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Although cognitive neuroscience has made remarkable progress in understanding the involvement of the prefrontal cortex in
executive control, the broader functional networks that support high-level cognition and give rise to general intelligence remain
to be well characterized. Here, we investigated the neural substrates of the general factor of intelligence (g) and executive
function in 182 patients with focal brain damage using voxel-based lesion-symptom mapping. The Wechsler Adult Intelligence
Scale and Delis—Kaplan Executive Function System were used to derive measures of g and executive function, respectively.
Impaired performance on these measures was associated with damage to a distributed network of left lateralized brain areas,
including regions of frontal and parietal cortex and white matter association tracts, which bind these areas into a coordinated
system. The observed findings support an integrative framework for understanding the architecture of general intelligence and
executive function, supporting their reliance upon a shared fronto-parietal network for the integration and control of cognitive
representations and making specific recommendations for the application of the Wechsler Adult Intelligence Scale and
Delis—Kaplan Executive Function System to the study of high-level cognition in health and disease.
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1 neural architecture of goal directed, intelligent behaviour (Barbey
IntrOdUCtlon and Barsalou, 2009; Barbey et al., 2009a, b, 2011a, b; Miller and
The search for organizing principles that govern human intelli- Phelps, 2010; Barbey and Grafman, 2011; Barbey and Patterson,
gence represents a central and enduring aim of cognitive neuro- 2011). Extensive functional neuroimaging evidence indicates that
science, with emerging research providing new insight into the the prefrontal cortex plays a central role in executive control
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processes for human intelligence (Miller, 2000; Miller and Cohen,
2001). Fundamental questions, however, remain in the absence of
definitive neuropsychological evidence to elucidate the functional
organization of the prefrontal cortex and its role in higher cogni-
tive functions. A central question concerns how the prefrontal
cortex contributes to the information processing architecture of
high-level cognition and, in particular, whether prefrontal net-
works are computationally necessary for core features of human
intelligence (Colom et al., 2010; Deary et al., 2010; Colom and
Thompson, 2011).

Historically, theories of intelligence have focused on the analysis
of a general factor, referred to as psychometric g, which has been
shown to underlie performance on a broad range of cognitive tests
(Spearman, 1904, 1927; Jensen, 1998; Hunt, 2011). Neuroscience
models deriving from Spearman’s classic theory propose that the
prefrontal cortex provides a unified neural architecture for human
intelligence (Duncan et al., 2000; Duncan, 2010). Accumulating
neuroscience data support this framework, demonstrating recruit-
ment of prefrontal cortex networks for performance on tests of
general intelligence (Prabhakaran et al., 1997; Esposito et al.,
1999; Duncan et al., 2000; Bishop et al., 2008) and executive
function (Duncan and Owen, 2000; Miller, 2000; Miller and
Cohen, 2001; Duncan, 2006). Monkey electrophysiological data
further indicate that cells within the prefrontal cortex adaptively
code different kinds of task-relevant information in different be-
havioural contexts, supporting the involvement of the prefrontal
cortex in a wide range of high-level cognitive processes (Duncan,
2010; Miller and Cohen, 2001).

The alternative to Spearman's general factor model proposes
that tests of intelligence reflect the average or combined activity
of many separate cognitive operations (Thomson, 1951; Barbey
and Sloman, 2007; Bartholomew et al., 2009). According to this
framework, general intelligence depends on a variety of different
cognitive processes that are mediated by functionally specialized
brain regions (Jung and Haier, 2007; Colom et al., 2009; Glascher
et al., 2009, 2010; Colom and Thompson, 2011; Karama et al.,
2011). This model proposes that general intelligence incorporates
(i) temporal and occipital specific areas for processing sensory in-
formation; (ii) parietal cortex for sensory integration and abstrac-
tion; (iii) frontal areas for reasoning and problem solving; and (iv)
the anterior cingulate for response selection and the inhibition of
automatic responses. Advocates of this framework propose that
discrete regions within this distributed network are necessary for
key competencies of general intelligence, with an emphasis on
dorsolateral prefrontal cortex and parietal cortex (Jung and
Haier, 2007). White matter association tracts, especially the super-
ior longitudinal/arcuate fasciculus, are thought to play a critical
role in the reliable communication of information across these re-
gions. This framework, therefore, predicts that general intelligence
is implemented within a distributed network of functionally spe-
cialized brain areas, emphasizing the importance of frontal and
parietal regions and the white matter association tracts that bind
these areas into a coordinated system (Botvinick et al., 2004;
Gruber and Goshke 2004; Ramnani and Owen 2004; Dosenbach
et al., 2007). Glascher et al. (2010) provide key neuropsycho-
logical evidence to support this account, conducting a thorough
lesion mapping analysis of general intelligence in a large sample of
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patients with focal brain lesions. These authors found that impair-
ment on measures of general intelligence was associated with
selective damage to frontal and parietal regions, as well as white
matter association tracts connecting these sectors (e.g. the super-
ior longitudinal/arcuate fasciculus; see also Jung and Haier, 2007;
Chiang et al., 2009; Colom et al., 2009; Gldscher et al., 2009;
Colom and Thompson, 2011).

