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The formal study of intelligence in psychology began with an eﬀort
to ﬁnd students in France who might beneﬁt from assistance in
schooling. Binet measured the increase in ability to answer questions
that he felt would improve with age and normalized the scores within
each age with a mean of 100 as a measure of the student's intelligence
quotient [1]. Over the years increasingly sophisticated approaches to
intelligence measurement have been developed [2]. However, the basic
deﬁnition of intelligence remained illusive and it has often been said
that intelligence is whatever the intelligence test measures.
The lack of a theoretical deﬁnition did not mean that theoretical
issues were not important in the psychology of intelligence. An issue
central to the discussion of intelligence was whether there might be a
single scale of general intelligence (g) along which one might, however
inexactly, array people according to their score. Against the theory
based upon “g” was the view that intelligence is domain speciﬁc, either
limited to a small number like 2 (ﬂuid or crystalized, [3,4]) or 7 [5] or
as many as 140 [6] domains.
The idea of multiple intelligences was espoused by Howard Gardner
[5], who deﬁned seven intelligences (domains of individual diﬀerences)
which were supported by brain networks as revealed by brain lesion
research. His idea was to consider separate intelligences based upon the
following domains: 1. musical-rhythmic, 2. visual-spatial, 3. verballinguistic, 4. logical-mathematical, 5. bodily-kinesthetic, 6. interpersonal, and 7. intrapersonal. Gardner's basic idea, of supposing that
brain networks underlie individual diﬀerences in diﬀerent domains,
remains important in the era of imaging. Gardner did not address the
correlation between items, in what, according to his view, were quite
diﬀerent forms of intelligence. However, his theory of multiple intelligences has impact in the ﬁeld of education, where it spawned new
curricula to address diﬀerent learning styles, but Gardner had much less
inﬂuence in cognitive psychology and cognitive neuroscience.
With the advent of neuroimaging [7] it became possible to move
beyond the lesion studies possible at that time to associate cognitive
tasks in many diﬀerent domains with speciﬁc brain networks [8]. In
general, this involved performing speciﬁc cognitive tasks that could be

clustered within a single domain. For example, the Stroop task [9],
ﬂanker task [10] and [11], while quite diﬀerent, were thought to involve the resolution of conﬂict [12]. Where diﬀerent tasks were employed within the same domain, they often activated highly overlapping networks, which were seen as central to the domain. Language,
number, attention, self regard and negative aﬀect were among the most
commonly studied domains.
Early studies investigating the neurobiology of g focused on the
lateral prefrontal cortex [13,14], motivating an inﬂuential theory based
on the role of this region in cognitive control functions for intelligent
behavior [15]. The later emergence of network-based theories reﬂected
an eﬀort to examine the neurobiology of intelligence through a wider
lens, accounting for individual diﬀerences in g on the basis of broadly
distributed networks. For example, the Parietal-Frontal Integration
Theory (P-FIT) appeals to the fronto-parietal network to explain individual diﬀerences in intelligence [8,16], proposing that g reﬂects the
capacity of this network to evaluate and test hypotheses for problemsolving. A central feature of the P-FIT model is an emphasis on the
integration of knowledge between frontal and parietal cortex, aﬀorded
by white-matter ﬁber tracks that enable eﬃcient communication
among regions. Evidence to support the fronto-parietal network's role in
a broad range of problem-solving tasks later motivated the MultipleDemand (MD) Theory, which proposes that this network underlies attentional control mechanisms for goal-directed problem-solving [17].
Finally, the Process Overlap Theory represents a recent network approach that accounts for individual diﬀerences in g by appealing to the
spatial overlap among speciﬁc brain networks, reﬂecting the shared
cognitive processes underlying g [18]. Thus, many contemporary theories suggest that individual diﬀerences in g originate from functionally
localized processes within speciﬁc brain regions or networks.
Resting state MRI studies found that brain areas were correlated
even when the person was not performing a task, but instead was in a
resting state [19,20]. These correlations could arise from the high
connectivity between brain areas crucial for everyday life as, for example, brain networks related to attention. Functional MRI in the
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morphometric similarity networks deﬁned from MRI were used as a
proxy for degree of connectivity between neural areas. The authors
predicted that individual diﬀerences in this measure would correlate
with IQ measured in the same human subjects. The outcome supported
their conjecture and thus suggests that the eﬃciency of white matter is
related to IQ [33].
There is little question that speciﬁc and often mostly non-overlapping brain networks underlie a variety of skills that are constituents
of intelligent behavior. At the same time there is also little doubt that a
variety of tests of intelligence are correlated across domains. The speciﬁc mechanisms that underlie “g” still remain to be established. Three
prominent possibilities are: (1) system-wide network mechanisms for
eﬃcient and ﬂexible information processing, (2) multipurpose brain
networks such as those underlying attention and (3) molecular mechanisms that underlie common mechanisms of learning. These are not
mutually exclusive and represent mechanisms at multiple levels of
granularity (i.e., system-wide, network-based, and molecular-level
mechanisms). As we await further investigation of these mechanisms
there are insights from both separate brain networks and a common g
factor that can be applied to foster better achievement in educational
settings.

