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The challenge to neuroscientists working on intelligence
is to discover what neural structures and mechanisms
are at the basis of such a complex and variegated
capability. Several psychologists agree on the view that
behavioral flexibility is a good measure of intelligence,
resulting in the appearance of novel solutions that are
not part of the animal’s normal behavior. This article
tries to indicate how the supposed differences in intelli-
gence between species can be related to brain proper-
ties and suggests that the best neural indicators may
be the ones that convey more information processing
capacity to the brain, i.e., high conduction velocity of
fibers and small distances between neurons, associ-
ated with a high number of neurons and an adequate
level of connectivity. The neural bases of human intelli-
gence have been investigated by means of anatomical,
neurophysiological, and neuropsychological methods.
These investigations have led to two important findings
that are briefly discussed: the parietofrontal integration
theory of intelligence, which assumes that a distributed
network of cortical areas having its main nodes in the
frontal and parietal lobes constitutes a probable sub-
strate for smart behavior, and the neural efficiency
hypothesis, according to which intelligent people
process information more efficiently, showing weaker
neural activations in a smaller number of areas than
less intelligent people. VVC 2012 Wiley Periodicals, Inc.
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Within the field of psychology, one of the longest
and most comprehensive research traditions is probably
that dealing with cognitive ability or intelligence. This
construct has been defined as ‘‘. . . a very general capa-
bility that, among other things, involves the ability to
reason, plan, solve problems, think abstractly, compre-
hend complex ideas, learn quickly, and learn from expe-
rience. It is not merely book learning, a narrow
academic skill, or test-taking smarts. Rather, it reflects a
broader and deeper capability for comprehending our
surroundings—‘catching on,’ ‘making sense’ of things, or
‘figuring out’ what to do. Intelligence, so defined, can
be measured, and intelligence tests measure it well’’ (edi-
torial statement by 52 researchers; Gottfredson, 1997).
The challenge for neuroscientists working on this topic

is to discover what neural structures and mechanisms are
at the basis of such a complex and variegated capability
(Gray and Thompson, 2004).

The investigation of intellectual abilities spans more
than 100 years of research. Galton (1883) was the first to
presume that the speed, associated with accuracy, in per-
forming simple mental operations may constitute a key
role in explaining individual differences in intelligence.
The robust empirical finding of a negative reaction
time–intelligence relationship has strengthened the view
that the higher speed of cognitive processing in highly
intelligent people could be the result of physiological
properties of the human (central) nervous system. This
could also be regarded as the starting point for research
on possible biological correlates underlying intelligent
behavior.

The research fields exploring the bases of human
intelligence can be separated into two broad groups. The
first investigates the cognitive correlates of intelligence
and the second its biological bases (Deary et al., 2010).
The cognitive aspects of intelligence have been investi-
gated by means of tests from experimental or cognitive
psychology and psychophysics, with the aim of meas-
uring intelligence and discovering what fundamental
cognitive components can account for the variance
shown in intelligence test scores. For this field of
research, we refer the reader to other sources (Jensen,
1998; Deary, 2001). With regard to the biological bases,
which are the focus of the present article, the intent is
to discern the neural structures and mechanisms that
underlie the diverse facets of intelligence. Neuroscientists
today can address this question from many points of
view, thanks to the various brain mapping, neuroimag-
ing, and brain stimulation techniques that have been
developed mainly in the last 30 years. Although some
authors question whether a neuroscience approach can

The author has no conflicts of interest to declare.

*Correspondence to: Alfredo Brancucci, University of Chieti and Pescara,

Department of Biomedical Sciences, Via dei Vestini 31, 66100 Chieti scalo,

Chieti 66100, Italy. E-mail: alfredo.brancucci@unich.it

Received 17 November 2011; Revised 8 January 2012; Accepted 21

January 2012

Published online 16 March 2012 in Wiley Online Library

(wileyonlinelibrary.com). DOI: 10.1002/jnr.23045

Journal of Neuroscience Research 90:1299–1309 (2012)

' 2012 Wiley Periodicals, Inc.



shed light on the mechanisms of intelligence, the opin-
ion of most researchers, in brief, is that, to understand
how an object works, you should look inside it, and
there is no reason why the brain should escape this rule.

COMPARATIVE VIEW

From an ecological perspective, cognitive ability
can be identified with the success and speed of how the
different species solve problems in their natural environ-
ments, according to the rules of natural selection
(Darwin, 1859, 1882). These include problems related to
spatial orientation, feeding, intraspecific communication,
and social relationships (Pearce, 1997). However, the
demands of the environment and the related skills that
animals have to learn can differ considerably. From this
viewpoint, it has been proposed that intelligence is a
combination of special abilities that evolved in response
to specific environments (Roth and Dicke, 2005). Sev-
eral comparative psychologists and cognitive ecologists
have converged on the view that behavioral flexibility is
a good measure of intelligence, resulting in the appear-
ance of novel solutions that are not part of the animal’s
normal behavior (Byrne, 1995). This can be studied
either in the laboratory by measuring strategy changes in
problem solving or by observing natural behavior in the
wild (Lefebvre et al., 2004). Given the different intelli-
gence levels among vertebrate species assessed using
behavioral flexibility as a criterion, intelligence has appa-
rently evolved independently in different subdivisions of
vertebrates. Evidently, this does not support the idea of a
single evolutionary line of intelligence culminating in
Homo sapiens.