The information processing architecture of general intelligence,
therefore, remains the focus of ongoing research and debate, with
investigators proposing that psychometric g embodies a single
cognitive ability implemented within processing networks of the
prefrontal cortex (Duncan et al., 2000; Duncan, 2010) or derives
instead from multiple cognitive operations that engage a distrib-
uted system of functionally specialized cortical regions (Colom
et al., 2006a, b, 2007, 2009; Jung and Haier, 2007; Gléascher
et al., 2010, 2009; Colom and Thompson, 2011).

A parallel forum of debate examines the architecture of execu-
tive functions in the prefrontal cortex, with several decades of
cognitive and neuroscientific research investigating the top-down
control mechanisms that guide behaviour and the prefrontal
cortex networks upon which these functions depend (Miller,
2000; Miller and Cohen, 2001; Barbey and Barsalou, 2009;
Barbey et al., 2009a, b, 2011a, b; Barbey and Grafman, 2011;
Barbey and Patterson, 2011). The central role of prefrontal cortex
networks in general intelligence and executive function raises the
question of how these high-level processes are related (Roca
et al., 2010). Of particular interest is whether general intelligence
and executive function (i) engage common or distinct neural sys-
tems; and (ii) operate on the basis of highly localized (Duncan
et al., 2000; Duncan, 2010) or broadly distributed cortical net-
works (Jung and Haier, 2007; Colom et al., 2009; Gléscher
et al., 2009, 2010; Colom and Thompson, 2011; Karama et al.,
2011).

Neuropsychological patients with focal brain lesions provide a
rare opportunity to study the mechanisms underlying general in-
telligence and executive function, supporting the investigation of
lesion-deficit associations, which elucidate the necessity of specific
brain structures and advance our understanding of the information
processing architecture of high-level cognition. Of the neuropsy-
chological patient studies that have examined the neural bases of
general intelligence (Basso et al., 1973; Black, 1976; Eslinger and
Damasio, 1985; Shallice and Burgess, 1991; Bechara et al., 1994;
Duncan et al., 1995, 1996; Burgess and Shallice, 1996; Isingrini
and Vazou, 1997; Parkin and Java, 1999; Blair and Cipolotti, 2000;
Kane and Engle, 2002; Bugg et al., 2006; Tranel et al., 2008;
Glascher et al., 2009, 2010; Roca et al., 2010) and executive
function (Ptito et al., 1995; D'Esposito and Postle,1999; Muller
et al., 2002; Baldo and Dronkers, 2006; D'Esposito et al., 2006;
Volle et al., 2008; Tsuchida and Fellows, 2009), all share one or
more of the following features: diffuse (rather than focal) brain
lesions, lack of comparison subjects carefully matched for pre- and
post-injury performance measures, and exclusive use of general
intelligence or executive function tests. As a consequence, there
has been no comprehensive evaluation of psychometric g and
executive function in a relatively large sample of patients with
focal brain damage, and across a broad range of tasks and stimulus
material. The absence of such data represents a substantial gap in
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the understanding of both the cognitive and neural architecture of
high-level cognition.

The aim of the present investigation is therefore to characterize
key competencies of general intelligence and executive function in
a large sample of patients with focal brain lesions (n=182).
Studying their functional organization can help shed light on
how general intelligence and executive function contribute to in-
formation processing, and set the stage for future research explor-
ing how their cognitive and neural architecture emerges through
evolution and development, and is altered through psychiatric
illness and neurological disease.

