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Abstract: Intelligence is composed of a set of cognitive abilities hierarchically organized. General and
specific abilities capture distinguishable, but related, facets of the intelligence construct. Here, we analyze
gray matter with three morphometric indices (volume, cortical surface area, and cortical thickness) at
three levels of the intelligence hierarchy (tests, first-order factors, and a higher-order general factor, g). A
group of one hundred and four healthy young adults completed a cognitive battery and underwent
high-resolution structural MRI. Latent scores were computed for the intelligence factors and tests were
also analyzed. The key finding reveals substantial variability in gray matter correlates at the test level,
which is substantially reduced for the first-order and the higher-order factors. This supports a reversed
hierarchy in the brain with respect to cognitive abilities at different psychometric levels: the greater the
generality, the smaller the number of relevant gray matter clusters accounting for individual differences
in intelligent performance. Hum Brain Mapp 35:3805–3818, 2014. VC 2014 Wiley Periodicals, Inc.

Key words: intelligence; Voxel-based Morphometry (VBM); surface-based morphometry; cortical
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INTRODUCTION

The intelligence construct comprises a large set of men-
tal abilities organized in a hierarchy [Carroll, 1993, 2003;
Deary, 2012; Neisser et al., 1996; Nisbett et al., 2012]. At
the top is the general factor (g) defined as reasoning and
planning, general problem solving, and efficient learning
[Gottfredson, 1997]. Next down in the hierarchy are factors
such as abstract-fluid (Gf), verbal-crystallized (Gc), and
visuospatial intelligence (Gv) [Johnson and Bouchard,
2005; McGrew, 2009]. These factors are the focus of interest
for cognitive neuroscientists, mainly because of their psy-
chometric and theoretical robustness, as well as their bal-
ance between generality and specificity [Colom et al., 2009,
2010; Colom and Thompson, 2011]. Individual tests of
mental abilities are at the bottom of the hierarchy.

Although brain imaging studies of intelligence identify
common areas related to intelligence assessed by different
methods, especially in parietal and frontal lobes, as
described by the P-FIT model [Jung and Haier, 2007], the
evidence also shows substantial variations across studies
[Colom, 2007]. This might be attributed to the use of intel-
ligence measures from different levels of the hierarchy.
Colom and Thompson [2011] concluded that psychomet-
rics and cognitive neuroscience must work in tandem to
find the most likely biological correlates of individual dif-
ferences in human intelligence. Following Jensen [998]
they underscored the distinction between constructs (the
general factor of intelligence, working memory capacity,
etc.), vehicles (intelligence tests, laboratory tasks, etc.), and
measurements (Raven’s Progressive Matrices, Wechsler
Intelligence Scales, etc.), noting that this distinction is fre-
quently neglected in neuroscience. Using single or omni-
bus intelligence measures can provide largely different
results. Therefore, what is needed is a clear specification of
the intelligence construct relying on the framework pro-
vided by the intelligence hierarchy discovered by the psy-
chometric approach [Barbey et al., 2012; Colom et al., 2009;
Gl€ascher et al., 2010; Haier et al., 2009; Karama et al.,
2011]. Here we adopt this approach considering three lev-
els of this hierarchy for obtaining distinguishable but
related scores.

In this regard, Voxel-based Morphometry (VBM) and
Surface-based Morphometry (SBM) allow the quantification
of different structural brain indices. Both approaches
explore variations in macroscopic cortex anatomy using
high resolution MRI T1-weighted data and these have been
used to study intelligence. VBM can identify differences in
the local composition of brain tissue (gray matter volume
(GMV)) across subjects [Ashburner and Friston, 2000;
Mechelli et al., 2005] whereas SBM methods create surfaces
representing structural boundaries (white matter–gray mat-
ter; gray matter–cerebrospinal fluid) by diverse meshing
algorithms [Fischl and Dale, 2000; Kim et al., 2005; Thomp-
son et al., 2004], allowing the computation of several local
gray matter measures, such as cortical thickness (CTh) and
cortical surface area (CSA).

Here we apply VBM and SBM to study the relationship
between brain variations and intelligence performance dif-
ferences. Specifically, GMV, CSA, and CTh are considered
because (a) individual differences in CSA are related with
the number of columns, (b) individual differences in CTh
depend on the number of cells within a given column, and
(c) cortical GMV combines CSA and CTh [Chklovskii
et al., 2004; la Fougere et al., 2011; Rakic, 1988; Thompson
et al., 2007; see Fig. 1].

