
Human intelligence: definition, 
measurement, and structure

easoning, problem solving, and learning are
crucial facets of human intelligence. People can reason
about virtually any issue, and many problems may be
solved. Simple and highly complex behavioral reper-
toires can be learned throughout the lifespan.
Importantly, there are widespread individual differences
in the ability to reason, solve problems, and learn which
lead to human differences in the general ability to cope
with challenging situations. These differences: (i) become
more salient as the cognitive complexity of the situation
becomes greater1-3; (ii) are stable over time4; and (iii) are
partially mediated by genetic factors.5

Various definitions of intelligence tend to converge
around similar notions designed to capture the essence
of this psychological factor. Jensen6 notes Carl Bereiter’s
definition of intelligence: “what you use when you don’t
know what to do” (p 111). After their extensive survey,
Snyderman and Rothman7 underscored reasoning, prob-
lem solving, and learning as crucial for intelligence. The
“mainstream science on intelligence” report coordinated
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Intelligence can be defined as a general mental ability for
reasoning, problem solving, and learning. Because of its
general nature, intelligence integrates cognitive functions
such as perception, attention, memory, language, or plan-
ning. On the basis of this definition, intelligence can be reli-
ably measured by standardized tests with obtained scores
predicting several broad social outcomes such as educa-
tional achievement, job performance, health, and
longevity. A detailed understanding of the brain mecha-
nisms underlying this general mental ability could provide
significant individual and societal benefits. Structural and
functional neuroimaging studies have generally supported
a frontoparietal network relevant for intelligence. This
same network has also been found to underlie cognitive
functions related to perception, short-term memory stor-
age, and language. The distributed nature of this network
and its involvement in a wide range of cognitive functions
fits well with the integrative nature of intelligence. A new
key phase of research is beginning to investigate how func-
tional networks relate to structural networks, with empha-
sis on how distributed brain areas communicate with each
other.    
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by Gottfredson8 highlights reasoning, planning, solving
problems, thinking abstractly, comprehending complex
ideas, learning quickly, and learning from experience.
The American Psychological Association (APA) report
on intelligence acknowledges that “individuals differ
from one another in their ability to understand complex
ideas, to adapt effectively to the environment, to learn
from experience, to engage in various forms of reason-
ing, to overcome obstacles by taking thought” (p 77).9

Humans perceive the environment, attend to relevant
stimuli, memorize episodic and semantic information,
communicate, and so forth. However, these activities must
be integrated in some way for: (i) adapting our behavior
to the environment; (ii) selecting the most appropriate
contexts; or (iii) changing the world when adaptation and

selection are not an option.10 In our view, the integration
of cognitive functions and abilities is dependent on the
very general mental ability we call “general intelligence”
or g for short. This integration is consistent with g as abil-
ity11 or as an emergent property of the brain.12

Any cognitive ability refers to variations in performance
on some defined class of mental or cognitive tasks
(Figure 1). Abilities reflect observable differences in indi-
viduals’ performance on certain tests or tasks. However,
this performance involves the synthesis of a variety of
abilities: “spatial ability,” for instance, can be regarded as
an inexact concept that has no formal scientific meaning
unless it refers to the structure of abilities that compose
it. The problem of defining (and measuring) intelligence
is the problem of defining the constructs that underlie it
and of specifying their structure.13-15

For more than a century, psychologists have developed
hundreds of tests for the standardized measurement of
intelligence with varying degrees of reliability and valid-
ity.16 The resulting measures allowed for the organization
of taxonomies identifying minor and major cognitive
abilities. J. B. Carroll,17,18 for example, proposed a three-
stratum theory of intelligence after the extensive
reanalysis of more than 400 datasets with thousands of
subjects from almost 20 different countries around the
world. Figure 2 shows a simplified depiction of the tax-
onomy of cognitive abilities.
This survey of factor analytic studies supports the view
that intelligence has a hierarchical structure (ie, like a
pyramid). There is strong evidence for a factor repre-
senting general intelligence (g) located at the apex of the
hierarchy (stratum III). This g factor provides an index
of the level of difficulty that an individual can handle in
performing induction, reasoning, visualization, or lan-
guage comprehension tests. At a lower order in the hier-
archy (stratum II), several broad ability factors are dis-
tinguished: fluid intelligence, crystallized intelligence,
general memory, visual perception, auditory perception,
retrieval, or cognitive speed. Lastly, stratum I is based on
specific abilities, such as induction, lexical knowledge,
associative memory, spatial relations, general sound dis-
crimination, or ideational fluency. 
Factor analytic surveys reveal two main findings: (i) the
g factor constitutes more than half of the total common
factor variance in a cognitive test or task in samples rep-
resentative of the population; and (ii) various specific
cognitive abilities can be identified, including the cogni-
tive domains of language, memory, and learning, visual
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Figure 1. Examples of classes of mental tasks. DAT, differential aptitude test;
AR, abstract reasoning; VR, verbal reasoning; NR, numerical rea-
soning; SR, spatial reasoning; PMA, primary mental abilities