Materials and methods

Participant data

Participants were drawn from the Phase 3 Vietnam Head Injury Study
registry, which includes American male veterans who suffered brain
damage from penetrating head injuries in the Vietnam War (n = 182).
All subjects gave informed written consent. Phase 3 testing occurred
between April 2003 and November 2006. Demographic and back-
ground data for the Vietnam Head Injury Study are reported in
Table 1 (Koenigs et al., 2009; Raymont et al., 2010; Barbey et al.,
2011a, b). No effects on test performance were observed in the
Vietnam Head Injury Study sample on the basis of demographic
variables (e.g. age, years of education, lesion size).

Lesion analysis

CT data were acquired during the Phase 3 testing period. Axial CT
scans without contrast were acquired at Bethesda Naval Hospital on a
GE Medical Systems Light Speed Plus CT scanner in helical mode (150
slices per subject, field of view covering head only). Images were
reconstructed with an in-plane voxel size of 0.4 x 0.4 mm, overlapping
slice thickness of 2.5mm and a 1-mm slice interval. Lesion location
and volume were determined from CT images using the Analysis of
Brain Lesion software (Makale et al., 2002; Solomon et al., 2007)
contained in MEDx v3.44 (Medical Numerics) with enhancements to
support the Automated Anatomical Labelling atlas (Tzourio-Mazoyer
et al., 2002). Lesion volume was calculated by manual tracing of the
lesion in all relevant slices of the CT image then summing the traced
areas and multiplying by slice thickness. A trained neuropsychiatrist
performed the manual tracing, which was then reviewed by J.G.,
who was blind to the results of the neuropsychological testing. As
part of this process, the CT image of each subject’s brain was spatially

Table 1 Demographic and background data

Demographic data Patient
group
Age 58.13
Sex (male) (%) 100.00
Years of education 15.00
Total per cent volume loss (cm?) 3.19

‘Age’ refers to age at the time of Phase 3 evaluation. ‘Sex’ refers to the percentage
of male veterans. ‘Years of education’ refers to the total number of years of
education the veterans completed.
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normalized to a CT template brain image. This template was created
by spatial normalization of a neurologically healthy individual's CT
brain scan to MNI space using the Automated Image Registration
program (Woods et al., 1993). For each subject, a lesion mask
image in MNI space was saved for voxel-based lesion-symptom map-
ping (see below; Bates et al., 2003). This method applies a t-test to
compare, for each voxel, scores from patients with a lesion at that
voxel contrasted against those without a lesion at that voxel. The
reported findings were thresholded using a False Discovery Rate cor-
rection of g < 0.05. To ensure sufficient statistical power for detecting
a lesion-deficit correlation, our analysis only included voxels for which
four or more patients had a lesion. The lesion overlap map for the
entire Vietnam Head Injury Study patient sample is illustrated in
Supplementary Fig. 1 (n = 182). It is important to emphasize that con-
clusions drawn from the Vietnam Head Injury Study sample are
restricted to the voxel space identified in Supplementary Fig. 1,
which provides broad coverage of the cerebral hemispheres but does
not include subcortical brain structures.

Neuropsychological tests

We administered the Wechsler Adult Intelligence Scale, 3rd Edition
(WAIS; Wechsler, 1997) and subtests of the Delis—-Kaplan Executive
Function System (D-KEFS; Delis et al., 2001) to investigate the neural
substrates underlying key competencies of general intelligence and
executive function.

Wechsler Adult Intelligence Scale

The WAIS embodies a four-tier hierarchy, providing a Full Scale
Intelligence Index (Tier 1) derived from Verbal and Performance
Intelligence Indices (Tier 2), which each consist of component oper-
ations (Tier 3) measured by intelligence subtests (Tier 4). Verbal
Intelligence examines general knowledge, vocabulary and the ability
to reason using words and numbers and is assessed by Verbal
Comprehension and Working Memory subtests. Performance
Intelligence examines the ability to solve problems in novel situations,
independent of acquired knowledge and is assessed by Perceptual
Organization and Processing Speed subtests. Supplementary Table 1
provides a brief description of each test (for further details concerning
their standardization, reliability and validity, see Wechsler, 1997).

Delis—Kaplan executive function system

The D-KEFS consists of multiple cognitive tests that are designed to
assess executive control processes. Our analysis focused on five ex-
ecutive function measures that, in recent studies, have been found to
be particularly sensitive to frontal lobe damage (Delis et al., 1992;
Baldo et al., 2001; Cato et al., 2004; McDonald et al., 2005a, b, c).
These tests include Trail Making, Verbal Fluency, Card Sorting, Twenty
Questions and the Tower Test. Supplementary Table 2 provides a brief
description of each test. Further details about these measures are
provided in the D-KEFS manual (Delis et al., 2001).

