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Abstract
This article briefly reviews and organizes research findings from the past few decades that focused on working
memory and intelligence. Working memory is a psychological construct that focuses attention, and it is commonly
viewed as a temporary storage that holds and manipulates information. Intelligence is a general cognitive ability
associated with efficient higher-order thinking such as reasoning and problem solving skills. Decades of research
ranging from empirical to brain-behavior studies have shown a strong link between working memory and
intelligence, and researchers have begun to manipulate this relationship to further study the complex psychological
construct of intelligence. Although the current active research in cognitive training has created much possibility in
modifying the two cognitive abilities, there is still a long way to go in achieving thorough understanding of two
important constructs in human cognition.
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1. Introduction
Gottfredson (1997) presented convincing support that intelligence (g) has a pervasive utility in everyday life, in
addition to showing that higher g predicted more success and better outcome in occupational attainment. It is also
more advantageous to be endowed with higher g. People with higher g (IQ above 120) were less likely to live in
poverty, bear children out of wedlock, depend on social welfare and be incarcerated (for men). With such a
powerful force predicting one’s outcome in life, it is no wonder that many would want to study the concept and
construct of g to understand this powerful predicting phenomenon and hope that there is something that can be
done to change or modify it to the advantage of human kind. One of the many ways researchers in social science
has been utilizing to get a better grasp of g is getting themselves acquainted to a mental ability that also strongly
predicts academic achievement and social outcome. Cognitive psychologists have been very interested in working
memory, the mental ability that actively maintains and manipulates information in the presence of interference, as
a tool to understanding the nuts and bolts of intelligence, g.
Working memory capacity (WMC) plays an important role in predicting general intelligence (Conway, Cowan,
Bunting, Therriault, & Minkoff, 2002; Engle, Laughlin, Tuholski, & Conway, 1999). WMC is understood as the
ability to maintain active representations of information in one’s mind in the presence of interference. It is
conceptually defined as domain-general executive attention which manages active representations of stored
domain-specific information. This conceptual definition is consistent with the working memory model proposed
by A. D. Baddeley and Hitch (1974).They postulated that there are three components of the working memory
model. There are two “slave systems” – the phonological loop and the visuo-spatial sketch pad – that act like
short-term memory storage. The phonological loop maintains phonological information and prevents the
information from decaying through rehearsal, while the visuo-spatial sketchpad stores visual and spatial
information. The third component, the central executive, coordinates the information from the two slave systems
by directing attention to relevant information and suppressing irrelevant information. In 2000, Baddeley added a
fourth component as a third slave system, the episodic buffer, to integrate information from the other two slave
systems and information from long-term memory if necessary (A. Baddeley, 2000).
The construct of intelligence, g was first introduced to explain shared and common variances found in tests of
mental performance. Spearman (1904)first noted that all cognitive ability tests were positively correlated with one
another. He also discovered through methods of correlational analysis that the correlations among these tests could
be accounted for by one factor. This factor has become known as general intelligence, or g. Since the conception of
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a general factor proposed to explain intelligence, there has been a persistent debate challenging the concept of g.
Most research, however, has produced support for the existence of a higher order general factor that governs
broader mental abilities manifested in mental ability tests. Carroll (2003) assembled and analyzed a variety of data
sets using factor analysis, and his results indicated the “standard multifactorial view”, which argued for a
higher-order general intelligence influencing lower order broad mental abilities. Johnson, Bouchard Jr, Krueger,
McGue, and Gottesman (2004) demonstrated that the g factors from three different test batteries administered to
the same sample were almost completely correlated with one another, and their findings were replicated in a study
using five test batteries administered to the same group of participants (Johnson, Nijenhuis, & Bouchard Jr, 2008).
These studies strongly suggested the existence of a unitary higher-order general factor of intelligence that was not
affected by how it was measured or assessed by any cognitive and mental ability tests.