How can these supposed differences in intelligence
between species be related to brain properties? A first

possibility is absolute size, which ranges in mammals
from brains of small bats and insectivores weighing less
than 0.1 g to those of large cetaceans, weighing up to
10 kg (Fig. 1). Generally, it is assumed that animals with
larger brains are more intelligent than those with smaller
ones (Gibson et al., 2001). However, for example, the
brains of monkeys are much smaller than those of ungu-
lates: the mean weight of a rhesus monkey brain is about
90 g, whereas that of a sheep is 140 g, and the higher
cognitive and behavioral flexibility of the former is
unquestionable. Similarly, the mean weight of the brain
of Homo sapiens is 1.35 kg, far less than the brain weight
of an elephant (about 4 kg) or of a whale (up to 10 kg).
Thus, a larger brain does not necessarily ensure greater
intelligence. A further important factor is relative brain
size. As body size increases, brain size tends to increase
in a negative way following a power function with an
exponent smaller than 1 (Hofman, 2003). This means
that, with increasing body size, brains become absolutely
larger, but relatively smaller. Mammals with relatively
larger brains are assumed to be more intelligent. How-
ever, with 2% of body mass, humans have the relatively
largest brain among big mammals but shrews, the small-
est mammals, who exhibit much less behavioral flexibil-
ity, have brains of up to 10% of their body mass (Van
Dongen, 1998). An additional possible structural basis
for intelligence is the encephalization quotient. This
indicates the extent to which the brain size of the species
of interest differs from an expected brain size, assessed
on the basis of a standard species of the same taxon.
According to this parameter, humans reach the highest
score, with a brain size 7.5 times larger than expected,
followed by some dolphin species with brain size five
times larger than expected. However, some observations
regarding encephalization, such as the fact that some

Fig. 1. Brain sizes of some mammals. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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New World monkeys should be more intelligent than
chimpanzees and gorillas, run contrary to the reliability
of such an indicator. Another possibility is to correlate
intelligence with the size and structure of the neocortex.
The volume of the whole cortex of the frontal lobes is,
however, not a good indicator, insofar as both parame-
ters show higher values for elephants and large cetaceans
compared with humans, both in absolute and in relative
terms, despite the fact those animals are considered less
intelligent (Haug, 1987). Average cortical thickness is
not correlated with cortical or brain volume; cetaceans
and elephants have generally thinner cortices than prima-
tes. The density of neurons in the neocortex varies
among mammalian brains but is in general negatively
correlated with brain volume. Considering this parame-
ter, humans and great apes are well above and ele-
phants and cetaceans (Haug, 1987). However, despite
the many positive correlations between brain size and
intelligence, their mutual relationships are not reliable,
especially considering the fact that correlation does not
demonstrate causation (Cairò, 2011). Another indicator
could be the number of cortical neurons. Although the
human cortex is much smaller in surface area than that
of large cetaceans and elephants, it is twice as thick and
has a much higher cell density, which results in the
fact that humans have the largest number of cortical
neurons, about 12 billion. These each have about
30,000 synapses on average, resulting in a total of about
360 trillion synapses in humans (Rockland, 2002).
Unfortunately, this parameter is at present not available
for other species, including elephants and cetaceans. A
further important neural parameter is conduction veloc-
ity of cortical fibers, determined mostly by the diameter
of myelinated fibers, with thinner fibers having a lower
conduction velocity. The cortical information process-
ing capacity of cetaceans and elephants is impaired
compared with primates, insofar as myelinated cortical
fibers are thicker in primates (Changizi, 2001) and the
average distance between neurons in elephants and
cetaceans is larger. Thus, humans do not have the larg-
est brain or cortex, either in absolute or in relative
terms; however, with the thickness and cell density in
the cortex, humans have the largest number of cortical
neurons. In addition, having the higher conduction
velocity and the smaller distances between neurons, the
human cortex probably has the greatest information-
processing capacity.

With regard to the link between specific cognitive
abilities and their neural underpinnings, an often cited
example is the relationship between spatial memory and
the size of the hippocampus in birds and mammals
(Healy and Hurly, 2004). According to Macphail and
Bolhuis (2001), the evidence for a strict correlation is
very weak. For example, birds with excellent food-stor-
ing abilities do not always perform better than other
birds when tested for spatial orientation, and they do not
always have the largest corresponding neural structure.
Furthermore, experience is known to influence hippo-
campal development, which could explain intraspecific

differences in volume in relation to spatial memory in
both birds and humans.