Statistical analysis

Psychometricians have shown that intelligence tests can be classified
according to the degree to which they involve the general factor of
intelligence (g), computing robust and stable g-loadings based on the
simultaneous consideration of several diverse intelligence measures
(Carroll, 1993, 2003; Jensen and Weng, 1994; Hunt, 2011).
Accumulating evidence further indicates that g-scores derived from
multiple cognitive batteries are highly correlated, supporting the pres-
ence of g (as a common source of variance in cognitive performance)
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Table 2 Schmid-Leiman hierarchical factor matrix of WAIS and D-KEFS measures
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h2

WAIS and D-KEFS measures Higher order factor F1 F2 F3 u
Vocabulary 0.633 0.042 0.614 0.080 0.786 0.214
Similarities 0.597 0.203 0.410 0.068 0.570 0.430
Information 0.606 0.194 0.492 0.130 0.664 0.336
Block design 0.643 0.484 0.023 0.078 0.654 0.346
Matrix reasoning 0.602 0.413 0.135 0.002 0.551 0.449
Picture arrangement 0.493 0.397 0.060 0.004 0.404 0.596
Object assembly 0.538 0.473 0.042 0.060 0.519 0.481
Picture completion 0.581 0.393 0.086 0.216 0.546 0.454
Arithmetic 0.673 0.057 0.377 0.170 0.627 0.373
Digit span 0.526 0.113 0.390 0.191 0.478 0.522
Letter number 0.620 0.195 0.421 0.322 0.703 0.297
Digit symbol 0.659 0.182 0.069 0.468 0.691 0.309
Symbol search 0.638 0.211 0.071 0.425 0.637 0.363
Trail making 0.708 0.182 0.028 0.419 0.711 0.289
Fluency 0.592 0.099 0.294 0.328 0.554 0.446
Sorting 0.703 0.257 0.247 0.131 0.638 0.362
Twenty questions 0.526 0.127 0.162 0.182 0.352 0.648
Tower test 0.436 0.215 0.104 0.076 0.253 0.747
Percentage of common variance 36.3 7.3 8.3 5.5 57.4 42.6

F1, F2 and F3 represent first-order factors. h? = commonality; u? = uniqueness.

and demonstrating that ‘its measurement is not dependent on the use
of specific mental ability tasks' (Johnson et al., 2004).

Here, we present two types of analyses. The first applies
voxel-based lesion-symptom mapping to standardized scores com-
puted from the WAIS and D-KEFS to investigate the neural substrates
of general intelligence (g) and executive function (cf. Colom et al.,
2009; Glascher et al., 2009, 2010; Karama et al., 2011). The second
explores and evaluates, for illustrative purposes, the factor structure
underlying performance on the administered tests of general intelli-
gence (g) and executive function (cf. Carroll, 1993, 2003; Colom
et al., 2010; Colom and Thompson, 2011).

Voxel-based lesion-symptom mapping

Psychometric g and executive function scores were derived according
to the following computational steps (Colom et al., 2009; Haier et al.,
2009; Karama et al., 2011). First, g-scores for each participant were
obtained using the first unrotated principal factor derived from the
WAIS subtests. Principal axis factoring was the applied extraction
method because only common variance is analysed. Participants’
scores on the first unrotated factor were computed using the regression
method weighting raw scores according to the corresponding factor
loadings. This method is computationally simple and generates scores
that are almost perfectly correlated with g-scores derived from much
more demanding computational approaches (Glascher et al., 2010) as
demonstrated by Jensen and Weng (1994). Secondly, the same com-
putational steps described for general intelligence (g) were followed for
obtaining standardized executive scores. Psychometric g and executive
scores were correlated with a value of 0.871 (P < 0.0001).

It is important to note that general intelligence (g) and executive
function scores share 76% of the variance, but they also show 24% of
the unique variance, thus leaving room for finding specific brain cor-
relates for each psychological construct. These g and executive func-
tion scores for each subject were correlated to regional grey and white
matter determined by voxel-based lesion-symptom mapping (Bates
et al., 2003). This method compares, for every voxel, scores from

patients with a lesion at that voxel contrasted against those without
a lesion at that voxel (applying a false discovery rate correction of
g < 0.05). Unlike functional neuroimaging studies, which rely on the
metabolic demands of grey matter and provide a purely correlational
association between brain regions and cognitive processes,
voxel-based lesion-symptom mapping can identify regions playing a
causal role in a particular cognitive domain by mapping where damage
can interfere with performance.

