have provided evidence that cognitive abilities
and brain activity are potentially modifiable (see e.g., Karbach
and Schubert, 2013). Consistent with this view, many studies have
investigated the effectiveness of cognitive training interventions
to improve WM, as well as to help overcome cognitive deficits
or learning difficulties (for reviews, see Morrison and Chein,
2011; Shipstead et al., 2012; Titz and Karbach, 2014; von Bastian
and Oberauer, 2014). Growing empirical evidence indicates that
WM training interventions can lead to real and lasting gains
not only in typically developing pre-schoolers (see Diamond,
2012), in school-aged children and adolescents (for a review,
see Karbach and Unger, 2014) up to adulthood (e.g., Karbach
and Kray, 2009), but also in children with cognitive deficits or
learning difficulties (Klingberg, 2010). This is true particularly
for studies investigating the benefits of WM training programs
that involve adaptive tasks (i.e., tasks in which participants are
given many trials to perform that are at or slightly above their
current ability). The meta-analytic review undertaken by Melby-
Lervag and Hulme (2013)—including studies with clinical and
typically developing samples of children and adults—indicates
that WM training programs produce significant and immediate
improvements in measures of verbal WM, with larger gains
occurring in studies with younger children (below age 10 years)
relative to older children, as well as moderately sized immediate
gains on measures of visuospatial WM. These authors conclude
that, even though memory training programs appear to produce
short-term specific training effects, there is no clear evidence that
such benefits are durable and generalizable to other skills.

It may be noted that one aim in many WM training
interventions is not only to improve performance on WM tasks,
but also to obtain transfer or generalizing effects to new tasks
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or domains that have not been trained (for a discussion, see
von Bastian and Oberauer, 2014). Theoretically, if it is assumed
that WM reflects a general attentional resource limitation, and
considering the strong relation between WM and performance
in a multitude of tasks (Cowan, 2005), we would predict that
training WM, if successful, should show transfer effects to
untrained tasks (Shipstead et al., 2012). The underlying idea is
that training should lead to an increase in a domain-general
attentional capacity that is critical for performing many diverse
tasks. Particularly, the improvements in WM functions might
be beneficial for individuals with poor WM skills and for those
who are at risk of learning difficulties (e.g., Gathercole and
Alloway, 2008). It, therefore, appears necessary to assess the
extent to which WM training programs are effective in increasing
measures on tasks similar to those trained (near-transfer effects),
as well as on scores on tasks that have not been trained
directly (far-transfer effects), either within the same cognitive
domain or even to more general cognitive abilities relying
on WM. In that respect, a number of recent studies provide
some evidence that WM training can optimize an individual’s
performance in a number of other cognitive measures. For
instance, Klingberg et al. (2002) reported that young adults
trained using a protocol that combines multiple WM tasks
improved significantly on cognitive control and general fluid
intelligence measures. Using the same paradigm, these authors
also found similar improvements in cognitive control and general
fluid intelligence in children with ADHD (see also Klingberg
et al., 2005).

As for executive processes, there are very few studies that
have specifically investigated transfer from WM training to EFs.
For instance, Salminen et al. (2012) investigated transfer effects
from WM training to different aspects of executive functioning.
Participants were trained on an adaptive complex task that
requires simultaneous performance of a visual and an auditory
n-back task. Transfer tasks measured four executive processes
separately: WM updating, coordinating the performance of
simultaneous tasks (dual task) and sequential tasks (task
switching), and the temporality of attentional processing. The
results indicate that, following training, participants improved
in the trained task, in the WM updating transfer task, in a
task switching situation, and in attentional processing. However,
there was no transfer to the dual task. Further evidence comes
from other studies showing that training on task-switching
improves cognitive flexibility and generalizes to new untrained
tasks assessing other dimensions of executive functioning (e.g.,
Karbach and Kray, 2009).

However, the conclusions about transfer effects from WM
training are not consistent across studies, a fact that has
stimulated a debate regarding the potential efficacy of training
for improving not only WM but also related cognitive abilities
(e.g., Titz and Karbach, 2014). The empirical evidence on the
generalizability of training gains is quite mixed (for a discussion,
see von Bastian and Oberauer, 2014). Some researchers indeed
report only significant improvement on the trained tasks (e.g.,
Jaeggi et al., 2011). Others reveal occasional near transfer to tasks
that were not explicitly trained but share similar task features
with the training tasks (e.g., Dunning and Holmes, 2014), and