It has been proposed that neocortical enlargement
correlates better with social than with environmental
complexity. Baboons show a remarkably high degree of
sociability and have the largest neocortex among Old
World monkeys (Dunbar, 1998). Other features such as
differences in cortical cytoarchitecture have been claimed
to contribute to intelligence. It has been shown that the
morphological and functional diversity of cortical neu-
rons increases with the size of cortex (de Felipe et al.,
2002). Further particularities of the primate cortex are
the large Betz cells found in motor areas and the large
Meynert cells in the primary visual cortex, which have
been interpreted as favoring increased sensorimotor abil-
ities, typical of primates. It has also been shown that the
cortical organization in mammals with regard to density,
size, and shape of pyramidal cells and spine density is
more variable than previously assumed (Elston, 2002). In
the prefrontal cortex of macaques and humans, dendrites
are more branched, and neurons have, respectively, 16
and 23 times more spines than neurons in the primary
visual area. These differences are interpreted as indicating
a greater information-processing capacity of the prefron-
tal cortex (de Felipe et al., 2002).

Another important question, which wanders off
into philosophy, is whether human brains have unique
properties and capacities that are not found in other ani-
mals. Among these are syntactic–grammatical language,
consciousness, self-awareness, causal understanding of
mechanisms of tool use, tool making, imitation, decep-
tion, and theory of mind (Gibson, 2002). Great apes
possess at least some states of consciousness found in
humans (Roth, 2000) and the latest theories argue
against a neat distinction between human and animals
regarding consciousness (Tononi and Edelman, 1998;
Tononi and Koch, 2008). Deception has also been
observed among monkeys; great apes and cetaceans
show mirror self-recognition; and great apes and even
corvids show an understanding of the mechanisms of
tool use and tool making (Pearce, 1997; Emery and
Clayton, 2004). As concerns imitation, the prevalent
view, although disputed, is that it is found only in
humans and that nonhuman primates do not exhibit true
imitation (Byrne and Russon, 1998). Similarly, it is
uncertain whether nonhuman primates possess a theory
of mind, that is, the ability to understand another indi-
vidual’s mental state and take it into account in one’s
own behavior, along with the concept of knowledge
and the distinction between true and false beliefs. In
general, experts initially contended that chimpanzees
have a theory of mind, but later came to the view that
this is unique to humans (Povinelli and Vonk, 2003).
Finally, syntactic–grammatical language is probably the
most cited example for a unique human ability (Fitch
and Hauser, 2004). There are many theories attempting
to explain or describe the evolution of language, which
range from vocal, mostly affective–emotional communi-
cation; to visual communication based on gestures and

Neural Correlates of Cognitive Ability 1301

Journal of Neuroscience Research



mimicry (Golding-Meadow, 1999); to a perceptual–syn-
aesthetic primer of language (Ramachandran, 2003).
Researchers agree on the fact that simple sentences
consisting of up to three words can be understood by
dolphins, gorillas, and chimpanzees. It seems that there is
a limit that cannot be overcome, which corresponds
roughly to the grammatical and syntactic skills typical of
a child at age 2 years. The neural structure for speech
comprehension, i.e., Wernicke’s area, located in the
superior temporal and inferior parietal lobe, is apparently
not unique to humans, nor is the area responsible of
speech production, i.e., Broca’s area, located in the fron-
tal lobe (Golding-Meadow, 1999; Gannon et al., 2001).
In fact, the monkey F5 area, in which mirror neurons
have been discovered, is believed to be partially homolo-
gous to Broca’s area, which in humans is also active dur-
ing movements of the hand and mouth (Rizzolatti and
Craighero, 2004).

METHODS OF FUNCTIONAL BRAIN
IMAGING

The advances that have been achieved by neuro-
scientists in the last century have strongly rested on the
facilities provided by the development of new brain
mapping or imaging techniques. Research on the neural
correlates of intelligence has identified several structural
parameters of the human brain that can be seen in close
relation to intelligence, such as brain size, proportion of
gray matter, and cortical thickness (Gray and Thompson,
2004; Shaw et al., 2006; Jung and Haier, 2007). Further
useful information has been obtained by observing the
brain during the performance of cognitive tasks, to ana-
lyze the dynamic or functional characteristics of the
mechanisms underlying intelligence. With regard to the
structural correlates of intelligence, other than rough
measurements of brain volume in vivo or post-mortem,
the technique that has been used more frequently is
magnetic resonance imaging. As concerns functional cor-
relates, intelligence has been investigated with various
techniques from electroencephalography (EEG) and
magnetoencephalography (MEG) to functional magnetic
resonance imaging (fMRI) and positron emission tomog-
raphy (PET). fMRI is the most recent brain imaging
method, which measures neural activity indirectly, via
hemodynamic parameters in response to neural activity
in the brain. It is based on the rationale that the blood-
oxygen-level-dependent signal changes in response to
any type of cognitive process, because the brain regions
more active during cognitive performance are the ones
that need more oxygen supply. Also, PET is used to
assess brain activity indirectly, by means of changes in
the metabolism of glucose, which is provided by the
cerebral blood flow. It is based on the visualization of
the distribution of a radioactive tracer moving through
the brain. Although fMRI and PET allow the study of
brain activity with high spatial accuracy, their primary
flaw lies in their slow temporal resolution. Given that
the hematic response is much more delayed and slower

than the electrophysiological responses recordable with
EEG or MEG, fMRI and PET studies do not allow for
fine-grained temporal analyses of brain activity, which
can be realized by means of EEG or MEG. In turn,
these two latter techniques lack spatial resolution because
of the physical properties of electrical potentials and
magnetic fields, which are blurred during the transition
from the neural source to the recording site. Thus, the
way to obtain high-resolution information in both time
and spatial domains is the combination of recording
from neurophysiological and neuroimaging techniques.
This has been available for a few years in several labora-
tories, and the hope is that it will soon also be used in
the search for the neural correlates of intelligence.