Factor analysis and structural equation modelling

To assess the factor structure underlying performance on tests of gen-
eral intelligence and executive function, we applied a Schmid-Leiman
hierarchical factor analysis to all WAIS and D-KEFS measures (Schmid
and Leiman, 1957; Carroll, 1993, 2003; Colom et al., 2006c).
First-order factors were extracted from the correlation matrix defined
by all measures (Supplementary Table 3). The three factors with eigen-
values >1 were retained for further analyses. Afterwards, the correl-
ation matrix among these first-order factors was subjected to a new
factor analysis. Principal axis factoring was employed to extract fac-
tors, because principal axis factoring analyses common variance only
(removing error variance). Factor extraction was followed by an
oblique Promax rotation. Table 2 reports the complete hierarchical
factor matrix obtained from the analysis of WAIS and D-KEFS meas-
ures. Note that the higher order factor accounts for 36.3% of the
common variance, whereas the three first-order factors account for
much less common variance (from 5.5% to 8.3%). This is highly con-
sistent with previous reports studying neurologically healthy samples
(Johnson et al., 2004). As underscored by Colom and Thompson
(2011) even when there is a positive and significant correlation
among all these cognitive measures (Supplementary Table 3), this cor-
relation is far from perfect. Table 2 also shows commonality (h?) and
uniqueness (u?) values computed from the factor loadings. Although
57.4% of the common variance is accounted for by the obtained
factors, the remaining variance is not. Importantly, the average loading
for the WAIS measures on the higher order factor was 0.60, and the
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Figure 1 SEM analysis of the administered WAIS and D-KEFS measures.

average loading for the D-KEFS measures on this same factor was
0.59, which is consistent with their equivalent psychometric behaviour
on the factor representing the shared common variance (see Colom
et al., 2006¢ for examples of re-analyses of several data sets using this
hierarchical approach). The psychometric structure observed in the
Vietnam Head Injury Study patient sample (Fig. 1) is similar to that
of the WAIS standardization described by Taub (2001), providing
evidence to further validate our assessment of psychometric g in this
neuropsychological patient sample.

It is important to keep in mind that the factor structure obtained
here is derived from the analysis of a clinical sample, raising the ques-
tion of whether it resembles the obtained factor structure found for
non-clinical samples. The available evidence supports the view that
there is a close similarity. The factor structure of the Wechsler scales
has been examined within clinical samples (Piedmont et al., 1992;
Allen et al., 1998; Dickinson et al., 2006) including Alzheimer's disease
(David et al., 2003), and lesion samples resembling those analysed
here (Glascher et al., 2010). The generalized finding shows that this
factor structure is largely invariant, although some minor differences
may emerge in the specific factor loadings for some measures.
Dickinson et al. (2006) find ‘support for a hierarchical structure of
cognition, similar in schizophrenia and control subjects, with a
generalized cognitive ability factor strongly influencing a number of
separable domains of cognitive performance’. Gldscher et al. (2010)
demonstrated that the factor structure of the Wechsler battery is
clearly preserved in their lesion patients. The same general picture is
supported in the present study.

To further examine the simultaneous latent relationship between
general intelligence (g) and executive measures, we conducted an
SEM analysis (n = 182; Fig. 1). In this latent variable approach, specific
task requirements have less influence on the estimates of the construct
relations. It also partials out measurement error for each specific meas-
ure, and, therefore, latent variables provide a reliable estimate of the
constructs of interest. Here, we computed SEM using the AMOS pro-
gram (Arbuckle, 2006). Several fit indices were considered. First, the
x°/DF index is frequently considered as a rule of thumb, because it
corrects the high sensitivity of the chi-square statistic for large sample
sizes (Joreskog, 1993). Values showing a good fit must be ~2.0.
Secondly, root mean square error of approximation (RMSEA) is usually
recommended because it is sensitive to misspecification of the model.

Values between 0 and 0.05 indicate good fit, values between 0.05 and
0.08 represent acceptable errors and values >0.10 are indicative of
poor fit (Byrne, 1998). Finally, comparative fit index is also reported;
acceptable values must be larger than 0.90 (Marsh et al., 1988). The
fit for this model was appropriate: x* (131) = 283; CMIN/DF = 2.16;
RMSEA = 0.08, comparative fit index =0.921. Results indicate that
within this model, psychometric variation in executive function is en-
tirely explained by g, which is highly consistent with the correlation of
0.87 reported above between g and executive scores submitted to
lesion analyses. This suggests that both psychological constructs
depend largely on common cognitive operations and raises the intri-
guing possibility that these high-level processes may also recruit
common neural machinery.