sometimes even more far-removed transfer to tasks measuring
a different construct (reading comprehension, e.g., (Dahlin,
2011); mathematics, e.g., (Holmes and Gathercole, 2014); fluid
intelligence, e.g., Borella et al., 2010). Furthermore, the results
of some studies show the maintenance of these effects (e.g.,
Dahlin, 2011), alongside others reporting that the effects were
not maintained at follow-up measurements (St. Clair-Thompson
et al., 2010). To date, it does not seem feasible to reject one of
the positions in favor of the other. The inconsistency of results
regarding the efficacy of WM training are explained by large
differences in terms of the methodologies that have been adopted
across studies (see Shipstead et al., 2012; Melby-Lervag and
Hulme, 2013). Besides methodological issues, to draw consistent
conclusions about the effectiveness of WM training it is also
important to consider that the magnitude of training-induced
gains are potentially influenced by the underlying mechanisms
mediating transfer, not to mention additional factors that could
influence the success of training interventions (for a review,
see von Bastian and Oberauer, 2014). Therefore, it seems more
appropriate to analyze under which circumstances WM training
can improve cognitive performance. Moreover, it remains open
which type of training most efficiently supports the occurrence of
transfer effects.

IMPROVING READING COMPREHENSION
BY TRAINING THE INVOLVED WM’S
EXECUTIVE FUNCTIONS

We aim to contribute to the debate on the feasibility of WM
executive functioning training. A relevant question we are
concerned with is whether and to what extent interventions that
contribute to enhancing WM’s executive processes involved in
higher-level cognitive abilities, such as reading comprehension,
would improve these abilities. This is of particular relevance in
childhood and adolescence, given that executive functioning is
not only related to higher-level cognitive abilities contributing
to academic success, but also to performance in the classroom
(for reviews, see Swanson and Alloway, 2012; Titz and Karbach,
2014). In this section, we begin with an examination of studies
demonstrating alternative approaches to WM training that
provided evidence favoring the conclusion that WM training can
benefit reading comprehension. We follow with a description of
our training proposal on WM’s executive functions involved in
reading comprehension.

Reading comprehension is considered a complex and highly
demanding cognitive task that involves the simultaneous process
of extracting and constructing meaning (e.g., Kintsch, 1998).
The functional role of WM in reading comprehension and
its component skills has been well-established, both in typical
developing children (Cain et al, 2004) and in individuals
with poor reading comprehension abilities (e.g., Carretti et al.,
2009). As numerous authors have maintained, WM plays a
crucial role in storing the intermediate and final products of a
readers’ s computations, as well as coordinating the processes
of constructing and integrating a semantic representation from
the text (e.g., Just and Carpenter, 1992; Ericsson and Kintsch,

Frontiers in Psychology | www.frontiersin.org

February 2016 | Volume 7 | Article 58


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Garcia-Madruga et al.

Executive Functions, Reading Comprehension

1995). Besides the role of the phonological component of WM
for reading comprehension, growing evidence supports the
involvement of the diverse yet interrelated CE processes and
underscores the importance of attentional control (see e.g., De
Jong, 2006). For instance, Swanson et al. (2006) pointed out
that the EF of coordinating cognitive operations is required to
integrate information from text and LTM. Likewise, Palladino
etal. (2001; see also Carretti et al., 2005) linked WM’s updating to
reading comprehension skills. Also, whereas Yeniad et al. (2013)
reported the relation between shifting and reading, De Beni and
Palladino (2000) have underscored the function of inhibiting
possible representations and discarding information in reading
comprehension.

Despite the strong relation between WM’s executive functions
and reading comprehension, there are very few studies that
have assessed the effects of WM and EFs training on reading
comprehension. In that respect, a review by Titz and Karbach
(2014) showed limited but converging evidence for positive
effects of process-based complex WM training (i.e., training of
specific cognitive processes, without explicit strategy training)
on academic abilities, particularly in the domain of reading.
The benefits were found in typically developed students as well
as in children with cognitive deficits and learning difficulties.
In contrast, other studies found significant improvements in
tasks assessing the CE components of WM after training, but
no improvements were found on reading comprehension (e.g.,
St. Clair-Thompson et al., 2010). A possible explanation of
these contradictory results about the effectiveness of WM and
EFs training may stem from differences regarding the kinds of
interventions employed in existing studies and the characteristics
of the study sample. More specifically, variations across studies
were identified in several factors that could influence the success
of training interventions, such as the type of training procedure,
the intensity, and duration of training, stepwise adjustment of
task difficulty to individual performance during training, or the
design of the control conditions. The following discusses some
methodological issues in the studies of effects of WM training on
reading comprehension.

A subset of previous training studies are focused on a training
procedure that elicits practice on only a single task (or several
variants of one type of task), and which allows the individual
to analyze specific aspects or functions of WM. For instance,
Chein and Morrison (2010) developed an adaptive training
protocol that involved verbal and spatial adaptive versions of
a complex WM span task that taxes several different processes,
such as encoding, attention, and WM updating. After 4 weeks of
intensive training, participants (mean age of 20 years) improved
significantly more than non-active controls on measures of
complex WM span as well as on complex reading comprehension
tasks, as measured by a standard reading test (Cohen’s d = 0.58).
Since training improved different abilities, the authors inferred
that the training task must have affected a domain-general
mechanism responsible for attentional control processes.