Measure Example

Abstract-fluid intelligence (Gf)

DAT-AR

PMA-R a b c a b c a b c >>> d a b c x

Verbal-crystallized intelligence (Gc)

DAT-VR ….. is to water like eating is to …..

(A) Travelling-Driving, (B) Foot-Enemy, 

(C) Drinking-Bread, (D) Girl-Industry, 

(E) Drinking-Enemy

DAT-NR Which number must be substituted by 

the letter P if the sum is correct?

5P + 2 = 58

(A) 3:(B) 4:(C) 7:(D) 9:(E) None of them

Spatial intelligence (Gv)

Rotation of solid figures

DAT-SR

Example A
Domain Range

A B C D E



perception, information processing, knowledge and so
forth, indicating certain generalizations of abilities; actu-
ally, there are more than 60 specific or narrow abilities.
Available test batteries (a good example would be the
Wechsler Adult Intelligence Scale—WAIS) measure g
in addition to several cognitive abilities and specific
skills. We know how to separate these influences over
cognitive performance by means of statistical analyses.
There are some measures which are highly g-loaded (eg,
the Vocabulary subtest of the WAIS), while others are
less g-loaded (eg, the Digit Symbol Subtest of the
WAIS). Figure 3 shows how gray matter correlates
become more prominent with increased g loadings of
the intelligence measures. Moreover, the same measure
can load differently on general and specific cognitive fac-
tors/abilities depending on the sample analyzed.19,20

Human intelligence and the brain

Exploring the relationships between human intelligence
and the brain requires a careful consideration of the
structure of human intelligence. As evident from above,
when researchers state that they are measuring intelli-
gence by means of the Standard Progressive Matrices
Test (SPM—as another example) they are telling an
imprecise story because the SPM measures g plus spa-
tial and reasoning abilities plus SPM specificity. The
exact combination of these “ingredients” for the ana-
lyzed sample must be computed before saying some-
thing clear about the measured performance. This
requires that studies use a battery of tests rather than
just one test. Although this was not usually done for the
early functional imaging studies of intelligence,21-25 it is
now more common.26-29 Results from the older and the

newer studies, however, point to the importance of both
whole brain and specific brain networks.

Brain size and human intelligence

Wickett et al30 state: 
There is no longer any doubt that a larger brain predicts
greater intelligence. Several research teams, using differing
scan protocols, populations, and cognitive measures, have
all shown that IQ and brain volume correlate at about the
0.40 level (…) obviously replication of this effect is no longer
required. What is required now is a more fine-grained analy-
sis of why it is that a larger brain predicts greater intelli-
gence, and what it is about intelligence that is most directly
related to brain volume” (p 1096, emphasis added).

The meta-analysis by McDaniel31 studied the relation-
ship between in vivo brain volume and intelligence.
Thirty-seven samples comprising a total of 1530 partici-
pants were considered simultaneously. These were the
main findings: (i) the average correlation is 0.33; (ii) sub-
sets of the 37 studies that allow partitioning by gender
revealed that the correlation is higher for females (0.40)
than for males (0.34); and (iii) the correlation does not
change across age (0.33). The report concludes that these
results resolve a 169-year-old debate: it is clear that intel-
ligence and brain volumes are positively related.
Going one step further, several studies measured the vol-
ume of regions of interest (ROIs) showing the most sig-
nificant correlations (controlling for total brain volumes)
in frontal, parietal, and temporal brain regions, along with
the hippocampus and the cerebellum.32,33 Nevertheless,
regional correlations are moderate (ranging from 0.25 to
0.50) which implies that measures of total or local brain
size are far from telling the whole story.
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Figure 2. Schematic representation of the three stratum taxonomy of intelligence.