Results

General intelligence

Psychometric g was associated with a distributed network of brain
regions, sharing common anatomical substrates with Verbal
Comprehension, Working Memory, Perceptual Organization and
Processing Speed (Fig. 2). Significant effects encompassed loca-
tions for (i) language processing (e.g. Broca's area and left superior
temporal gyrus); (i) working memory (e.g. left dorsolateral pre-
frontal cortex, left inferior and superior parietal cortex, and left
superior temporal gyrus); (iii) spatial processing (e.g. right inferior
and superior parietal cortex); (iv) motor processing (e.g. left som-
atosensory and primary motor cortex), in addition to expected
locations of major white matter fibre tracts; including (v) the an-
terior and dorsal bundle of the superior longitudinal/arcuate fas-
ciculus connecting temporal, parietal and inferior frontal regions;
(vi) the superior fronto-occipital fasciculus connecting dorsolateral
prefrontal cortex and the frontal pole with the superior parietal
lobule; and (vii) the uncinate fasciculus that connects anterior tem-
poral cortex and amygdala with orbitofrontal and frontopolar re-
gions. These findings suggest that g reflects the ability to
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subtest

z=30 z=42

Figure 2 Overlap (in green) of individual WAIS subtests (in yellow) with g (in blue). Each statistical map is thresholded at
5% false discovery rate. In each axial slice, the right hemisphere is on the reader’s left.

effectively integrate verbal, spatial, motor and executive processes
via a circumscribed set of cortical connections.

Executive function

Executive function deficits were associated with damage to a dis-
tributed network of left lateralized brain areas, including regions
that are necessary for executive control processes in the Trail
Making, Verbal Fluency, Card Sorting and Twenty Questions
tests (Fig. 3). The Tower Test failed to demonstrate significant
lesion—symptom mapping results, consistent with the relatively
low loading of this subtest on the higher order factor (0.44;
Table 2). Prior research supports this interpretation, indicating
that subtests with low g-loadings are associated with a smaller
number of brain clusters (relative to subtests with high g-loadings;
Colom et al., 2006a, b). Significant effects for the Trail Making,
Verbal Fluency, Card Sorting and Twenty Questions tests encom-
passed major locations within the frontal lobe (e.g. lateral fronto-
polar cortex, anterior prefrontal cortex, dorsolateral prefrontal
cortex, anterior cingulate/medial prefrontal cortex) and superior
and inferior parietal cortex, in addition to white matter association
tracts that connect these sectors (e.g. superior longitudinal/arcuate
fasciculus, superior fronto-occipital fasciculus and uncinate fascic-
ulus). These findings suggest that the frontal and parietal lobes are
computationally necessary for executive control processes, and
that the communication between these regions is of critical
importance.

Relationship between general
intelligence and executive function

These lesion-symptom mapping results show that psychometric g
and executive function are associated with lesions to a shared

network of left lateralized brain areas, including regions of frontal
and parietal cortex and white matter fibre tracts that bind these
areas into a coordinated system (Fig. 4). This pattern of findings
indicates that psychometric g and executive function largely
depend on shared neural substrates, and suggests that high-level
cognitive processes fundamentally depend on the interregional
communication between frontal and parietal cortex.

Although the neural substrates of psychometric g and executive
function were largely shared, our analysis revealed areas that were
related to psychometric g, and which may not be involved with
executive function, consistent with the observed pattern of shared
and unique variance in the behavioural data (Table 2). These
regions included the left inferior occipital gyrus and the right
superior and inferior parietal lobe (Fig. 4). The engagement of
visual-spatial processing areas in psychometric g further empha-
sizes the broadly distributed cortical regions underlying general
intelligence—extending well beyond prefrontal cortex regions
typically associated with goal-directed, intelligent behaviour. We
also observed areas that were related to executive function, but
may not be involved with psychometric g, within the left anterior
frontal pole, consistent with the functional selectivity of anterior
prefrontal cortex regions in the executive control of behaviour
(Fig. 4; Ramnani and Owen, 2004).