Positive transfer to reading comprehension has also been
reported in studies using WM training protocols based on a
range of computer-based memory tasks. The most well-known
program is Cogmed WM Training battery (CWMT), a battery

of video-game-like tasks, each aimed at improving WM and
executive control (Klenberg et al.,, 2001; for a controversy on
CWMT, see Shipstead et al., 2012). The difficulty level of each task
is adjusted for each trial to ensure that the individual is working at
her or his personal limits. For instance, in Dahlin’s intervention
study (2011), primary school students (9-12 years) with special
needs were trained daily by using tasks from the CWMT for
30-40 min over a period of 5 weeks in school settings. The
computerized training program included both visuo-spatial and
verbal working memory tasks, with a fixed number of trials (100)
to be completed each day. The results showed that, compared
to the passive control group of Klingberg et al. (2005), children
improved on reading comprehension (Cohen’s d = 0.88), but
not on word decoding or orthographic verification experimental
tests, and the benefit was maintained for 6 months.

Along this line, two studies involving typically developing
children have vyielded consistent results by applying a
computerized WM training intervention based on complex
WM tasks from the Braintwinster battery (Buschkuehl et al,
2008). First, Loosli et al. (2012) applied a brief (10 sessions
over 2 weeks), adaptive computerized WM training program
based on a complex WM span task from the battery to train
children (9-11 years) to improve reading performance. These
authors found that, compared to a passive control condition, the
training intervention significantly enhanced experimental group
performance on the trained WM task, but also on a standardized
reading test (Cohen d = 0.20). Particularly, WM training had
a smaller impact on single-word reading performance than on
text comprehension tasks. Second, Karbach et al. (2015) found
that 14 sessions of an adaptive WM training applying tasks from
the Brain twister battery improved performance in elementary-
school children (mean age = 8.3 years) on untrained WM tasks
and on a standardized test of reading abilities. Moreover, transfer
to untrained WM tasks was maintained over 3 months. The
analysis of individual differences revealed compensatory effects
with larger gains in children with lower WM and reading scores
at pretest.

As we can see, the aforementioned studies report findings that
support the view that WM has the potential to improve reading
comprehension. Prior evidence mainly comes from studies that
have applied a process-based WM training program based on
intensive practice on memory tasks. The applied tasks do not only
require storage, but also additional processing demands. Thus,
these training programs might rightly be considered CE training.
Given this approach, training often yields large improvements
on the trained tasks, but it also results in transfer effects to
reading comprehension. Additionally, the interventions often
implemented an adaptive training procedure. In that respect,
Karbach et al. (2015) demonstrated that adaptive WM trained
resulted in larger training gains than non-adaptive low-level
training on the same tasks (active control group), but the
question is still open whether adaptivity really plays an important
role for the effectiveness of WM training interventions (see, von
Bastian and Oberauer, 2014).

Nevertheless, there are certain issues in these studies that
should be acknowledged. First, one common practice has been
to compare the performance of the training group to that of
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a non-active control group, but one that did not attend any
intervention. In this way, it raises the question of what degree
performance changes within the training group can be attributed
to the training tasks instead of to the existence of an intervention
per se (Shipstead et al., 2012). Another issue that arises when
trying to draw conclusions about the effectiveness of these
training approaches is that the evidence is only based on one
reading comprehension measure. The interpretation of these
findings may be problematic because generalization could be
the result of idiosyncratic relationships between the trained and
assessment tasks, and not because of any enhancement in the
underlying ability thought to be measured by the assessment task
itself. As Shipstead et al. (2012) pointed out, transfer effects of
training should be demonstrated using a wider variety of tasks.

On the other hand, most of the previous training programs
have involved individual training sessions that were not part
of classroom activities. Also, prior training procedures were
implemented by researchers under controlled and intensive
conditions that cannot feasibly be achieved in non-research
situations. As a consequence, it is not clear how the training of
WM is applicable in educational settings or to whole classes (see
Gathercole et al., 2006). Interestingly, it was found that adaptive
WM training based on tasks from CWMT battery transferred to
new untrained WM tasks, but not to basic word reading abilities
in children (8-11 years old) with low WM ability (Holmes et al.,
2009; Dunning and Holmes, 2014). In contrast, a similar training
program administered by teachers to their own pupils (aged
9-11 years) with low academic abilities improved, compared
to a passive control group, children’s performance in English,
as measured by means of a national standard assessment test
(Holmes and Gathercole, 2014). These results suggest that WM
training has the potential to transfer to academic abilities, even
when conducted by teachers in real-life conditions in schools,
with effect sizes (Cohen’s d effect sizes range from 0.56 to 0.67)
comparable to those reported in research studies.