The hierarchical model of human intelligence, introduced in the mid to late 1990s, has the unitary general factor,
g, at the top stratum and group factors generally characterized by broad mental abilities on the next stratum after
the general factor (Deary, 2001). The lower stratum contains specific mental abilities that contribute unique
variances to the higher order broad cognitive abilities. The three-strata model of human intellectual abilities
proposed by Carroll in 1993 (Carroll, 2003)and the practice of structural equation modeling in the field have
provided converging support that human intelligence could be described in terms of a hierarchical structure. The
VPR (verbal-perceptual-mental rotation) model proposed by Johnson and Bouchard Jr (2005b) has been
subjected to constructive replication (Johnson & Bouchard Jr, 2005a; Johnson, te Nijenhuis, & Bouchard Jr,
2007) and offers an excellent example of the current direction and general acceptance of a hierarchical
organization of human intelligence.
Although the hierarchical model of human intelligence is widely accepted in the field of intelligence, much
research in and outside the field prefer to operationalize the construct g with Cattell and Horn’s fluid-crystallized
intelligence. The fluid-crystallized intelligence model proposed by Cattell (1943) and further elaborated by Horn
(1976) was the dominant theory of human intelligence since the 1970s (Johnson & Bouchard Jr, 2005b). Fluid
intelligence is characterized by general, innate abilities to solve novel problems and suggested as the ability
responsible for the inter-correlations among mental ability tests or Spearman’s general factor, g (Cattell, 1943).
Crystallized intelligence is associated with the capacity to solve problems and discriminate relations between
physical or abstract elements in specialized or familiar fields. The ability to solve problems using prior
accumulated knowledge is referred to as crystallized mental abilities. Although the theory proposed by Cattell
and Horn did not support the unitary general factor of intelligence (Deary, 2001), the distinction between fluid
and crystallized abilities inherent in Cattell and Horn’s theory has played a critical role in understanding and
describing individual differences in human intelligence.
The present review summarizes work done in establishing the relationship between working memory and
intelligence, as well as efforts that manipulate the relationship between the two constructs in order to achieve
deeper understanding of both. Works cited in this review were obtained through literature searches in the ISI
Web of Knowledge and Scopus using keywords such as “working memory”, “intelligence”, “general
cognitive/intellectual ability”, “neural network” and “training”. Papers focused on both WM and g functions
were selected. Results from the literature searches are organized in four sections below, which cover basic
processes involved, empirical studies, brain-behavior studies and the modifiability of the constructs.
2. Basic Processes Mediating the Relationship between Working Memory and Intelligence
Based on the WM model proposed by Baddeley and Hitch, there seemed to be two basic processes that were
foundation to the execution of WM processes – short-term memory storage and processing speed. The two slave
systems, phonological loop and visual-spatial sketchpad, were essentially short-term storages that contained and
maintained a few items at one time before losing them to decay (A. Baddeley, 2000); hence, it was possible that
one’s WM capacity may be influenced by the size of the slave systems. An individual who could remember more
items at one time would not only perform well on STM tasks but also more likely to engage their WM better in
tasks that required switching their attention back and forth, constantly updating a stream of information and
mentally inhibiting irrelevant responses. Accordingly, one could assume that higher processing speed may also
influence WM processes by the speed in which one coordinates the information stored in the slave systems and
engaging their central executive to tend to the necessary information required for the task at hand. Researchers
have suggested that the efficiency with which individuals maintained and manipulated information in their WM is
the basis for reasoning ability, a skill highly associated with g (Kyllonen & Christal, 1990). Furthermore, it has
been well documented that processing speed and reaction time tasks were significantly correlated with g (Jensen &
Munro, 1979).
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Colom, Abad, Quiroga, Shih, and Flores-Mendoza (2008) explored the reasons behind the high correlation
between WM and g. They conducted a study in which participants completed several reasoning ability tests, WM
tasks, STM tasks, measures of mental speed and executive functioning tasks such as updating and those that could
assess one’s control of attention. Their confirmatory factor analyses revealed that the simple short-term storage
largely accounted for the relationship between WM and g. The other measures were not related to WM, and they
remained insignificant with their relation to g after variance from the STM latent variable was removed (Colom et
al., 2008).
From a developmental perspective, one could find evidence that processing speed plays a role in WM and fluid
intelligence (Fry & Hale, 1996). When age-related differences in speed, WM and fluid intelligence were
statistically controlled, Fry and Hale (1996) found that individual differences in speed directly influenced WM
capacity, which in turn predicted individual differences in fluid intelligence as suggested in their path analyses.