NEURAL CORRELATES OF COGNITIVE
ABILITY IN HUMANS

A general assumption in neuroscience research on
human intelligence has been that brain size plays some
role (Galton, 1888). Empirical research on the topic
began more than 100 years ago, when some scientists
analyzed the relation between brain size and intellectual
ability. Brain size was mostly approximated by measures
of head size, sometimes validated by post-mortem infor-
mation. Data available today indicate that intelligence is
correlated with head size (r � 0.20; Rushton and
Ankney, 2009) and intracranial volume (r � 0.40;
MacLullich et al., 2002). In particular, in healthy people,
total brain volume is moderately correlated with intelli-
gence (r � 0.35; McDaniel, 2005). These findings, how-
ever, lack appropriate interpretation and a theoretical
framework; in fact, the reason for the correlation of
intelligence and brain size is not understood.

With relatively recent structural neuroimaging
techniques, in particular MRI, it became possible to
refine the relations between intelligence and brain size
by also considering the volume of single brain regions.
This approach has shown that, for frontal, parietal, tem-
poral, and hippocampal cortices, size correlates (weakly)
with intelligence (r � 0.25; McDaniel, 2005; Witelson
et al., 2006). The calculation of correlations of the vol-
ume of gray matter (generally, neural bodies, dendrites,
and glia) and of white matter (myelinated axons) with
intelligence usually yields slightly higher values for over-
all gray matter (r � 0.31) than for overall white matter
(r � 0.27) volume. Some studies have used MRI with
voxel-based morphometry to measure the volume of
gray matter in specific brain regions and to relate this to
measures of intelligence (Jung and Haier, 2007). All in
all, a set of brain regions including areas in the dorsolat-
eral prefrontal cortex, parietal lobe, anterior cingulate
cortex, and specific regions in the temporal and occipital
lobe seems to be correlated with individual differences
in intelligence. According to this finding, a parietofrontal
integration theory of intelligence has been postulated, in
which the extrastriate cortex (Brodmann areas [BA] 18
and 19) and fusiform gyrus (BA 37) are involved in
intelligent behavior because of their contribution to the
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recognition, imagery, and elaboration of visual input
(similarly to Wernicke’s area [BA 22] for auditory speech
input). Information captured through these pathways is
then processed in the parietal cortex (supramarginal gyrus
[BA 40], superior parietal gyrus [BA 7], and angular gyrus
[BA 39]), in which possibly structural symbolism, abstrac-
tion, and elaboration emerge. These parietal regions inter-
act with frontal areas, constituting a working memory
network that compares different potential task responses.
The anterior cingulate cortex (BA 32) then intervenes,
once a task response is selected, supporting response
engagement and inhibition of alternative responses (Fig.
2). The networks described are dependent on the white
matter fibers connecting them, such as the arcuate fasci-
culus. For most of these brain regions, the left hemisphere
seems to be more involved than the right. The parieto-
frontal integration theory of intelligence can be definitely
considered the best available answer to the question of
where in the brain intelligence resides, because the bulk
of studies using different methodologies have generally
confirmed its postulates (Colom et al., 2009).

Another anatomical parameter that has been corre-
lated with intelligence scores is cortical thickness. In
general, positive correlations between intelligence and
cortical thickness have been found, especially in the pre-
frontal and temporal multimodal association cortices
(Narr et al., 2007; Karama et al., 2009).

These studies remain neutral on issues concerning
causality and seek instead to identify and characterize
patterns of neural activity that specifically correlate with
intelligence scores. Although larger brains, greater gray
matter volumes, and thicker cortices are usually associ-
ated with more neurons, it is unclear how and why this
should lead to better intellectual performance, especially
considering that brain and intelligence developments
involve extensive neuronal pruning (Luo and O’Leary,
2005). Macroencephaly is a clear example in which
(pathologically) enlarged brains are associated with
decreased, rather than increased, cognitive function.

In this view, Shaw and colleagues (2006) showed
that the development of cortical thickness in children
differs for groups of different intelligence. Children
obtaining the highest intelligence scores had compara-
tively thin cortices in early childhood, but showed more
rapid increases in thickness in the prefrontal and tempo-
ral lobes during development. It seems that differences
in brain development play a basic role in intelligence.