GMV is highly correlated with CSA, whereas the corre-
lation between GMV and CTh is substantially lower
[Colom et al., 2013a]. Further, it has been suggested that
CSA may be a better index than CTh for capturing the bal-
ance between local specialization and global integration in
the brain [Sanabria-Diaz et al., 2010]. Therefore, we expect
more findings for GMV and CSA than for CTh when con-
sidering their relationships with individual differences in
intelligence. These three structural brain indices will be
systematically related with several intelligence tests, three
first-order factors (fluid, crystallized, and spatial intelli-
gence), and a higher-order factor (general intelligence, g).
As noted by Colom and Thompson [2011] (a) performance
differences on intelligence tests rely on g, groups of abil-
ities, and specific cognitive skills, (b) psychometric esti-
mates of performance at the level of first-order factors
capture common variance shared by their respective tests,
and (c) individual differences in g capture common var-
iance shared by all the considered first-order factors.
Therefore, it is important to keep in mind that the higher
the level in the intelligence hierarchy, the lesser the
amount of variance related with specificities at the mea-
surement level (tests).

Following the latter psychometric fact, we postulate
three predictions, one for each level of the intelligence
hierarchy. First, given that the general factor of intelligence
(g) captures the purest estimate of the intelligence con-
struct (variance shared by all the intelligence tests and all
the first-order factors removing their specificity), we expect
mainly frontal and parietal brain regions to be correlated
with psychometric scores for g [Jung and Haier, 2007].
Second, because first-order factors representing abstract-
fluid (Gf), verbal-crystallized (Gc), and visuospatial (Gv)
intelligence capture variance common to their respective
measures (again removing their specificity), brain regions
correlating with Gf, Gc, and Gv scores should be circum-
scribed to their respective common processing require-
ments. Thirdly, given that intelligence tests require a
complex combination of g, their respective cognitive
domain, and cognitive skills specifically required by each
test, more widespread brain correlates are expected.

In addition to these three hypotheses, we will check and
compute potential commonalities across the intelligence
hierarchy. Taking into account the distinction among con-
structs, vehicles, and measurements, Jensen [1998] noted
that not all tests estimate the intelligence construct with
the same quality. Therefore, we expect distinguishable
overlaps in the brain between specific tests and their
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respective constructs based on their g loadings quantified
from a psychometric perspective: the larger the test’s g
loading, the greater would be the overlap in the brain
with both its corresponding first-order factor and the
higher-order factor (g).

METHOD

Participants

Four hundred five university undergraduates completed
a battery of nine intelligence tests and 120 of these stu-
dents, representative of the range of obtained tests’ scores,
were invited for MRI scanning. One hundred four agreed
to participate in the study (59 females and 45 males, mean
age 5 19.9, SD 5 1.6, age range 5 18–27; 93.3% right-
handed). They completed a questionnaire asking for medi-
cal, neurological, psychiatric illness, or conditions that
might preclude MRI scanning. The local ethical committee

approved the study and all procedures observed the Dec-
laration of Helsinki. Informed consent was obtained from
all participants and they received a payment of 20e for
their participation1.

Intelligence Measures

Intelligence was measured by tests tapping abstract-
fluid (Gf), verbal-crystallized (Gc), and spatial intelli-
gence (Gv) [Horn, 1985]. The administered tests were the
Raven Advance Progressive Matrices [RAPM; Raven,
1962] (screening version, even numbered items), three
subtests from the Primary Mental Abilities Battery
[PMA; Thurstone and Thurstone, 1968], namely, induc-
tive reasoning (R), vocabulary (V), and mental rotation
(S), four subtests from the Differential Aptitude Test Bat-
tery (DAT-5; Bennett et al., 1990], specifically screening
versions (even numbered items) for the abstract reason-
ing (AR), verbal reasoning (VR), spatial relations (SR),
and numerical reasoning (NR) subtests, and, finally, the
“Rotation of solid figures” test [Yela, 1969]. A detailed
description of these tests can be found in Supporting
Information Appendix 1.

Figure 1.