Stratum I cognitive abilities
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From this perspective, gray and white matter must be
distinguished. In keeping with this, voxel-by-voxel (a
voxel is a volume element analogous to a pixel) analy-
ses also showed specific areas where the amount of gray
and white matter was correlated with intelligence
scores.24,25 The amount of gray matter is considered to
reflect number and density of neuronal bodies and den-
dritic arborization, whereas the amount of white matter
is considered to capture number and thickness of axons
and their degree of myelination. Gray matter could sup-
port information processing capacity, while white mat-
ter might support the efficient flow of information in the
brain. Available reports are consistent with the state-
ment that both gray and white matter volumes are pos-
itively related to intelligence, but that the latter rela-
tionship is somewhat greater (unweighted mean
correlation values =.27 and .31 respectively).34 It is note-
worthy that new studies using diffusion tensor imaging
(DTI), which is the best method to date for assessing
white matter, have reported DTI correlations with intel-
ligence scores (see white matter section below).

A distributed brain network for human intelligence

Jung and Haier35 reviewed 37 structural and functional
neuroimaging studies published between 1988 and 2007.
Based on the commonalities found in their analysis, they
proposed the Parieto-Frontal Integration Theory (P-
FIT), identifying several brain areas distributed across
the brain. These P-FIT regions support distinguishable
information processing stages (Figure 4).
This is a summary of the proposed stages.
1. Occipital and temporal areas process sensory infor-

mation in the first processing stage: the extrastriate
cortex (Brodmann areas—BAs—18 and 19) and the
fusiform gyrus (BA 37), involved with recognition,
imagery and elaboration of visual inputs, as well as
Wernicke’s area (BA 22) for analysis and elaboration
of syntax of auditory information. 

2. Integration and abstraction of the sensory information
by parietal BAs 39 (angular gyrus), 40 (supramarginal
gyrus), and 7 (superior parietal lobule) correspond to
the second processing stage.
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Figure 3. Correlations between regional gray matter and digit symbol scores, picture completion, and block design (N =48). Color bar shows t
values; maximum r=0.36:0.39:and 0.57 respectively 

Digit symbol Picture completion

T
1 1,5 2 2,5 1 1,5 2 2,5 2 2,5 3 43,5

T T

Block design
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3. The parietal areas interact with the frontal lobes in the
third processing stage and this interaction underlies
problem solving, evaluation, and hypothesis testing.
Frontal BAs 6, 9, 10, 45, 46, and 47 are underscored by
the model.

4. The anterior cingulate (BA 32) is implicated for
response selection and inhibition of alternative
responses, once the best solution is determined in the
previous stage.

White matter, especially the arcuate fasciculus, is thought
to play a critical role in reliable communication of infor-
mation across the brain processing units. Nevertheless,
note that the “Geschwind area” (underlying the angular
gyrus) within the arcuate fasciculus may be even more
important than the entire track.36

Frontal, parietal, temporal, and occipital areas are
depicted in Figure 4. However, Jung and Haier35 suggest
that not all these areas are equally necessary in all indi-
viduals for intelligence. Discrete brain regions of the
dorsolateral prefrontal cortex (BAs 9, 45, 46, and 47) and
the parietal cortex (BAs 7 and 40) could be considered
most important for human intelligence.
A frontoparietal network may be relevant for intelli-
gence, but also for working memory.37 A study by Gray
et al38 tested whether fluid or reasoning ability (Gf) was
mediated by neural mechanisms supporting working
memory. Sixty participants performed verbal and non-
verbal working memory tasks. They had to indicate if a
current item matched the item they saw 3 items previ-
ously (3-back). Brain activity was measured by event-

Figure 4. Processing stages proposed by the P-FIT model.35



related functional magnetic resonance imaging (fMRI).
The demand for working memory varied across trials.
Results showed that: (i) participants scoring higher on
the Progressive Matrices Test (a measure related to fluid
g - Gf) were more accurate in the 3-back task; and (ii)
only lateral prefrontal and parietal regions mediated the
correlation between Gf and 3-back performance.
These fMRI results are consistent with the voxel-based
morphometry (VBM) study reported by Colom et al (N
= 48).39 In agreement with the well established fact that
the g factor and working memory capacity are very
highly correlated,40-45 these researchers predicted that g
and working memory would share significant common
neural networks. Therefore, using a VBM approach they
quantified the overlap in brain areas where regional gray
matter was correlated with measures of general intelli-
gence and working memory, finding a common neu-
roanatomic framework supported by frontal gray mat-
ter regions belonging to BA 10 and by the right inferior
parietal lobule (BA 40). Of note, this study also showed:
(i) more gray matter recruitment for the more cogni-
tively complex tasks (= more highly g loaded); and (ii)
the complex span task (backward digit span) showed
more gray matter overlap with the general factor of