A further way to search for the neural underpin-
nings of intelligence is provided by studies of neurologi-
cal patients. Using voxel-based lesion mapping, Gläscher
and colleagues (2009) collected cognitive data from a
large sample of patients with brain lesions. They found
highly specific relations between lesion loci and three
subfactors of intelligence. Lesions in the left frontal and
parietal cortex impaired working memory efficiency;
damage to the left inferior frontal cortex affected verbal
comprehension; lesions in the right parietal cortex
impaired perceptual organization.

A network-like organization of intelligence implies
that high intelligent performance rests in efficient infor-
mation transfer between the involved brain regions along
white matter fibers. Hence, white matter lesions have
also been set in relation to intelligence. This has been
especially so in elderly people because of the white mat-
ter age-related decline. These studies found weak but
consistent correlations indicating that people with more
white matter lesions have lower cognitive ability (Frisoni
et al., 2007; Turken et al., 2008). Moreover, studies
examining white matter integrity found positive correla-
tions between intelligence and concentrations of N-ace-
tylaspartate, a metabolite of the oligodendrocytes that
form the myelin sheath around nerve fibers.

More recently, encephalography (EEG and MEG),
PET, regional cerebral blood flow analysis, and fMRI
have been used extensively on individuals performing
intelligence-related tasks such as matrix reasoning, mental
rotation, or playing video games. The indices of brain
functional activity provided by these methods were inter-
preted as measures of neuronal efficiency and were related
to performance. Two basic conclusions were drawn from
these studies: first, similarly to structural studies, functional
studies support a distributed network perspective on intel-
ligence, largely overlapping with the one reported above
(Jung and Haier, 2007; Neubauer and Fink, 2009).
Second, functional neuroimaging findings are generally
consistent with the hypothesis that intelligent brains pro-
cess information more efficiently (that is, use fewer brain
resources when performing cognitive tasks; see below)
than less intelligent brains, provided that the cognitive
task is difficult enough to discriminate between intelligent
and less intelligent individuals but not so difficult that
even the most intelligent individuals have to recruit all
their brain resources to solve it. In the case of these more
difficult tests, less intelligent individuals usually give up,
resulting in a positive correlation between brain resource
usage and intelligence (Neubauer and Fink, 2009).

Many studies on the neuroscience of intelligence
have shown sex differences with respect to which brain

Fig. 2. The parietofrontal integration theory of intelligence postulates that
the areas indicated in the figure constitute a network supporting intelligent
behavior. Numbers indicate Brodmann areas. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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features correlate with intelligence. For example, in
males, intelligence is more strongly correlated with fron-
toparietal gray matter volume, whereas in females intelli-
gence shows stronger correlations with white matter
volume and gray matter volume in Broca’s area (Haier
et al., 2005). Cortical thickness in frontal regions corre-
lates more strongly with intelligence in females, whereas
temporal–occipital cortical thickness shows a stronger
correlation with intelligence in males (Narr et al., 2007).
White matter integrity seems to be more important for
intelligence in females than in males. This suggests that,
in males, cognitive functions are based on fewer but
thicker and more tightly packed fibers than in females.
Males also seem to be more neuronally efficient than
females during spatial cognitive tasks with intermediate
difficulty levels, whereas females seem to be more
neuronally efficient than males during verbal tasks of
medium difficulty (Neubauer et al., 2005). This is con-
sistent with already known cognitive differences showing
better spatial abilities in males and better verbal abilities
in females (Neubauer and Fink, 2009). These patterns
are interesting because males and females show marked
differences in brain size and structure (Chen et al., 2007;
Rushton and Ankney, 2009) but negligible differences in
general intelligence (Dykiert et al., 2009). In sum, males
and females can achieve similar levels of overall intellec-
tual performance by using differently structured brains in
different ways (Haier et al., 1988).

COGNITIVE ABILITY AND FUNCTIONAL
CONNECTIVITY

The study of connectivity has its focus on the anal-
ysis of the cooperation and coordination of neural activ-
ity between near and distant brain areas and roots in
Hebb’s classical work The organization of behavior (1949).
Understanding connectivity today constitutes one of the
major challenges in the investigation of neural mecha-
nisms underlying cognitive function, including intelli-
gence. These functions are implemented in the brain via
large-scale networks comprising different brain regions,
and, to understand their basic mechanisms, coordination
among distant brain areas must be studied systematically.
Connectivity can be studied on many spatial and temporal
scales. In space, it ranges from the axonal wiring in local
circuits to the connections between distant brain regions
based on large fiber bundles. In time, it extends from the
quick functional connectivity established through active
synapses to the slow genetic action outlining macroscopic
structure of white matter connections. The approach
examining the spatial and temporal relationships among
the nodes of the brain neural network (i.e., structural and
functional connectivity) is today the most promising path
to describing the biological bases of cognitive function
(Rykhlevskaia et al., 2008).