Discussion

In this study, we investigated the neural architecture of high-level
cognition, examining the neural substrates of general intelligence
(&) and executive function. We measured psychometric g and
executive function in 182 patients with brain injury and applied
voxel-based lesion-symptom mapping to identify the underlying
neural substrates. Although the Vietnam Head Injury Study patient
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subtest

Figure 3 Overlap (in green) of individual D-KEFS subtests (in yellow) with executive function (in blue). Each statistical map is thresholded
at 5% false discovery rate. In each axial slice, the right hemisphere is on the reader’s left.

executive function

Figure 4 Overlap (in green) of psychometric g (in blue) with executive function (in yellow). Each statistical map is thresholded at 5% false
discovery rate. In each axial slice, the right hemisphere is on the reader’s left.

sample provided extensive brain coverage in both cerebral hemi-
spheres (Supplementary Fig. 1), it did not include patients with
damage to subcortical structures and therefore does not permit
conclusions about the involvement of these brain regions.

We observed a significant effect on g and executive function
with lesions in left hemispheric white matter sectors, including the
superior longitudinal/arcuate fasciculus, which connect frontal and
parietal cortices. Despite its distributed nature, the neural sub-
strates of g and executive function were remarkably circumscribed,
concentrated in the core of white matter and comprising a narrow
subset of regions associated with performance on individual
WAIS and D-KEFS subtests. The largest overlap between WAIS
subtests and g was found for Verbal Comprehension and Working
Memory, and for executive function measures of the D-KEFS

(i.e. Trail Making, Verbal Fluency, Card Sorting and Twenty
Questions). Collectively, these subtests assess verbal knowledge
about the world, verbal reasoning, working memory capacity, as
well as cognitive flexibility and executive control, and are asso-
ciated with a distributed fronto-parietal network. This suggests
that g and executive function draw on the combination of con-
ceptual knowledge and executive processes, and that the commu-
nication between areas associated with these capacities is of
critical importance.

The observed findings contribute to a growing body of neuro-
psychological patient evidence indicating that damage to a distrib-
uted network of frontal and parietal regions is associated with
impaired performance on tests of general intelligence (Jung
and Haier, 2007; Chiang et al., 2009; Colom et al., 2009;
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Gléascher et al., 2009, 2010; Colom and Thompson, 2011). A
recent study by Gldscher et al. (2010) applied voxel-based
lesion-symptom mapping to elucidate the neural substrates of psy-
chometric g, reporting a left lateralized fronto-parietal network
that converges with the observed pattern of findings and further
supports the role of this network in components of general intel-
ligence that draw upon conceptual knowledge and working
memory. Our findings advance this line of research by elucidating
the relationship between general intelligence and executive func-
tion—demonstrating that these domains recruit a highly overlap-
ping and broadly distributed network of frontal and parietal
regions (Fig. 4).

The fronto-parietal network identified by the present analysis
includes lateral frontopolar cortex, anterior prefrontal cortex,
dorsolateral prefrontal cortex, anterior cingulate/medial prefrontal
cortex and the inferior and superior parietal lobe (Fig. 5). This
constellation of regions is commonly engaged by tasks that require
executive control processes (Botvinick et al., 2004; Gruber and
Goshke 2004; Ramnani and Owen 2004; Dosenbach et al.,
2007). The fronto-parietal network is recruited by paradigms
that elicit controlled processing related to the simultaneous con-
sideration of multiple interdependent contingencies (Kroger et al.,
2002), conflicting stimulus-response mappings (Crone et al.,
2006), and integrating working memory with attentional resource
allocation (Koechlin et al., 1999). In addition, many of the regions
in the fronto-parietal network show sustained activity over the
duration of a task block (Velanova et al., 2003; Yarkoni et al.,
2005; Dosenbach et al., 2006), supporting the maintenance and
integration of items for goal-directed behaviour.

The observed pattern of findings is consistent with the proposal
that the fronto-parietal network provides a unified architecture for

Figure 5 Anintegrative architecture for general intelligence and
executive function. lllustration of Brodmann areas (numbers on
figure) involved in general intelligence and executive function, as
well as the arcuate fasciculus and the major white matter asso-
ciation tract that connects the involved brain regions.