From an applied point of view, the importance of having the
teaching of WM and its processes embedded into the classroom
curriculum is obvious. Adopting this perspective, some WM
and EFs training interventions are based on teaching strategies
that address EFs in classroom activities (e.g., Meltzer et al,
2007; Gaskins et al., 2007) Among the few studies that have
attempted to enhance WM by means of a range of activities
suitable for including in the school timetable and conducting in
classroom, the one conducted by Carretti et al. (2014) deserves
mention. They implemented a training procedure that combined
a range of activities focusing on WM and on metacognitive
reflection in reading comprehension. After training by teachers,
the authors found medium to large positive effects on reading
comprehension skills in primary school children (8-10 years),
and the effects were maintained after 11 months. These findings
highlight the relevance of integrating WM training into the
classroom curriculum.

As for our theoretical view, we propose a novel approach
regarding how EFs can be improved through training in
educational settings (for details, see Garcia-Madruga et al., 2013).
This new training program was designed to improve reading
comprehension in primary school students by boosting the

executive processes of WM involved in it: focusing on relevant
information, switching (or shifting) between representations or
tasks, connecting incoming information from text with long-
term representations, updating of the semantic representation of
the text in WM, and inhibition of irrelevant information. A few
training principles were assumed that, as Diamond pointed out
(2013, p. 154), seem to hold for effective training: (1) executive
functioning training appears to transfer; (2) EFs demand needs
to be continually and incrementally increased; and (3) practice
is key.

A main feature of this training program is that it was directly
implemented into reading comprehension activities. However,
the main focus of the training procedure was not to train reading
comprehension itself, but to train the conscious control of the
cognitive processes involved in it. For this purpose, a variety of
reading comprehension tasks were used for training, of which
four core WM EFs are particularly involved (see Table 2). The
focusing function on specific and relevant information to resolve
the task is present in all of them. The switching function is
particularly required on the tasks in which readers have to shift
back and forth between diverse pieces of information or when
the task includes diverse subtasks. Connecting with long-term
knowledge is particularly necessary when performing tasks that
require combining information from the task with information
from long-term memory. The updating function is present
in those tasks that require monitoring and coding incoming
information relevant to the tasks at hand and then appropriately
revising the items held in WM and replacing older, no longer
relevant information with newer, more relevant information.
Finally, the inhibition of irrelevant information occurs in tasks
in which students need to inhibit or override the tendency
to produce a more dominant or automatic response. In order
to make the trained EFs easy to understand and remember,
distinctive icons were used to represent them throughout the
training program (see Table 2). Adopting an adaptive training
perspective, researchers gradually increased the items within each
task, as well as the difficulty of the task by increasing, throughout
the training sessions, the number of units of information
(e.g., words, actions, frames...) to be followed (remembered
or integrated), or the distance between critical sentences in
the text to answer a comprehension question. Training tasks,
examples, variables manipulated for increasing the difficulty,
and sessions in which each task was performed are shown in
Table 3.

The first and last intervention sessions were particularly
relevant. In the first session one of the researchers explained
in a detailed and direct way the component processes as
well as the outcome of reading comprehension. Participants
understood and consciously agreed that text comprehension is
a real complex task that requires the activation and control of
their cognitive resources by using the core EFs. In the last training
session students were led to reflect on the utility of the four
basic executive processes for diverse daily intellectual activities;
likewise, we insisted on the idea that the repeated practice of the
four basic processes would be developed such that students could
become “mental athletes.” In this final session a personal diploma
was presented to each of the students.
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TABLE 2 | The executive processes trained, their icons, and the tasks used
in Garcia-Madruga et al. (2013; exp. 2) and Carretti et al. (under revision).

Icons

=

Executive Function Tasks tapping into each

executive function

Focusing Vignettes in Order, Decoding
Instructions, Sentences in Order,
Anaphora, Inconsistencies,
Inferences, Main Idea, Changing
Stories and Integrating

Knowledge

Switching -~ -

e») (99

Anaphora, Inconsistencies,
Inferences and Integrating
Knowledge

Activating and Vignettes in Order, Decoding

Updating Instructions, Sentences in Order,

Representations in / ® Anaphora, Inferences, Main Idea

WM and Changing Stories

‘o

Sentences in Order, Anaphora,
Inconsistencies, Inferences,
Changing Stories and Integrating
Knowledge

Inhibition Vignettes in Order, Decoding
Instructions, Sentences in Order,
Anaphora, Inconsistencies, Main
Idea, Changing Stories and

Integrating Knowledge

Another feature of this training intervention is that it
promotes controlled processes through a metacognitive
approach, so that the participants receive guidance to recognize
and form awareness of the involvement of control processes
involved in training program activities, as well as to think
about their importance. The instructional techniques used
were: (a) explicit instruction by the trainer in the EFs related to
the task; (b) modeling examples of the task by the trainer; (c)
guided practice; and (d) student independent practice. As a final
outcome, the proposal of using repetitive practice was intended
to achieve some kind of automated behavior, but always under
the control and monitoring of executive processes. That is, it
shares features of both implicit and explicit training (Klingberg,
2010).