intelligence than the simple span task (forward digit
span, Figure 5). These results were interpreted after the
theory proposed by Cowan,46 namely that parietal
regions support “capacity limitations,” whereas frontal
areas underlie the “control of attention.”
A similar commonality between intelligence and work-
ing memory was found in animal studies. Matzel and
Kolata47 reviewed several reports in which performance
of laboratory mice was measured in a variety of atten-
tion and learning tasks. These are their most prominent
conclusions: 
• The “positive manifold” (eg, scores on cognitive tasks

of various kinds are positively correlated) found in
humans also applied to mice 

• Storage and processing components of working mem-
ory accounted for the strong relationship between this
cognitive function and g

• Networks involved in working memory overlap with
those relevant for intelligence. These findings support
an evolutionary conservation process of the structure
and determinants of intelligence beyond humans.48

Giftedness has been also investigated with related find-
ings. Lee et al49 used an fMRI approach to investigate
the neural bases of superior intelligence. Eighteen gifted
and 18 nongifted adolescents were analyzed. They solved
reasoning problems, having high (complex) and low
(simple) loadings on g. Increased bilateral frontoparietal
activations (lateral prefrontal, anterior cingulate, and
posterior parietal cortices) were found for both groups,
but the gifted subjects showed greater activations in the
posterior parietal cortex. Furthermore, activations in
BAs 7 and 40 (superior and intraparietal cortices) cor-
related with intelligence differences. Therefore, high
intelligence was associated with increased involvement
of the frontoparietal network through preferential acti-
vation of the posterior parietal regions.
Gläscher et al28 investigated the neural substrates of g in
241 patients with focal brain damage, using voxel-based
lesion-symptom mapping. Statistically significant asso-
ciations between g and damage within a distributed net-
work in frontal and parietal brain regions were found.
Further, damage of white matter association tracts in
frontopolar areas was also shown to be associated with
differences in g. They concluded that g draws on con-
nections between regions integrating verbal, visuospa-
tial, working memory, and executive processes.
Going one step further, Gläscher et al28 asked whether
or not there was a neural region whose damage uniquely
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Figure 5. Overlap of correlations between gray matter and g (conjunc-
tion of block design and vocabulary) and gray matter and for-
ward (FDS) and backward (BDS) digit span scores (P<01).39

FDS overlap with
block design and vocabulary

BDS overlap with
block design and vocabulary



impacts g beyond subtests contributing to the general
score. They examined this question by analyzing the
nonoverlap between a disjunction of subtests and the
reported lesion pattern for g. A single region was found
in the left frontal pole (BA 10) showing a significant
effect unique to g. This result complements the distrib-
uted nature of g and suggests a hierarchical control
mechanism. This unique area for g may be involved in
the allocation of the working memory resources neces-
sary for successful performance on specific cognitive
tasks. However, this finding should be placed within con-
text since there are studies showing no decline in intel-
ligence associated with prefrontal lobotomy, presumably
including the frontopolar cortex.35 Therefore, future stud-
ies are necessary to determine the specific necessity of
the frontal poles to g. The comparison between lesion
cohorts and normal cohorts must be done carefully.
The structural studies reported by Colom et al27 and
Karama et al50 are also consistent with the P-FIT model.
In the first study (N =100) the general factor of intelli-
gence was estimated after nine tests measuring reason-
ing, verbal, and nonverbal intelligence. Their VBM
approach revealed several clusters of voxels correlating
with individual differences in g scores. The main regions
included the dorsolateral prefrontal cortex, Broca's and
Wernicke's areas, the somatosensory association cortex,
and the visual association cortex. The design matrix in
this study controlled for sex, but when total gray matter
was controlled for instead of sex, significant correlations
were concentrated in frontal and parietal areas only
(Figure 6): superior, middle, and frontal gyrus, along with
the postcentral gyrus and the superior parietal lobule.
Karama et al50 used an automated cortical thickness pro-
tocol (CIVET51) to analyze a large sample of children
and adolescents representative of the population
(N=216). The most consistent areas of association
between g scores and cortical thickness were found in
lateral prefrontal, occipital extrastriate, and parahip-
pocampal areas. Similar to the study reported by Colom
et al,27 Karama et al50 identified more brain regions
related to g than those in the P-FIT model, likely result-
ing from the synthesizing nature of the P-FIT approach
(ie, if all regions implicated in intelligence across all 37
studies were included, they would have numbered in the
hundreds) as opposed to the experimental/exploratory
approach employed by these studies. 
There are three other studies applying a cortical thick-
ness approach (the third will be discussed later). Shaw