A. K. Barbey et al.

the integration and control of cognitive representations. According
to this framework, processes for integration and control are critical
for the optimal recruitment of internal resources to exhibit
goal-directed behaviour—supporting conceptual representations
and executive processes that provide the basis for high-level cog-
nition. We propose that mechanisms for integration and control
are carried out by a central system, which has extensive access to
sensory and motor representations (cf. Miller and Cohen, 2001)
and that the fronto-parietal network is at an ideal site in the brain
to support these functions. Nodes of this network are thoroughly
and reciprocally connected with each other, as well as with other
association cortices and subcortical areas, a property that allows
widespread access to perceptual and motor representations at
multiple levels. With this unique connectivity pattern, and special-
ization in a wide variety of high-level processes, the fronto-parietal
network can function as a source of integration and top-down
control in the brain. This framework, therefore, complements
existing neuroscience models by highlighting the importance of
white matter association tracts (e.g. the arcuate fasciculus) for
the integration of cognitive representations in general intelligence
(Jung and Haier, 2007), while also emphasizing the central role of
top-down mechanisms within frontal and parietal cortices for the
executive control of behaviour (Miller and Cohen, 2001).
According to this framework, the fronto-parietal network is a
core system that supports the integration and control of distribu-
ted patterns of neural activity throughout the brain, providing a
unified architecture for general intelligence and executive function
(Fig. 5).

In addition to identifying fronto-parietal contributions to general
intelligence and executive function, our analysis uncovered areas
that responded to each high-level domain (Fig. 4), without evi-
dence of response to the other. Psychometric g was associated
with lesions of the left inferior occipital gyrus and the right super-
ior and inferior parietal lobe, areas that are widely implicated in
visual-spatial processing (Zeki, 1993) and support the involvement
of cortical regions for sensory processing in general intelligence.
The analysis further revealed that the left anterior frontal pole was
related to executive function, consistent with accumulating evi-
dence to support the functional selectivity of anterior prefrontal
cortex regions in executive control (Fig. 4; Ramnani and Owen,
2004). The observed pattern of association with common and
potentially distinct brain regions provides key evidence for the
neural architecture of general intelligence and executive function,
identifying the shared neural circuitry that supports high-level cog-
nition while also identifying regions recruited by each domain,
which may not be involved in the other.

The importance of the fronto-parietal network in high-level cog-
nition is further supported by recent evidence to suggest that this
network represents a central feature in the evolution of the human
brain. Previous cytoarchitectonic and histological studies have
shown that the prefrontal cortex, particularly Brodmann area 10,
is greatly expanded in both absolute size and percentage of
whole-brain volume in humans relative to macaques and apes
(Semendeferi et al., 2001). Van Essen and Dierker (2007) applied
anatomical MRI to generate a map of estimated cortical expansion
between macaque and human, identifying the anterior lateral
prefrontal cortex and anterior inferior parietal lobule as regions
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of greatest cortical expansion in humans. Collectively, these stu-
dies indicate that the human fronto-parietal network may be
especially important in the evolution of the human brain and the
development of key competencies for general intelligence and
executive control.

From a clinical perspective, understanding general intelligence
and executive control deficits in patients with fronto-parietal
damage may greatly facilitate the design of appropriate assess-
ment tools and rehabilitation strategies, with potential improve-
ment in patients’ cognitive abilities and daily living. Our findings
identify specific tests of the WAIS and D-KEFS that may be tar-
geted in clinical investigations to assess the functioning of the
fronto-parietal network, particularly, Verbal Comprehension and
Working Memory subtests of the WAIS and Twenty Questions,
Trail Making, Verbal Fluency and Card Sorting subtests of the
D-KEFS. The observed findings elucidate brain structures that
are engaged by both general intelligence and executive function,
as well as identifying some regions involved in one that may not
be recruited by the other. These findings support predictions about
the nature and significance of cognitive impairments that may
result from damage to specific brain regions (Fig. 4).

It is important to emphasize in closing that the abilities mea-
sured by the WAIS and D-KEFS do not provide a comprehensive
assessment of all human cognitive abilities. There are other aspects
of human cognitive ability in addition to those capacities measured
by the WAIS and D-KEFS, which contribute to mental life, notably
those related to social and emotional functioning (Barbey et al.,
2009a; Krueger et al., 2009). Understanding the neural architec-
ture of general intelligence and executive function will ultimately
require a broader assessment that examines the functional organ-
ization of cognitive, social and affective systems and their inter-
active role in high-level processes. The reported findings contribute
to this emerging research programme by elucidating the role of
the fronto-parietal network in psychometric g and executive func-
tion, demonstrating that this system provides an integrative neural
architecture for key competencies of human intelligence.
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