resting state supported a fronto-parietal network that in task performance is related to rapid shifts of attention such as would be provided
by a cue giving the location of an upcoming target. A cingulo-opercular
network was also identiﬁed, which in task performance involved slower
more strategic switches of attention (as, for example in switching between tasks). In many cases such as attention and language, all people
had the network. However, not all people have equal eﬃciency of
networks involved in language or attention. Thus it seems natural to
relate individual diﬀerences in a domain with the eﬃciency of the
networks involving that domain. These results from neuroimaging
would support the idea of multiple brain networks each describing the
individual diﬀerences within separate domains related to intelligence.
This perspective motivates the Network Neuroscience Theory, which
proposes that g originates from individual diﬀerences in the systemwide topology and dynamics of the human brain [21]. According to this
view, general intelligence reﬂects individual diﬀerences in network
mechanisms for eﬃcient and ﬂexible information processing [21,22].
However, imaging studies could also be used to support a single
domain of general intelligence as suggested by Duncan [23]. Duncan
used imaging and cellular recording data to argue that, in addition to
domain speciﬁcity, imaging can provide a single multi-domain network
derived from items that load upon a common general intelligence factor
(g). This multiple domain network includes the lateral areas of the
frontal and parietal lobe along with the anterior cingulate and anterior
insula and overlaps two of the networks frequently found in studies of
attention using fMRI (the fronto-parietal network and the cingulo-opercular network). Crittenden, Mitchell and Duncan [24] recognize the
consistency of the fronto-parietal and cingulo-opercular networks with
their multiple demand networks and thus with the loading on general
intelligence. The existence of a single domain general network could
then support the idea that the correlation between various intelligence
tests rests upon their common dependence on attention. This view
would not necessarily imply that the eﬃciency of one domain speciﬁc
network (e.g., for language) was itself correlated with the eﬃciency of
another network (e.g. music), but correlations among their tests depend
upon their both using the multi-domain network related to attention.
During development, long connections between remote neural areas
increase. These connections gain in eﬃciency as they become myelinated [25]. Diﬀusion tensor imaging studies of 1–2 year old children
have found that eﬃciency of major tracts developing in this period are
correlated [26], suggesting that common genetic factors are crucial in
their development [27]. Eﬃcient connectivity can aid in the development of networks underlying skills in diﬀerent domains, thus providing
a basis for general intelligence (g). In fact, measures of cognitive
functions are signiﬁcantly correlated with myelination of major pathways [26].
It is thus possible to suppose that a correlation between brain networks might be induced by a common mechanism for learning new
skills regardless of domain. In a recent rodent study it was found that
DNA methylation of BDNF inﬂuenced the long term memory of newly
learned place ﬁelds [28]. The role of methylation in the learning and
performance of skills also extends to humans.
People with a genetic variation of the MTHFR (methylenetetrahydrofolate reductase) gene that increases the eﬃciency of methylation
show faster learning rate and higher performance in a variety of speed
related human skills [29,30]. While these studies dealt with alleles of
only one gene it is likely that many individual genes would be involved
in conduction speed and reliability [31].
How might improved rate of learning by those with more eﬃcient
methylation come about? One possibility is that higher methylation
improves the eﬃciency of synaptic plasticity. Another possible mechanism is that more eﬃcient methylation improves myelination of
axons that occur during learning [32]. Myelination would improve the
speed and reliability of the long connections between the often remote
areas important for orchestrating performance [31]. Some support for
this view comes from a human and monkey study in which