They concluded that as one’s processing speed increased with age, WM became more efficient and after variance
from processing speed was removed from WM, it still significantly predicted fluid intelligence (Fry & Hale,
1996).
The abovementioned studies illustrated how WM and g could be related. Taken together, they suggested that the
relationship is most likely caused by information storage capacity and speed in processing the stored information.
3. Empirical Studies
There are many studies that contributed to establishing the relationship between working memory (WM) and g.
Kyllonen and Christal published a seminal paper in 1990 that started the excitement for the potential of the
relationship between WM and g. The data reported in their studies suggested that reasoning ability, which was
most strongly associated with g, could be a little more than working memory capacity (WMC). Their confirmatory
factor analysis revealed a high correlation (r = 0.8 to 0.9) between WMC and reasoning ability factors. Though a
one-factor model that combined the two constructs did not fit their data as well as a two-factor model, the authors
were convinced that working memory may be the driving force behind reasoning ability (Kyllonen & Christal,
1990). Since then, there have been various publications in the literature to identify the link between WM and g.
Ackerman, Beier, and Boyle (2005) conducted a meta-analysis of 86 such studies that related WM and g and
concluded that the average correlation between the two constructs was 0.48 – that they only shared about 25%
common variance. Studies included in the meta-analysis reported correlation between performance on WM tasks
and measures of g that ranged from 0.50 to 0.90 (Colom, Flores-Mendoza, & Rebollo, 2003; Fry & Hale, 1996;
Jurden, 1995; Salthouse, Mitchell, Skovronek, & Babcock, 1989; Stauffer, Ree, & Carretta, 1996; Tucker & Warr,
1996; Verguts & De Boeck, 2001). However, their conclusion did not reflect the bulk of contemporary view of the
relationship between WM and g and the data that supported the correlation. Kane, Hambrick, and Conway (2005)
reanalyzed 10 latent variable studies published in the Ackerman et al. (2005) meta-analysis and suggested that
WMC and reasoning abilities shared 50% of their variance (Kane et al., 2005). Oberauer, Wilhelm, Schulze, and
Süß (2005) also reanalyzed the studies that employed structural equation modeling published in Ackerman et al.
(2005) meta-analysis, and they suggested an even stronger correlation between the two constructs (r = 0.85). The
compilation of the latent-variable analysis seemed to indicate that WM and g shared between 50-70% common
variance (Kane et al., 2005; Oberauer et al., 2005).
Besides the strong correlation between WM and g, numerous studies such as latent variable analyses also
indicatedWMas a good predictor of g. Results from these analyses provided support and explanation to the high
correlations between working memory and general intelligence established in the literature (Ackerman et al., 2005;
Conway, Kane, & Engle, 2003). Engle et al. (1999) andConway et al. (2002) suggested that short term memory
(STM) is a subset of WMC as supported by the definition of WMC, which included both executive functions and
the storage of information. In their analyses, after they had removed the shared variance between STM and WMC,
the remaining variance in WMC was still a significant predictor of general intelligence, g. Engle et al. (1999)
reported a correlation of 0.49 (p<0.05) between g and the unique variance of WMC independent of STM. The
significant correlation between variances from WMC and g in simple correlational studies and latent variable
analyses provided strong support that the two constructs were related through sharing a common underlying ability
that manifested itself in measures of WMC and g.