et al52 analyzed the trajectory of change in the thickness
of the cerebral cortex on a sample of 307 children and
adolescents. Intelligence was measured by four subtests
from the Wechsler scales (vocabulary, similarities, block
design, and matrix reasoning). They found that changes
in thickness are more related to intelligence than thick-
ness itself: negative correlations were found in early
childhood, whereas the correlation was positive in late
adolescence (these positive correlations were identified
in frontal BAs 4, 6, 8, 10, 11, and 44–46, in parietal BAs
1–3, 5, 39, 40, in temporal BAs 21, 37, and in occipital
BAs 17, 18, and 19). Further, intelligence differences
were associated with the trajectory of cortical develop-
ment in frontal brain regions. Finally, children with
higher scores on intelligence showed more change in
estimated cortical thickness along the developmental
process.
Narr et al53 studied a sample of 65 participants. They
found positive associations between cortical thickness
and intelligence bilaterally in prefrontal BAs 10/11 and
47, as well as in posterior temporal BAs 36/37. These
researchers also analyzed males and females separately,
finding that males showed correlations in temporal-
occipital association cortices, whereas females exhibited
correlations in prefrontal and temporal association cor-
tices. These results are not entirely consistent with the
parietofrontal framework and emphasize the importance
of separate analyses for males and females.25,54,55

Functional networks and neurotransmitters

Using an fMRI approach, Bishop et al56 reported a study
based on previous evidence showing that a polymorphism
(val158met) in the catechol-O-methyltransferase (COMT)
gene regulates catecholaminergic signaling in prefrontal
cortex. The val158 allele is associated with higher COMT
activity than the met158 allele–therefore, a lesser content
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Figure 6. Regional correlations between gray matter density and indi-
vidual differences in g (N =104). The design matrix controls for
total gray matter.



of dopamine. Twenty-two participants, genotyped for the
COMT val158met polymorphism, performed verbal and
spatial fluid intelligence (Gf) items, classified according to
their cognitive complexity, as estimated from the loadings
on g (see ref 57). These researchers were particularly inter-
ested in the analysis of the frontoparietal network related
to fluid intelligence (the lateral prefrontal cortex, the pre-
supplementary motor area/anterior cingulate cortex, and
the intraparietal sulcus).
Findings revealed a positive effect of COMT val allele
load upon the BOLD signal in regions belonging to this
brain network when items showing distinguishable cog-
nitive complexity were compared. This result suggests
that the COMT val158met polymorphism impacts on the
neural network supporting fluid intelligence. The find-
ing is a demonstration that the effect of single genes can
impact blood oxygen level dependent signal as assessed
by fMRI. Further evidence linking catecholamine mod-
ulation within the identified network may help explain
individual differences in the neural response to high lev-
els of cognitive complexity, irrespective of the content
domain (verbal or nonverbal).

White matter

The relationship between human intelligence and the
integrity of white matter has been much less investigated,
although this trend is changing rapidly. Diffusion tensor
imaging (DTI) is based on the diffusion of water mole-
cules in the brain and provides information about the
size, orientation, and geometry of myelinated axons. DTI
can produce measures that include fractional anisotropy
(FA), mean diffusivity (MD), radial diffusivity (RA), and
axial diffusivity (AD), which allow for the assessment of
myelin and axonal integrity (see Figure 7).

DTI is useful for fine-grained deterministic and proba-
bilistic tractography to capture underlying cortical con-
nectivity patterns. This can be used for the quantitative
analysis of local and global network properties using
graph-theoretical approaches (eg, analysis of small-world
properties).58,59