Declaration of Competing Interest
The authors have no conﬂicts of interest to report.
Financial disclosure
MIP's contribution was supported by Oﬃce of Naval research grants
N00014-17-2824 and N00014-15-2148 to the University of Oregon The
paper beneﬁted from the help of Prof. Mary K. Rothbart. AKB's contribution was supported by the Oﬃce of the Director of National
Intelligence (ODNI), Intelligence Advanced Research Projects Activity
(IARPA), via Contract 2014-13121700004 to the University of Illinois
at Urbana-Champaign (PI: Barbey).
Ethical statement
Both authors contributed equally to this paper.
References
[1] A. Binet, The Intelligence of the Feeble-Minded, Williams & Wilkins company,
Baltimore, 1917, p. 1916.
[2] C. Spearman, General Intelligence, objectively determine and measured, Am. J.
Psychol. (1904) 201–293.
[3] R.E. Brown, Hebb and Cattell: the genesis of the theory of ﬂuid and crystallized
intelligence, Front. Hum. Neurosci. (2016) 2016, https://doi.org/10.3389/fnhum.
2016.00606 December 15.
[4] R.B. Cattell, Abilities: Their Structure Growth and Action, Houghton Miﬄin,
Boston, 1971.
[5] Howard Gardner, Frames of Mind: The Theory of Multiple Intelligences, Basic
Books, New York, 1983.
[6] J.P. Guilford, The Nature of Human Intelligence, McGraw-Hill, New York, 1967.
[7] M.I. Posner, M.E. Raichle, Images of Mind, Scientiﬁc American Books, 1994.
[8] A.K. Barbey, R. Colom, J. Solomon, F. Krueger, C. Forbes, J. Grafman, An integrative architecture for general intelligence and executive function revealed by
lesion mapping, Brain 135 (2012) 1154–1164.
[9] J.R. Stroop, Studies of interference in verbal reactions, J. Exp. Psychol. 18/6 (1935)
643–662.
[10] B.A. Eriksen, C.W. Eriksen, Eﬀects of noise letters upon the identiﬁcation of target
letter in a nonsearch task, Percept. Psychophys. 16 (1974) 143–149.
[11] J.R. Simon, K. Berbaum, Eﬀect of conﬂicting cues: The “Stroop eﬀect” vs. the
“Simon eﬀect.”, Acta Psychol. 73 (1990) 159–170.
[12] J. Fan, J.I. Flombaum, B.D. McCandliss, K.M. Thomas, M.I. Posner, Cognitive and
brain consequences of conﬂict, Neuro Image 18 (2003) 42–57.
[13] A.K. Barbey, R. Colom, J. Grafman, Dorsolateral prefrontal contributions to human
intelligence, Neuropsychologia 51 (2013) 1361–1369.
[14] J. Duncan, R.J. Seitz, J. Kolodny, D. Bor, H. Herzog, A. Ahmed, F.N. Newell,
H. Emslie, A neural basis for general intelligence, Science 289 (2000) 457–460.
[15] J. Duncan, A.M. Owen, Common regions of the human frontal lobe recruited by
diverse cognitive demands, Trends Neurosci. 23 (2000) 475–483.
[16] R.E. Jung, R.J. Haier, The Parieto-Frontal Integration Theory (P-FIT) of intelligence:

2

Trends in Neuroscience and Education xxx (xxxx) xxxx

M. I. Posner and A. K. Barbey

[17]
[18]
[19]