4. Brain-behavior Studies
An example of studies in cognitive psychology and neuroscience that tried to explain the relationship between
WM and intelligence is one by Halford, Cowan, and Andrews (2007). The authors suggested that WM and
reasoning ability shared related capacity limits, and the two functions were related through the shared requirement
that binds elements to slots of a hypothetical coordinate system in one’s memory. The process of maintaining the
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bindings between elements required attention that was essential to WM and reasoning abilities. The authors
believed that “the common demand for attention when binding elements into slots is a possible explanation for
common capacity limitations in WM and reasoning” (p. 236). These limits are most likely based on a restrained
capability to form and preserve bindings of elements in memory. Research in the field of neuroscience also
suggested that attention is a function of the prefrontal cortex, and that the relation between fluid intelligence (gf)
and WM was mediated by activities in the lateral prefrontal and parietal regions (Gray et al., 2003). Kane and
Engle (2002) reported that the dorsolateral prefrontal cortex could have a role in WM especially related to
attention control. Conway et al. (2003) supported the hypothesis by Gray et al. (2003) that WM span tasks activate
regions in the prefrontal cortex when the executive-control mechanism is engaged in combating interference
during the maintenance and manipulation of information. Jung and Haier (2007) reviewed 37 neuroimaging
studies on the location of g in the brain. The product of their extensive review was that g is most likely distributed
across several regions in the brain – specifically, the areas most relevant to intelligent behavior may be
concentrated in the parietal and frontal lobes of the brain. This led Jung and Haier (2007) to propose the
Parietal-Frontal Integration Theory (P-FIT), which suggested that g is not specific to any area but an integration of
several regions in the brain. These areas were also commonly associated with WM, control of attention, planning,
reasoning, decision making, memory retrieval and executive functioning (Colom et al., 2009). The postulated
shared neural network between g and WM provided further support that they may share something fundamental to
higher order cognition (Jaeggi, Buschkuehl, Jonides, & Perrig, 2008).
Changes in neural activity after practice on WM tasks added support to the P-FIT model (Jung & Haier, 2007) and
the common neural network between WM and g (Conway et al., 2003; Kane & Engle, 2002) when Jolles, Grol,
Van Buchem, Rombouts, and Crone (2010) detected changes in the left ventrolateral prefrontal cortex, bilateral
dorsolateral prefrontal cortex and left superior parietal cortex. Increased activation was observed in the striatum
area during manipulation trials in WM tasks (Dahlin, Neely, Larsson, Bäckman, & Nyberg, 2008; Jolles et al.,
2010). The brain-behavior studies that explored the relationship between WM and g seemed to advocate that WM
is an important sub-component of general cognitive ability when viewed from a biological point of view, and this
principle further strengthened the relationship between WM and g.
5. Modifiability of WM and/or g
There are cumulating interest and research in cognitive training, especially WM training (Morrison & Chein,
2011). Numerous studies have reported training and transfer effects as a result of WM, executive function, and
attention type training, most of which were done in young children or the older adult population. Klingberg and
colleagues (2005; 2002) observed improvements in matrix reasoning tasks in addition to reduced inattentive
symptoms in children with Attention Deficit Hyperactivity Disorder (ADHD). Others found improvements in
fluid reasoning after training on WM in older adults(Borella, Carretti, Riboldi, & De Beni, 2010; Schmiedek,
Lovden, & Lindenberger, 2010).WM training studies done on old adults (Buschkuehl et al., 2008) impacted
memory performance, a near transfer effect, and these studies did not report significant improvements on gf tasks.
Van der Molen and colleagues (2010) found short-term memory improvement and did not find IQ score
improvements in adolescents with mild intellectual disability. Li and colleagues(2008) reported no far transfer
effects from WM training to complex span tasks and did not report improvements in measures of IQ.
There were plenty of studies that found near transfer after WM training but not so much on far transfer effects.
Near transfer referred to changes in a domain affected by changes in another domain due to comparable ability or
process, and far transfer effects referred to changes in domains caused by activities in a separate domain of
different processes. Many WM training studies were conducted on children ranging from 4 to 11 years of age,
when their cognitive abilities were still developing and have not reached maturity (Fry & Hale, 2000). Bergman
Nutley et al. (2011) reported consistent near transfer effects in their study on 4-year old children. The authors
observed improvements on reasoning tasks in children that trained on reasoning skills, and they failed to find
transfer effects from WM training to reasoning and fluid intelligence tasks. More examples of near transfer effect
included a study by Mackey et al. (2011), St. Clair-Thompson et al. (2010) and Thorell et al. (2009) that reported
near transfer effects but neither far transfer effects nor improvements in IQ measures. Holmes et al.
(2010)reported that IQ scores were unaffected by WM training in children with ADHD, andHolmes, Gathercole,
and Dunning (2009) reported no boost in IQ performance in children with low working memory capacity. A
recent review by Diamond and Lee (2011) on cognitive training conducted on children concluded that only core
executive function – WM, cognitive flexibility and inhibition – training is most beneficial to 4-12 year-olds, and
most studies cited in this review reported near transfer effects.