Our proposed training approach differs in various ways from
that of previous training research conducted with children. A
key difference is that, instead of intensive training on WM
tasks, children performed different text-processing tasks each day
selected from the battery of eight tasks included in the training
program, as showed in Table 3. Also, unlike many other WM-
training studies in which only one training task was used (e.g.,
Loosli et al.,, 2012), our training procedure was implemented
through a variety of reading comprehension tasks. The tasks we
used require increasingly higher attentional control resources
and can hence improve students’ use of executive processes
during reading. Finally, instead of intensive and long training
time used in other approaches (e.g., Klingberg et al., 2005), a
relatively minimal amount of training time was required in the

training program we developed (10-12 sessions of 50 min over 4
weeks).

Evidence for the impact of our training proposal on WM’s
EFs involved in reading comprehension comes from three
studies applying this program to train typical developing
children. We expected that even small increases in WM’
executive functioning through training would significantly
improve children’s performance on reading comprehension.
These studies attempted to avoid some of the methodological
concerns of previous WM training studies (see Shipstead et al.,
2012) by using more appropriate WM span tasks, different tasks
in the pre- and post-testing than those used in training, more
than one measure for WM’s EFs and reading comprehension, and
active contact groups when possible.

The first study (Garcia-Madruga et al., 2013, exp. 1) was
conducted with third-grade students (8-9 years) who were
trained for approximately 50 min a day for 12 days over a 4-week
period in the classroom. Reading comprehension was assessed at
pretest and posttest intervention by means of a Spanish version
of the Diagnostic Assessment of Reading Comprehension Test
(EDICOLE: August et al., 2006; Garcia-Madruga et al., 2010),
a test based on a theoretical analysis of the main components
of this ability (Hannon and Daneman, 2001): text information
memory, inferences based on information provided in the text,
and integration of accessed prior knowledge with new text
information. In the experimental group, there was a significant
gain after training in the posttest for reading comprehension
(Cohen’s d = 0.67). Moreover, compared with that of a control
group that received normal class instruction in Spanish language
and reading comprehension, there was a significant higher
pretest to posttest gain in the experimental group for reading
comprehension, and this effect was large (Cohen’s d = 0.72).
In addition, a Spanish version of the Reading Span Task (RST;
Daneman and Carpenter, 1980) for primary school students
(Orjales et al., 2010) was used to measure WM capacity at
pre- and post-test evaluation. The gain found in favor of the
experimental group for RST was not significant. The lack of
improvement in this WM measure might be due to the fact that
RST is a task that loads mainly on storage and verbal components,
even though it is a CE measure.

The second study (Garcia-Madruga et al,, 2013, exp 2) was
conducted with a larger experimental group and a shorter
time period for the entire pretest-intervention-posttest period.
Following the procedure described above, the participants (ages
8-9 years) were trained for 10 days in their classroom over a
4-week period. Before and after training, all participants were
assessed on reading comprehension by means of the EDICOLE
Test, as in Exp. 1, and three complex WM and CE measures
of WM capacity. First, a verbal analogy span test for primary-
school children (Orjales and Garcia-Madruga, 2010) was used.
It has an underlying structure similar to the RST, but instead of
only reading aloud and selecting the last word of each sentence,
participants have to solve a verbal analogy inference, and store
and remember the correct word solution. Second, participants
performed a semantic updating span task (Gomez-Veiga et al.,
2010; based on Palladino et al., 2001), in which the recall of a
variable number of items following a specific semantic criterion
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TABLE 3 | Training tasks, examples, variables manipulated for increasing difficulty, sessions in which each task was performed, and the number of items,
in Garcia-Madruga et al. (2013, Experiment 2) and Carretti et al. (under revision).