Using DTI, Schmithorst et al60 analyzed the relationship
between intelligence and white matter structure. The
sample comprised 47 children and adolescents (age
range 5 to 18). White matter structure was studied using
fractional anisotropy (FA) and mean diffusivity (MD)
indices. These indices were correlated with intelligence
scores obtained from the Wechsler scales. These
researchers found positive correlations bilaterally for FA
in white matter association areas (frontal and parieto-
occipital areas). These correlations were thought to
reflect a positive relationship between fiber organiza-
tion-density and intelligence.
Also using a DTI approach, Yu et al61 computed correla-
tions between the integrity of several tracts (corpus callo-
sum, cingulum, uncinate fasciculus, optic radiation, and
corticospinal tract) and intelligence. On the basis of their
scores on the Wechsler scales, 79 participants were divided
in two groups: average and high intelligence. White matter
integrity was assessed by fractional anisotropy (FA). The
results showed that high intelligence participants display
more white matter integrity than average intelligence par-
ticipants only in the right uncinate fasciculus. Therefore,
the right uncinate fasciculus might be an important neural
basis for intelligence differences. A sample of 15 partici-
pants with mental retardation was also analyzed. These
participants were compared with the 79 healthy controls
and they showed extensive damage in the integrity of sev-
eral white matter tracts: corpus callosum, uncinate fasci-
culus, optic radiation, and corticospinal tract.
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The diffusion tensor characterizes an ellipsoid at each voxel, indicating the amount and direction of the water dif-
fusion. The ellipsoid is defined by three axes: λ1 is the length of the longitudinal axis whereas λ2 and λ3 are the
lengths of the perpendicular axes. The diffusivity along the principal axis, λ1 is called axial diffusivity (AD). The
diffusivities in the two minor axes can be averaged for generating a measure of radial diffusivity: RD = (λ2 + λ3)/2.
The measurement of the global amount of diffusivity at a given voxel results from the mean diffusivity: MD =
(λ1 + λ2 + λ3)/3. Fractional anisotropy (FA) represents the relative degree of anisotropy at each voxel. FA is the
square root of the sum of squares (SRSS) of the diffusivity differences, divided by the SRSS of the diffusivities,
according to the next equation:



Tang et al62 used both DTI and fMRI during an n-back
memory task in 40 young adults who had also completed
a battery of intelligence tests. Correlations between the
BOLD signal obtained from the n-back task and intelli-
gence were mainly concentrated in the right prefrontal
and bilateral parietal cortices. These correlations were
negative (the higher the intelligence, the lower the acti-
vation during the n-back task) which supports the effi-
ciency model of brain function. Further, white matter
tracts connecting these areas also showed correlations
to g. Specifically, integrity of interhemispheric connec-
tions was positively correlated to some intelligence fac-
tors in females but negatively correlated in males.
Chiang et al63 have reported the first study combining a
genetic informative design and a DTI approach for ana-
lyzing the relationships between white matter integrity
and human intelligence. Intelligence was assessed by the
Multidimensional Aptitude Battery, which provides
measures of general intelligence, verbal (information,
vocabulary, and arithmetic), and nonverbal intelligence
(spatial and object assembly). The sample comprised 23
pairs of identical twins and 23 pairs of fraternal twins.
White matter integrity, quantified using FA, was used to
fit structural equation models (SEM) at each point in the
brain. Afterwards three-dimensional maps of heritabil-
ity were generated. White matter integrity was found to
be under significant genetic control in bilateral frontal,
bilateral parietal, and left occipital lobes (values ranging
from .55 to .85). FA measures were correlated with the
estimate of general intelligence and with nonverbal
intelligence in the cingulum, optic radiations, superior
fronto-occipital fasciculus, internal capsule, the isthmus
of the corpus callosum, and the corona radiata. Further,
common genetic factors mediated the correlation
between intelligence and white matter integrity which
suggests a common physiological mechanism and com-
mon genetic determination.

Networks for human intelligence

As noted above, gray matter supports information pro-
cessing capacity and white matter promotes efficient
flow of information across the brain. Connections are
relevant for intelligence and these connections might be
organized in networks. From this perspective, Li et al64

reported a study testing the hypothesis that high levels
of intelligence involve more efficient information trans-
fer in the brain.21,65,66 Studying a sample of 79 participants,

brain anatomical networks were constructed by means
of diffusion tensor tractography. These networks
included intrahemispheric and interhemispheric con-
nections. Six white-matter tracts were further con-
structed: the genu of the corpus callosum, the body of
the corpus callosum, the splenium of the corpus callo-
sum, the cingulum, the corticospinal tract, and the infe-
rior fronto-occipital fasciculus. Thereafter, they calcu-
lated the topological properties of the networks for
every participant. The sample was divided between aver-
age and high intelligence according to scores on the
Wechsler scales. Higher global efficiencies were revealed
for the latter group: higher intelligence was found to dis-
play shorter characteristic path length and a higher
global efficiency of the networks. This was interpreted as
a characteristic of a more efficient parallel information
transfer in the brain anatomy. Therefore, the efficiency
of brain structural organization could be an important
biological basis for human intelligence, as originally pro-
posed by Haier et al.21,66