Colom et al. (2010) further explored the hypothesis of transfer effects from improved performance on WM tasks
to measures of g by comparing performance of students in two groups. One group worked on STM and WM
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tasks that were highly demanding for three weeks, and the other worked on processing speed and attention tasks
which were less cognitively demanding than the first group. Both groups worked on their tasks for three weeks,
once every week, between pre-test and post-test sessions. Scores from both groups at post-test session increased
significantly from their pre-test scores. Even so, factor analysis showed that there were no significant changes in
the most g-loaded tests (Colom et al., 2010). Based on their results, Colom and his colleagues (2010) strongly
suggested that cognitive abilities such as general intelligence, WM, STM, processing speed and attention have a
high degree of stability.
So far, transfer effects were mostly found in studies that were conducted on children and older adults, when their
cognitive functions during stages of development or decline were relatively malleable than young adults (Borella
et al., 2010; Fry & Hale, 2000). Modifying cognitive abilities did not seem to be difficult during periods of
growth when interventions could assist and perhaps accelerate development and maturity (Rueda, Rothbart,
McCandliss, Saccomanno, & Posner, 2005). Modification was also promising in old adults when their cognitive
decline could be delayed with intervention (Basak, Boot, Voss, & Kramer, 2008; Borella et al., 2010; Buschkuehl
et al., 2008). Consistent with the “disuse” hypothesis (Orrell & Sahakian, 1995), the potential of slowing down
cognitive decline is supported by animal and human studies that demonstrated considerable neuronal plasticity
due to increased activities from experiential input and perceptual-sensory stimuli (Tranter & Koutstaal, 2008).
However, studies that suggested possible alteration of cognitive abilities in young adults, when general cognitive
abilities are less pliable compared to childhood and aging periods, are considerably fewer (Jaeggi et al., 2008;
Jaeggi et al., 2010; Schmiedek et al., 2010). The stability of general cognitive abilities in adulthood raised
questions as to how effective and how long changes as a result from cognitive training could last in terms of
cognitive functions and behavior. There should be more studies conducted on healthy, young adults before
researchers could claim with confidence that general cognitive abilities such as fluid reasoning could be
improved with short periods of cognitive training.
6. Conclusion
The bulk of data from the literature captured in the present review strongly suggested that working memory and
intelligence were neither isomorphic nor identical constructs (Ackerman et al., 2005; Kane et al., 2005; Oberauer
et al., 2005), although it was quite clear that both of these constructs were highly related to one another (Colom et
al., 2003; Kyllonen & Christal, 1990). The high correlation was postulated to be based on shared fundamental
neural mechanisms in the dorsolateral prefrontal regions in the brain (Conway et al., 2003; Kane & Engle, 2002;
Klingberg, 2010) and basic mental processes such as short-term memory storage (Colom et al., 2008) and
processing speed (Fry & Hale, 1996). The recent attempts to raise intelligence through improving WM processes
(Morrison & Chein, 2011) have created much controversy in the field of cognitive psychology. Although results
seemed to be encouraging and positive, more research needed to be done to replicate and explain the generally
inconclusive results obtained from these early efforts especially when there are currently more studies that
reported near transfer effects compared to far transfer effects. Efforts to improve general cognitive ability such as g
has a long history of minimal success (Spitz & Johnstone, 1986) and transfer from a learned task to a novel task has
not been shown to occur (Detterman & Sternberg, 1993). The notion of improving g through WM training should
be further scrutinized as the evidence provided thus far is weak. Additionally, a major limitation in current research
involved measuring improvements in g with only one single task. The latent ability should be targeted and
measured with several tasks of g to study whether effects of WM training could generalize to other cognitive
abilities (Shipstead, Redick, & Engle, 2012).
Nevertheless, the literature on WM and g has shown to be an exciting and challenging area in which researchers
attempt to identify, explain and relate specific mental abilities to one another. We currently have an idea on how
and why WM might relate to g, but there is much more to be done in explaining the relationship. The current
progress of research in this area gives great hope that we may better understand general intelligence, a powerful
predictor of life outcome, through the framework of the complex, higher order cognitive skill of WM.
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