[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

converging neuroimaging evidence, Behav. Brain Sci. 30 (2007) 135–154 discussion
154-187.
J Duncan, How Intelligence Happens, Yale University Press, New Haven, 2010.
K. Kovacs, A.R.A. Conway, Process overlap theory: a uniﬁed account of the general
factor of intelligence, Psychol. Inq. 27 (2016) 151–177.
N.U. Dosenbach, D.A. Fair, F.M. Miezin, A.L. Cohen, K.K. Wenger, R.A. Dosenbach,
S.E. Petersen, Distinct brain networks for adaptive and stable task controlin humans, Proc. Natl. Acad. Sci. 104 (26) (2007) 11073–11078.
M.E. Raichle, A paradigm shift in functional brain imaging, J. Neurosci. 29 (41)
(2009) 12729–12734.
A.K. Barbey, Network neuroscience theory of human intelligence, Trends Cogn. Sci.
22 (2018) 8–20.
M. Girn, C. Mills, K. Christoﬀ, Linking brain network reconﬁguration and intelligence: are we there yet? Trends Neurosci. Educ. (2019).
J. Duncan, The multiple-demand (MD) system of the primate brain: mental programs for intelligent behaviour, Trends Cogn. Sci. 14 (2010) 172–179.
B.M Crittendenl, D.J. Mitchell, J. Duncan, Task encoing across multiple emand
cortex is consistent with a frontao-parietal and congulo-operacular dual networks
distinction, J. Neurosci. 36/23 (2016) 6147–6155.
D.C. Geary, Eﬃciency of mitochondrial functioning as the fundamental biological
mechanism of general intelligence (g), Psychol. Rev. 125 (2018) 1028–1050.
S.J. Lee, R.J. Steiner, Y. Yu, S.J. Short, MC. Neale, M.A. Styner, H. Zhu, J.H.
Gilmore, Common and heritable components of white matter microstructure predict
cognitive function at 1 and 2 y PNAS 114/1 (2016) 148–153.
M-C Chiang, M. Barysheva, K.L. McMahon, G.I. de Zubicaray, K. Johnson,

[28]

[29]

[30]

[31]

[32]

[33]

3

G.W. Montgomery, N.G. Martin, A.W. Toga, M.J. Wright, P. Shapshak, Gene network eﬀects on brain microstructure and intellectual performance identiﬁed in 472
twins, J. Neurosci. 32/25 (2012) 8732–8745.
E.D. Roth, T.L. Roth, K.M. Mondey, S. SenGupta, D.E. Eason, J.D. Sweatt, DNA
methylation regulation neurophysiological spatial representation in memory formation, Neuroepigenetics 1 (2) (2015) 1–8.
P. Voelker, M.K. Rothbart, M.I. Posner, A polymorphism related to methylation
inﬂuences attention during performance of speeded skills, AIMS Neurosci. 3 (1)
(2016) 40–55.
P. Voelker, B.E. Sheese, M.K. Rothbart, M.I. Posner, Methylation polymorphism
inﬂuences practice eﬀect in children during attention tasks Cognitive, Neuroscience
8 (2016) 1–13.
R.D. Fields, A new mechanism of nervous system plasticity: Activity-dependent
myelination, Nat. Rev. Neurosci. 16 (12) (2015) 756–767, https://doi.org/10.
1038/nrn4023.
I.A. McKenzie, D. Ohayon, H. Li, J.P. De Faria, B. Emery, K. Tohyama,
W.D. Richardson, Motor skill learning requires active central myelination, Science
346 (6207) (2014) 318–322.
J. Seidlitz, F. Vasa, M. Shinn, R. Romero-Garcia, K.J. Whitaker, P.E. Vertes,
K. Wagstyl, P. Reardon, L. Clasen, S. Liu, A. Messinger, D.A. Leopold, P. Fonagy 6,
R.J. Dolan, P.B. Jones, I.M. Goodyer, A. Raznahan, E.T. Bullmore, Morphometric
similarity networks detect microscale cortical organization and predict inter-individual cognitive variation, Neuron (2017), https://doi.org/10.1016/j.neuron.
2017.11.039.