Task Description Example of task item Difficulty Sessions Items
Participants were required to...
Vignettes in Order To put in order an increasing number of Arrange the following pictures frames Number of frames 1,2 50
vignettes
Decoding written To read verbal instructions, interpret and Write your name and two surnames. Then,  Number of actions to 2,3,4,5,6, 48
instructions perform complex written instructions draw a circle around the last letter of your be performed 7,8,910
involving the integration of a sequence of name and the first letter of your last
actions surname. Do it without lifting your pencil.
Sentences in To organize series of sentences into the Arrange the following sentences: Number of sentences 3,4 26
Order correct order to create a coherent story Matria looks for her place
Maria buys the ticket
The movie has started
Maria waits in the line
Anaphora WM To solve semantic anaphora, and then Robert painted it white before the summer ~ Number of wordsto be 4,5 14
store and remember the word solutionina  arrived. remember
growing series of inferential problems — roof
— facade
Detecting textual To act as a detective looking for mistakes Internal: Laura used eyeglasses to read Internal: distance 56,7 30
inconsisten-cies in a text, either an inconstancy between (...) Laura’s eyesight was excellent. between sentences
two ideas expressed or an inconsistency External: Elena was flying in the depths of ~ External: salience of the
between text and reader’s prior knowledge  the lake when he decided to go back. inconsistency
Making inferences To make a text-based inference (Student reads the text)...Ask the next Text-based: Distance 6,7 30
—integration among individual sentences questions: between sentences,
in the text—, or elaborative inferences Why did they put the sparrow near to the Elaborative:
—integration of general knowledge with fireplace? Memory load
information in the text
Following changing To read a text including a stream of In what order were the horses at the end Number of units of 8,9 18
stories information in which the relevant facts are of the race? information to be
constantly changing; to actively keep track followed
of the information as they read it and, at
several points of the story, to determine
the state of different aspects of the story at
that time
Integrating information To focus and switch attention to different After watching the video and reading the Number of units of 8,9 15

from different formats

units of information presented on a screen
in different formats (i. e., text, video,
pictures), in order to be able to answer
several questions that required the
integration of multiple sources of
information

test, ask the following question: What type
of solar eclipse is presented in that
picture?

information to be
integrated across
sources

in a list of words is measured. Third, a Spanish adaptation of
the visuospatial selective span task developed by Cornoldi et al.
(2001) was used to assess students’ visuospatial WM capacity and
the executive processes related to the control of a dual task.

The results of experiment 2 confirmed significant gains
after training in the experimental group on the three main
components of reading comprehension, and the effects were
around medium size: memory and recalling new information
presented in the text (Cohen’s d = 0.33), inferences (Cohen’s
d = 0.62), and integration (Cohen’s d = 0.65). The effect
size for the overall EDICOLE was large (Cohens d = 0.79),
as in experiment 1. There was also a significant increase after
training on semantic updating and visuospatial WM measures,
and the effect was medium to large (Cohen’s d = 0.62 and
0.77, respectively). However, no significant gain was found
after training on the analogy test of WM capacity. As can be

noted, the training program yielded greater benefits on the two
components of comprehension—inferences and integration—
that require an extra mental operation. In these components
of reading comprehension, executive control is more involved
than it is in text memory. Moreover, the diverse effects of
training on participants according to their prior abilities on
reading comprehension, as measured by EDICOLE in pretesting,
indicate that low reading comprehension students reached a very
clear and significant greater gain after training than the high
reading comprehension group (Cohen’s d = 0.34). Since the
training program was particularly adapted to the low reading
comprehension group, the results support the arguments in
favor of adaptive training (e.g., Salminen et al., 2012). Another
interesting point is that the use of three tasks in Exp. 2 to
evaluate WM training effects, different from those used in
training, has allowed us to provide evidence of significant gains
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in WM’s executive functioning and, therefore, a transfer effect
of training on the executive process measures. However, the
lack of a control group in this experiment requires us to be
prudent.

The third study Carretti et al. (under revision) replicated
the effects of the training procedure on reading comprehension
and extended the results obtained by Garcia-Madruga et al.
(2013). The trained group’s performance was compared with
that of an active and a passive control group before and
after the training (10 sessions) and in follow-up sessions 2
months later. The groups were comparable in terms of age
(8-9 years old), decoding ability and vocabulary. The active
control group took part in standard classroom activities for
developing reading comprehension (e.g., read a text and answer
different kinds of questions on details of the text). Reading
comprehension performance was assessed by using an Italian
version of EDICOLE and an Italian standardized reading
comprehension test for primary school (Cornoldi and Colpo,
2011). WM capacity was assessed by using an adaptation of
the semantic updating span task (Palladino et al., 2001). The
results indicated that the trained group—following the procedure
described in Garcia-Madruga et al. (2013, exp. 2)—performed
better on the standardized measure of comprehension than did
both control groups at posttest. At follow up, the trained group
performed better than the active or the passive control groups
on EDICOLE measures, but the effects were not robust and
showed signs of fading. Whereas the trained group’s gains from
pre- to post-test were medium in terms of effect size for both
reading comprehension measures, there was a large effect for
WM measure, and the benefits of training were maintained 2
months after intervention.