In comparison with lesion studies, which focus
mainly on the role of only one area or two in case of
disconnection syndromes, brain imaging methods are
better suited for the investigation of complex interactions

between different brain structures, because they allow us
to measure simultaneously the anatomical and functional
properties from several sites. Functional connectivity refers
to the concurrent activity of different cortical regions,
and the patterns of synchronization of brain activity
measured at different locations with different techniques,
including EEG (Pfurtscheller and Andrew, 1999; Bran-
cucci et al., 2005a,b; Babiloni et al., 2006) and MEG
(Schnitzler and Gross, 2005; Brancucci et al., 2008) as
well as PET (Friston et al., 1993) and fMRI (Bhatta-
charya et al., 2006), in time and frequency domain are
typically analyzed. One key distinction concerning con-
nectivity is that of functional vs. effective connectivity
(Friston, 1994). Measures of functional connectivity do
not explicitly address directed interactions between neu-
ronal assemblies, they only quantify statistical dependen-
cies between neuronal signals. Conversely, measures of
effective connectivity quantify the directed influence
that one neuronal system exerts over another.

Because neural activity occurs largely at high fre-
quency, EEG and MEG are the most suitable methods
available for recording from the whole brain, insofar as
they offer high temporal resolution, which is of basic
importance for this purpose. However, interarea coordi-
nation cannot be read directly from the raw signals regis-
tered, because the activity of well-defined parts of the
cortex does not yield well-defined patterns at their
sensors. The most common approach to quantifying syn-
chronization is based on computing covariances/correla-
tions among the brain activation time series recorded
from the locations of interest. The temporal and spatial
information provided by different techniques may influ-
ence the way in which functional connectivity can be
interpreted. PET and fMRI data typically do not provide
fine-grained temporal information, limiting the modeling
of these approaches for structure–function relationships
with the network’s components. In contrast, EEG and
MEG can reveal the functional order in which these
components are activated as well as connectivity indices
strictly based on fine temporal features such as synchro-
nization of brain rhythms. In encephalographic record-
ings, synchronization is often quantified with coherence,
the frequency domain analog of the cross-correlation
coefficient (Rykhlevskaia et al., 2008), and is usually
computed using nonparametric spectral estimation tech-
niques, such as Fourier or wavelet transform. With
regard to effective connectivity, estimates of directed
interactions among brain areas in the frequency domain
can be obtained from parametric spectral estimators,
using multivariate autoregressive models. The most often
used methods are directed transfer function (Kaminski
and Liang, 2005), partial directed coherence (Baccalá
and Sameshima, 2001), and dynamic causal modeling
(David and Friston, 2003).

One common way to observe cooperation between
brain areas with EEG/MEG consists of the determina-
tion of whether the recorded signals at two or more
recording sites or neural sources have the same phase
(i.e., whether they are phase locked) at a given
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frequency, such as the individual alpha frequency (Babi-
loni et al., 2004a, 2005; Del Percio et al., 2006). If the
two signals have the same phase (i.e., if they are
synchronized), it is assumed that the corresponding
brain/cortical areas are working in cooperation for the
execution of a particular task (Winfree, 2002). Local
oscillations would be induced to fuse at a single fre-
quency irrespective of their own natural oscillation rate,
and their phases would be coerced to maintain the same
relationships. More recently, it has been shown that cou-
pling can occur also between phase and power, showing
that cross-frequency coupling can be detected.

In general, a negative intelligence/ability vs. coher-
ence relationship has been reported in several studies
(Reiterer et al., 2005; Thatcher et al., 2005). However,
other authors have shown that the situation is more vari-
egated. Silberstein (2006) and Stankov et al. (2006)
found a combination of positive and negative correla-
tions, which were interpreted in line with the neural
efficiency hypothesis. Individuals with higher ability
should be able to enhance connectivity in areas relevant
for task solution (producing positive correlations) and at
the same time to decrease connectivity in irrelevant areas
(yielding negative correlations). As concerns limitations
in the measurement of functional coupling, it should be
remarked that EEG, but not MEG, suffers from prob-
lems of volume conduction and active reference elec-
trode, which can add similar components to EEG signals
recorded at different electrodes, yielding false coherence
values associated in particular with the presence of strong
sources (Guevara et al., 2005).

NEURAL EFFICIENCY

The emergence of the concept of neural efficiency
in intelligence has to be ascribed to the research work
by Haier et al. (1988), in which healthy subjects under-
went a PET scan while performing Raven’s Advanced
Progressive Matrices. The authors found correlations
between Raven’s scores and absolute regional metabolic
rates varying in different brain areas, indicating that
brighter brains possibly consume less energy. After subse-
quent confirmation of this finding, the concept of neural
efficiency was introduced to explain individual differen-
ces in human cognitive ability. According to this con-
cept, intelligence was related to how efficiently, rather
than to how strongly, the brain works. This capacity
could derive from the disuse of some brain areas that are
irrelevant for good task performance as well as the more
focused use of specific task-relevant areas (Haier et al.,
1992). In this definition, neural efficiency would mean
that the brains of brighter individuals as a whole use
fewer energy resources to achieve task demands, by
focusing the energy on smaller brain areas, those that are
effectively required to cope with the task demands.