Song et al67 analyzed 59 adults for studying the relation-
ships between spontaneous brain activity at rest and
individual differences in intelligence. Intelligence was
assessed by the Wechsler scales. Using fMRI, the bilat-
eral dorsolateral prefrontal cortices were the seed
regions for investigating the correlations across subjects
between individual intelligence scores and the strength
of the functional connectivity between the seed regions
and the remaining brain regions. These researchers
found that brain regions in which the strength of the
functional connectivity significantly correlated with
intelligence scores were distributed in the frontal, pari-
etal, occipital and limbic lobes. Furthermore, functional
connectivity within the frontal lobe and between the
frontal and posterior brain regions predicted differences
in intelligence. These results are consistent with the rel-
evance of a network view for human intelligence.
van den Heuvel et al68 used resting state fMRI and graph
analysis for exploring the presumed organization of the
brain network. Functional connections of this brain net-
work were analyzed computing correlations among the
spontaneous signals of different brain regions during
rest. The sample comprised 19 subjects and intelligence
was measured by the Wechsler scales. They found asso-
ciations between global communication efficiency—
more long-distance connections—and scores of intelli-
gence. This was interpreted as suggesting that a
difference in the efficiency with which the brain inte-
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grates information between brain regions is related to
differences in human intelligence. The strongest effects
were found in frontal and parietal regions. Furthermore,
intelligence differences were not related to the level of
local information processing (local neighborhood clus-
tering) and to the total number of functional connec-
tions of the brain network.
Beyond these specific studies, the so-called “connectome
project” deserves close attention.69 There is strong agree-
ment regarding the fact that the human brain comprises
a wide variety of functional systems. Obtaining brain
images during rest shows large-amplitude spontaneous
low frequency fluctuations in the fMRI signal. These
fluctuations are related across areas sharing functions
and the correlations show up as an individual’s func-
tional connectome. Biswall et al69 report findings
obtained from 1414 participants from 35 laboratories.
Their main results were: (i) there is a universal func-
tional architecture; (ii) there are substantial sex differ-
ences and age-related gradients; and (iii) it is possible to
establish normative maps for the functional boundaries
among identified networks. 

Integration of intelligence and 
cognitive findings

The frontoparietal network is relevant for intelligence,
but also for other cognitive functions.70 Thus, for instance,
Wager and Smith71 reported a meta-analysis of 60
positron-emission tomography (PET) and fMRI studies
of working memory. The effect of three content domains
(verbal, spatial, and object), three executive functions
(updating, temporal order, and manipulation) along with
their interactions were analyzed. Brain areas most
involved in all these cognitive facets were located in the
frontal and parietal lobes: (i) spatial and nonspatial con-
tents were separated in posterior, but not anterior areas;
(ii) executive manipulation evoked more frontal activa-
tions, but with some exceptions; and (iii) the parietal cor-
tex was always implicated in executive processing. The
meta-analysis by Wager, Jonides, and Reading72 after 31
PET and fMRI studies of shifting attention also high-
lights this fronto-parietal network (medial prefrontal,
superior and inferior parietal, medial parietal, and pre-
motor cortices).
Similarly, Marois and Ivanoff73 analyzed the capacity lim-
its of information processing in the brain. Three basic
limitations for perception, working memory, and action

were explicitly considered. Their revision was based
mainly on fMRI evidence and these were the basic con-
clusions: (i) perception and action limitations are related
to fronto-parietal brain networks; and (ii) working mem-
ory capacity limitations are associated to parieto-ccipi-
tal brain networks. The lateral prefrontal cortex may
support general target consolidation and response selec-
tion, using a flexible coding system for processing rele-
vant information in any given task. In contrast, the lat-
eral parietal cortex might provide support to more
specific processing goals. This brain region is more sen-
sitive to perception than to action.
Thus, core cognitive functions (especially working mem-
ory) and intelligence share a frontoparietal brain net-
work. If this network is involved for most individuals, it
could be possible to predict individual differences in
intelligence based on brain data.74 This was attempted by
Choi et al75 using structural (cortical thickness) and func-
tional magnetic resonance imaging. Their regression
model explained 50% of the variance in IQ scores. Even
when this figure may be questioned on several grounds,
the main approach underscores that brain images might
be employed for estimating intelligence levels in some
instances using a neurometric approach. 
Finally, experimental confirmatory approaches should be
welcomed to increase refinement of ongoing research
efforts. In this regard, transcranial magnetic stimulation
(TMS) may help test hypotheses aimed at determining
whether or not specific brain regions are really important
for understanding individual differences in human intel-
ligence. TMS induces transient changes in brain activity
noninvasively. It does this by producing changes in a
magnetic field that, in turn, evoke electric currents in the
brain which promote depolarization of cellular mem-
branes. Cognitive neuroscience often relies on a correla-
tion approach, whereas TMS allows studying (almost)
causal brain-behavior relationships in higher cognitive
functions.76,77 The study reported by Aleman and van’t
Wout78 exemplifies this approach using a working mem-
ory task (forward and backward digit span). Working
memory (and intelligence) performance is partially sup-
ported by the dorsolateral prefrontal cortex. Using repet-
itive TMS (rTMS)—adapted in the Hz band for sup-
pressing cognitive processing—over the right dorsolateral
prefrontal cortex, a significant decrease of performance
in the forward and backward digit span test was found.
Thus, regional suppression (or enhancement) might be
produced to experimentally test specific predictions.
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Conclusion