Overall, the findings regarding the effects of this training
approach support the view that it is possible to promote reading
comprehension in children by boosting the CE functions during
the process of reading, even when training is conducted as
part of classroom instruction. Particularly, it provides evidence
for the higher contribution of WM’ EFs training to those
components that require more executive control in reading
comprehension tasks: inferences and integration. The results of
these studies are consistent with the assumption that cognitive
enhancements from our training proposal may have affected
not only a specific but also a more domain-general mechanism
involved in various executive processes. We note that, since
the training tasks took the form of a reading comprehension
task and participants were not trained by using WM tasks
(except for the anaphora task that share the underlying structure
with WSP and the analogy span test), it is difficult to separate
the specific differential weight of WM’s executive processes
training with that of reading comprehension practice to explain
the improvement of reading comprehension. Nevertheless,
the finding that confirms the efficacy of the intervention in
reading comprehension is a relevant result of this training
approach. Some transfer effects may also be found by using
another complex reading comprehension task to assess the
training efficiency. As significant transfer effects were found in
different studies (Garcia-Madruga et al., 2013; Carretti et al,
under revision), using the same procedure and two different

reading comprehension tests that were performed by different
experimental groups, we rather think that the beneficial effects
found are driven by the training intervention.

As a matter of fact, the training program was relatively
brief (10 sessions in Exp. 2), which is shorter than the
training time used in other approaches (e.g., Dahlin, 2011),
and involved practice distributed over 4 weeks. Even so, this
training approach seems to produce effects on measures of WM
executive processes and reading comprehension comparable to
other training regimes aforementioned, and maintenance effects
were also found in reading comprehension as well as in WM
measures. The benefits of standardized measures of reading
comprehension, as well as those similarly obtained from other
training programs, suggests that training improvements may
transfer to ecologically valid measures of reading in students of
primary school. However, as mentioned, the benefits at follow-
up were not robust. Jaeggi et al. (2008) reported dose-dependent
effects of training, with more sessions leading to larger transfer
effects. Given the reduced number of sessions included in our
training program, some further sessions would likely be needed
in order to maintain gains at follow up. This hypothesis is
requiring, obviously, an empirical test confirmation. In addition,
more systematic research is needed to define the optimal intensity
and duration of the training intervention.

Finally, we think that training would yield similar results
in other complex reading comprehension tasks that demand
the precise, deep, and controlled understanding of texts. This
hypothesis would require further research and confirmation. In
contrast, according our view WM’s executive processes training
might have smaller impact on those reading tasks that place less
demand on WM such as basic word reading skills (see Holmes
et al., 2009; Dahlin, 2011; Loosli et al., 2012).

CONCLUSIONS

In the current paper we have presented an overall view of EFs that
includes three main kinds of processes: core on-line EFs, higher
order EFs, and emotional control. This theoretical proposal is
based in recent theoretical and experimental breakthroughs and
attempts to clarify the relations between WM, EFs, and higher-
level cognition. A corollary of this theory is that we can improve
thinking abilities by improving the use of executive functions
during the process of solving complex cognitive tasks involved
in each kind of thinking ability. We have also presented an
instructional program to improve reading comprehension based
on training the core executive processes involved in the solution
to a set of selected tasks, as well as the main results found in a set
of training experiments recently carried out.

As briefly discussed, an important feature of executive
processes is that they are potentially modifiable. There is a
considerable amount of evidence on WM and executive function
interventions and training, although their overall generalizing
effect is still a matter of debate. Our proposal does not require
a high generalizing effect since we are intervening on the
executive processes involved in a set of tasks that represent
the complexities and difficulties of reading comprehension. Our
experimental findings on reading comprehension confirm an
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improvement in reading comprehension and WM executive
processing measures in posttest and follow-up measures. From
our theoretical perspective we certainly expect some kind of
generalization. Given that the same EFs are involved in two
different higher-level cognitive abilities, generalizing the results
between the two abilities is possible. Therefore, we share the
idea of a domain-general mechanism (WM and EFs) that might
underlie the generalization effect found recently in diverse studies
(Klingberg et al., 2005; Buschkuehl et al., 2008; Jaeggi et al.,
2008; Persson and Reuter-Lorenz, 2008; Chein and Morrison,
2010). However, our view maintains that if we want to achieve
robust and significant effects, the repeated and adaptive training
of complex WM task is not enough. Instead, we have to go a
step further and train the WM’s executive functions involved in
solving a set of representative tasks of the particular higher-level
cognitive ability we want to improve. In other words, our view
maintains that in order to improve thinking abilities the domain-
general mechanism is insufficient. There are also domain-specific
competences requiring the active use of EFs which have also to be
trained.