Subsequently, additional studies using diverse meas-
ures of dynamic brain activation or energy consumption
have corroborated the neural efficiency hypothesis.
Many of these studies measured the event-related

desynchronization or synchronization of brain activity in
the EEG alpha frequency band. This method is based on
the well-established phenomenon that alpha power
desynchronizes (i.e., decreases) when individuals are
mentally active or engaged in the performance of cogni-
tively demanding tasks (Pfurtscheller and Aranibar, 1977;
Babiloni et al., 2004b; Pfurtscheller and Lopes da Silva,
2005) and allows the study of dynamic brain activation
patterns cleaned of the tonic background activity. The
first steps in this research field might be characterized by
a focus on speed or latency parameters derived from the
human EEG in investigating event-related brain poten-
tials that were obtained in response to sensory stimuli
(Le Pera et al. 2007). Studies show evidence that laten-
cies of brain responses are negatively correlated with
intelligence (Deary, 2000; Beauchamp and Stelmack,
2006). Moreover, brain response amplitude has also been
reported to be positively correlated with intelligence
level (De Pascalis et al., 2008). In sum, in agreement
with the behavioral speed approach to human intelli-
gence, studies on the relationship between intelligence
and event-related brain potentials have yielded evidence
that the processing of simple stimuli appears to be differ-
ent in groups with different levels of intelligence. With
the advent of modern neuroscientific methods, such as
PET and fMRI described above, as well as with the pos-
sibilities offered by multichannel EEG and MEG record-
ings supported by new data analysis techniques (see, e.g.,
LORETA; Pasqual-Marqui, 2002), neuroscientists have
gained the ability to deepen the approach to studying
the neural bases of intelligence.

In general, studies using advanced techniques con-
firm the negative relationship between brain activation
and intelligence, possibly indicative of a more efficient
brain use in brighter compared with less intelligent indi-
viduals. Of importance is the fact that this conclusion
has been drawn after observations carried out with a
broad range of different cognitive task demands along
with different neurophysiological measurement methods.
For instance, Charlot et al. (1992) presented a verb con-
jugation and mental imagery task and observed in their
low-ability group an increase in regional cerebral blood
flow over the whole cortex during performance of both
tasks. Vitouch et al. (1997) presented three-dimensional
cube tasks and observed higher EEG cortical activity in
poor compared with good spatial test performers.
Raichle et al. (2000), in an fMRI study, measured brain
activity during performance of the sentence–picture veri-
fication task and found evidence that individuals with
better verbal skills exhibited less brain activation in Bro-
ca’s area when they used a linguistic strategy.

An interesting aspect of neural efficiency concerns
gender differences in the amount of activation during
the performance of intelligence tests. It seems that neural
efficiency depends on both the cognitive task that sub-
jects have to perform and the area in which activations
are measured. Males show neural efficiency predomi-
nantly when they have to perform visuospatial tasks,
whereas females tend to show it more when they have
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to perform verbal tasks. Moreover, the underlying brain
regions that show the inverse relationship between activ-
ity level and task performance tend to be more anterior
for males and more posterior for females (Deary et al.,
2010).

It should be mentioned that the complete frame-
work of neural efficiency is more complex than that
depicted here. A deeper evaluation of studies that
reported contradictory evidence concerning the relation-
ship between brain activation levels and objective meas-
ures of intelligence reveals that the expected negative
correlation of brain activity and intelligence can be
observed under certain conditions. These are linked to
task complexity, to the competence of the subjects in
the requested task, and to the brain area in which the
neural activations are measured. Moreover, some
evidence contradicts the hypothesis of neural efficiency.
For example, the use of working memory tasks during
measurement of brain activation has partially shown
more brain activation in better performers, especially in
parietal areas. Klimesch and coworkers (1999, 2006)
employed mostly tasks testing long-term memory and/or
episodic memory, and for these tasks good performers
consistently showed greater brain activation.

INTELLIGENCE, TRAINING, AND EXPERTISE

Intelligence is a generally stable ability. Once an
individual’s level of cognitive skill has developed, usually
during adolescence, it tends to remain quite stable
throughout life until about age 75 years, a decline can
be observed. This stability likely is due to the fact that
intelligence is strongly heritable, estimates varying from
50% in childhood and adolescence to 80% in old age
(Plomin et al., 2001). As research in behavioral genetics
has shown, this high stability rests on the fact that brain
areas being responsible for cognitive performance, espe-
cially working memory and executive functions, display
a quite high genetic influence, up to 85% (Thoma et al.,
2005). Moreover, it has been demonstrated that the rela-
tion between gray matter density and intelligence is due
largely to genetic effects (Posthuma et al., 2002). This
evidence would suggest that human cognitive ability is
largely fixed and that influences of learning, training, or
practice on human cognitive performance are rather
small.