Regardless of the use of exploratory (correlation) or
confirmatory (experimental) approaches, we do agree
with Kennedy79: “as with more ‘eras’, it is the underlying
technology that makes the era possible [...] new
advances in acquisition, analysis, databasing, modeling,
and sharing will continue to be necessary.” This is espe-
cially true for analyzing human intelligence because this
psychological factor is undoubtedly rooted in widely

distributed regions in the brain. Frontal and parietal
lobes likely comprise crucial processing areas for intel-
ligence, but integrity of hard connections across the
entire brain or spontaneous harmonic coactivation
among distant regions appear also to be relevant.
Creating a comprehensive picture for what can be
called “neuro-intelligence”80 should prove as challeng-
ing as it is exciting. ❏
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Inteligencia humana y redes cerebrales

La inteligencia se puede definir como una capacidad
mental general  para razonar, resolver problemas y
aprender. Dada su naturaleza general, la inteligen-
cia integra funciones cognitivas como percepción,
atención, memoria, lenguaje o planificación. De
acuerdo con esta definición la inteligencia se puede
medir confiablemente mediante pruebas estandari-
zadas en que los puntajes obtenidos predicen algu-
nas repercusiones sociales generales como éxito edu-
cacional, rendimiento laboral, salud y longevidad.
Una comprensión detallada de los mecanismos cere-
brales a la base de esta capacidad mental general
podría entregar significativos beneficios individua-
les y sociales. Los estudios de neuroimágenes estruc-
turales y funcionales  en general le han dado
soporte a una red frontoparietal como relevante
para la inteligencia. Esta misma red se ha encon-
trado a la base de las funciones cognitivas relacio-
nadas con la percepción, el almacenamiento de la
memoria de corto plazo y el lenguaje. La forma en
que se distribuye esta red y su participación en una
amplia gama de funciones cognitivas se ajusta bien
con la característica integradora de la inteligencia.
Se está iniciando una nueva fase clave de la inves-
tigación para estudiar cómo se relacionan las redes
funcionales con las redes estructurales, con un énfa-
sis en cómo las áreas cerebrales dispersas se comu-
nican unas con otras.  

Intelligence humaine et réseaux cérébraux

L’intelligence peut se définir comme une capacité
mentale générale de raisonnement, de résolution
de problèmes et d’apprentissage. Sa nature géné-
raliste lui permet d’intégrer des fonctions cognitives
comme la perception, l’attention, la mémoire, le lan-
gage ou l’organisation. Selon cette définition, l’in-
telligence peut être mesurée de façon fiable par des
tests standardisés dont les scores prédisent plusieurs
données sociales importantes comme le niveau
d’éducation, la performance professionnelle, la
santé et la longévité. Une compréhension précise
des mécanismes cérébraux sous-tendant cette apti-
tude mentale générale pourrait bénéficier de façon
significative à l’individu et à la société. Des études
de neuro-imagerie structurale et fonctionnelle sont
dans l’ensemble en faveur d’un réseau frontoparié-
tal pour l’intelligence. Ce même réseau est égale-
ment à la base des fonctions cognitives liées à la per-
ception, à la mémorisation à court terme et au
langage. La nature multifocale de ce réseau et son
implication dans de nombreuses fonctions cognitives
cadre bien avec la démarche d’ensemble de l’intel-
ligence. Une nouvelle phase clé de la recherche com-
mence à s'intéresser aux rapports entre les réseaux
fonctionnels et les réseaux structuraux, en insistant
sur la façon dont les différentes aires cérébrales
communiquent entre elles.
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