Moreover, higher-level cognitive abilities cannot be reduced
to the EFs involved in them. In other words, we do not
agree with Diamond when she explicitly says that higher-level
thinking, reasoning and creativity are in fact EFs. In our opinion,
these higher-level intellectual abilities, that is, thinking and
fluid intelligence, share the crucial role of EFs, but they are
themselves not EFs. They are the result of applying executive
processes to solve particular kinds of intellectual problems. They
entail the manipulation of diverse kinds of representations, use
diverse beginning and ending points, follow different thinking
sequences, and have diverse aims.

Our view on the relationship between higher-level abilities
and EFs suggests that a similar improvement to that obtained
in reading comprehension can be achieved in other higher-
level abilities as reasoning and problem solving. The design and
development of the instructional programs for improving other
intellectual abilities entails two main components: (a) a general
theoretical view on EFs and how they can be instructed; and (b)
a specific theoretical analysis of each of the higher-level abilities
and the role of the EFs that operate on it, that will allow an
adequate selection of the tasks to be instructed. A new training
program on WM’s executive functions to improve deductive
reasoning in Secondary school students has been designed by
our research group (Garcia-Madruga et al.,, 2015) but not yet
experimentally tested. Like reading comprehension, deductive
reasoning requires the construction of representations, but its
peculiar feature is to manipulate these representations in order to
arrive at, if possible, a necessary conclusion. This goal-oriented
sequential task of manipulating representations is performed in
WM and can be defined as a kind of updating process driven
by reasoners’ meta-deductive knowledge and goals. The program
is based on training participants in the four core EFs and a
higher order one: revision. According to our view, these EFs
underlie the application to solving diverse deductive tasks of two
meta-deductive concepts (consistency and necessity) and two
meta-deductive strategies (searching for counterexamples and
exhaustivity).

Finally, we would like to address various limitations
and perspectives of our theoretical conception regarding the
improvement of thinking abilities. We have outlined the
preliminary character of our theoretical view on EFs. Our
proposal still requires empirical verification, particularly the
two cognitive higher-order EFs, planning and revision, and
their relationship with WM and core EFs, as well as their
developmental pattern. Our experimental work has tested the
efficacy of a program to improve reading comprehension, but
not our theoretical view on EFs. In this regard, a second main
limitation affects our experimental work. Given the overlapping
nature of the core EFs involved in reading comprehension, our
training experiments do not allow us to differentiate the role of
each of the four core EFs. It is possible however to evaluate the
relevance of each of the tasks used in training, as in fact is done
in our second experiment (Garcia-Madruga et al., 2013).

We are now working on an obvious testable prediction of our
view: the empirical comparison of training efficacy between our
instructional program on WM’s executive functions involved in
reading comprehension and an equivalent program based only
on training the verbal and spatial complex WM task used by
Chein and Morrison (2010), the n-back WM task frequently
used in training studies, and our Analogy and Anaphora WM
tasks. For that purpose, we will use diverse pre- and post-training
measures of reading comprehension, WM’s executive processes
and fluid intelligence. Likewise, a more detailed analysis and
evaluation might be done in the future with respect to the
impact of higher order cognitive EFs such as planning and
revision. For instance, the specific role of planning and revision in
problem solving and reasoning, respectively, might be evaluated
by introducing (or not) the training of these EFs, other than the
core EFs, in instructional programs to improve these intellectual
abilities.

The final aim of our programs to improve reading
comprehension or reasoning through the intervention on the
relevant EFs also includes moving beyond these abilities in
our attempt to improve education. EFs are involved in every
learning task that requires a cognitively active and controlled
performance from the learner (see e.g., Meltzer, 2007). The role
of EFs is therefore crucial in the acquisition of basic instrumental
skills such as reading, writing, and arithmetic. Likewise, EFs are
required in the acquisition of diverse kinds of academic content.
For instance, complex declarative learning is another higher-
level intellectual ability in which EFs are obviously involved
and one that directly depends on reading comprehension and
reasoning. In a directly related way, WM and EFs deficits underlie
learning and intellectual disability. The intervention on the
EFs particularly involved in diverse learning and intellectual
disabilities is thus a promising way to improve an individual’s
performance. According to our view, these interventions demand
a previous and detailed analysis of each particular disability and
the role of EFs involved in it, in order to design an instructional
program and select the appropriate training tasks. Although
WM and EFs play a role as a domain-general mechanism that
underlies intellectual and learning disabilities, there is not a
domain-general procedure of improving them. Domain-specific
procedures and programs to improve WM and EFs are required
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if we want to improve individuals’ learning and intellectual
disabilities.
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