However, this view does not agree with the evi-
dence from behavioral and neuroimaging research deal-
ing with the plasticity of brain structure. Although the
neuroanatomy and neurophysiology of the human brain
is strongly genetically influenced, there is also ample evi-
dence that experience and learning can exert dramatic
influences on neuroanatomy and neurophysiology
(Jancke, 2009). Brain plasticity allows brain anatomy and
physiology to change as a consequence of experience, in
terms of gray and white mater densities and volumes and
in terms of changed neural activation patterns (Grabner
et al., 2003). We have recently become aware of the
great potentials of the brain to develop, change, and

modify itself under the influence of extensive practice
and training. A behavioral study (Jaeggi et al., 2008)
yields evidence that fluid intelligence can be trained
effectively by means of working memory tasks. Interest-
ingly, in such cases, the differences in human perform-
ance can often be accounted for more by the amount of
expertise than by intelligence (Ericsson et al., 1993).
According to Toga and Thompson (2005), ‘‘brain struc-
ture is by no means unchanging even in health.
Dynamic regional changes over the entire life span can
be mapped, showing a progressive change in cortical
volume. The heritability of brain structure, although cer-
tain, is neither final nor static. However, without genetic
brain-mapping techniques . . . strictly speaking it is not
certain whether these brain differences are attributable to
innate predisposition or due to adaptations in response
to skill acquisition and repetitive rehearsal of those
skills.’’ The authors argue that especially brain areas re-
sponsible for higher cognitive performance, such as the
frontal cortex areas, are under strong genetic influence.
In sum, scientific findings seems to show that genotypes
define the theoretical limits of intelligence but that expe-
rience is largely responsible for determining whether
those limits will be reached or exceeded (Cairò, 2011).
However, other brain areas that are more strongly asso-
ciated with memory processes, such as the parietal cortex
or the hippocampus, display far less genetic influence.
Thus, the individual brain structure certainly has geneti-
cally predisposed features, especially in brain areas rele-
vant for intelligence. As has been shown above, these
are the areas for which most consistently a corroboration
of the neural efficiency hypothesis has been demon-
strated. Toffanin et al. (2007) reviewed this evidence and
concluded that brighter individuals differ from less bright
individuals in terms of a differential suppression of activ-
ity in frontal areas, with the first relying on parietal
regions and the second using both parietal and frontal
regions during task performance. With respect to effi-
ciency of posterior brain regions, less genetic and conse-
quently more environmental influence can be assumed,
as shown in Toga and Thompson’s (2005) analysis of
gray matter heritabilities. However, functional brain acti-
vation might also be more malleable. Unfortunately, lit-
tle is known about the heritability of functional brain
activation parameters. A review of human EEG parame-
ters revealed high heritabilities for some parameters such
as the alpha peak frequency (around 80%), but for sev-
eral P300 parameters heritabilities are considerably lower
(50–60%; van Beijsterveldt and van Baal, 2002).

CONCLUSIONS

This short review emphasizes that intelligence has
increased not in a unilinear or ‘‘orthogenetic’’ manner
toward humans but rather in a parallel way. This
increase possibly has its roots in the development of a
biological structure that allows high information process-
ing capacity. Thus, a biological substrate having an high
number of neurons combined with a high conduction
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velocity of fibers and possibly with a high number of
connections could effectively support strong intelligence.
However, structural and functional specializations of
particular brain areas such as the human prefrontal cortex
might also play an important role. However, many
questions remain open, making the comparison of
intelligence between species problematic. It remains
challenging to determine whether humans truly have
unique cognitive properties. Experts ascribe aspects of
imitation, theory of mind, grammatical–syntactic lan-
guage, and consciousness also to nonhuman primates and
other large-brained mammals. This would mean that the
great intelligence of humans results not so much from
qualitative differences but rather from a combination and
improvement of these abilities. It would be useful to
develop tests by means of which intelligence of members
of distantly related species, such as corvids and primates,
can be tested under the same conditions, because one of
the most important issues in the field is that truly com-
parative data on animal intelligence are rare.

Possibly strong support could come from the
rapidly increasing availability of more sophisticated and
elaborated neuroscientific measurement methods,
including data analysis techniques such as functional
connectivity, which will facilitate a much more fine-
grained and profound analysis of both structural and
functional parameters of the brain and will hopefully
broaden our understanding of the structural basis of
intelligence (Langner et al., 2011). However, the inter-
pretation of the data provided by these techniques is
itself an unresolved question with respect to intelli-
gence. Associations between test scores along with
structural and functional brain scanning parameters
could be affected by the fact that people with different
levels of intelligence adopt different methods of
performing tasks. Moreover, the issue of causality is
uncertain; there are no reliable data showing whether
intelligence determines brain function parameters rather
than brain function constraining performance on intelli-
gence tests. Teasing out causal directionality will
require evidence other than correlational data at a sin-
gle time point. For example, Deary (1995) provided
evidence that low-level processing ability was causal of
changes in later intelligence scores rather than the
reverse by using structural equation modeling techni-
ques in a 2-year longitudinal study of auditory process-
ing ability and intelligence among school children.

Future studies investigating the neural bases of
intelligence should evaluate large samples with adequate
batteries of psychometric tests. Imaging data should be
combined with genetics, possibly under the driving force
of verifiable theories on the neural underpinnings of
intelligence, and the developmental perspective should
be taken more into account. Finally, really to understand
the neuroscience of intelligence, we must learn more
about how brains are used to ‘‘figure things out on the
spot,’’ which represents perhaps the most challenging as-
pect of the investigation of intelligence and even an
open point in its definition.
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