Steps for estimating (a) Cortical GMV using VBM and (b) CSA and CTh using SBM. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1We have previously reported other results using this sample [Bru-
ner et al, 2010, 2011, 2012; Burgaleta et al., 2012, in press; Colom et al.,
2009, 2013a,b; Mart�ın-Loeches et al., 2013].
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Factor Analysis

A confirmatory factor analysis (CFA) was computed
using AMOS 16.0.1 [Arbuckle, 2007] for testing the likeli-
hood of the postulated measurement model: three primary
factors (Gf, Gc, and Gv) defined by their three intelligence
tests, and a higher-order factor representing general intelli-
gence (g). Maximum-Likelihood (ML) was employed as
method of estimation. The factor scores for the primary fac-
tors and for g were obtained from the AMOS program.
Model fit was checked with the following indexes: CMIN/
DF, RMSEA, CFI, and SRMR. Factor scores, along with the
intelligence tests’ scores, were submitted to imaging analy-
ses. The g loading of each test was estimated using
Schmid–Leiman transformation [Schmid and Leiman, 1957].

MRI Data Collection

MRIs were obtained with a 3 T scanner (GEHC Wauke-
sha, WI, 3 T Excite HDX) 8-channels coil. 3D: FSPGR with
IR preparation pulse (repetition time (TR) 5.7 ms, echo
time (TE) 2.4 ms inversion time (TI) 750 ms, flip angle 12).
Sagital acquisition 0.8 mm thickness, full brain coverage
(220 slices), matrix 266 3 266, Field of View (FOV) 24 (iso-
tropic voxels 0.7 cm3).

VBM Analyses

OptimizedVBM was applied for identifying brain areas
where regional GMVs were correlated with intelligence scores.
We used Statistical Parametric Mapping software (SPM8;
Wellcome Department of Imaging Neuroscience, University
College London, 2009) for pre-processing and statistical analy-
ses. Pre-processing involved image intensity bias correction,
segmentation, and normalization. Structural data were
divided into different tissue classes using the automated uni-
fied segmentation approach provided by the software [Ash-
burner and Friston, 2005]. The modulated gray matter
partitions were then smoothed with a 12-mm full width half
maximum (FWHM) isotropic Gaussian kernel to account for
slight misalignments of homologous anatomical structures
and to ensure statistical validity under parametric assump-
tions [Burgaleta et al., 2012; Colom et al., 2009]. Each individ-
ual scan was finally fitted to a standardized SPM template
specifically created for 3 T MRI scans (tissue probability map
provided by the International Consortium for Brain Mapping,
T1452 Atlas, John C. Mazziotta and Arthur W. Toga, http://
www.loni.ucla.edu/Atlases/Atlas_Detail.jsp?atlas_id56).

The basic design matrix for the statistical analyses was
one sample t test controlling for sex, age, and handedness.

Surface-Based Morphometry Analyses

MRIs were processed by the CIVET pipeline (version 1.1.9)
developed at the MNI for fully automated structural image
analysis [Ad-Dab’bagh et al., 2006; Kim et al., 2005; MacDon-

ald et al., 2000]. CIVET implements a surface-based technique
for estimating CTh and CSA. As noted above, CSA is mainly
related to the number and spacing of mini-columnar units of
cells in the cerebral cortex, whereas CTh is influenced by the
number of neurons per column, or neuron density, as well as
glial support and dendritic connections [Chance et al., 2008;
Lyttelton et al., 2009]. Specific stages for the analyses involve
(1) registration to MNI-Talairach space, (2) generation of
high-resolution hemispheric surfaces with 40,962 vertices
each, (3) registration of surfaces to a high-resolution tem-
plate, (4) application of a reverse of step “a” allowing surface
or thickness estimations in native space for each subject,
and (5) smoothing using a 20-mm kernel for CTh and 40-mm
for CSA. See Karama et al. [2009] for further details.
Statistical analyses were computed using SurfStat (http://
www.math.mcgill.ca/keith/surfstat/) created for MATLAB
7 (The Math-Works, Inc.). Statistical design was based on a t
test controlling for sex, age, and handedness.

Analysis With Structural Data

First, VBM and SBM analyses were made. Second, small
volume correction (SVC) was used for test whether these
results survived correction for multiple comparisons, using
P-FIT regions as center of the SVC [Colom et al., 2013a].
Third, using results that survived to SVCs, the index of
qualitative variation (IQV) was calculated for measuring
the distribution of results in the brain for each structural
image [Leon-Guerrero and Frankfort-Nachmias, 2000].
Finally, Dice coefficients (DCs) were computed for each
pair of images for quantifying their degree of similarity
across the intelligence hierarchy [Barbey et al., 2013].

RESULTS

Intelligence Factors

Table I shows the correlations among psychometric
scores along with the descriptive statistics and reliability
indices (Cronbach’s a).

The CFA showed a very good fit: CMIN/DF 5 0.97 (val-
ues around 2.0 denote good fit), RMSEA 5 0.00 [� 0.06 is
considered a good fit; Hu and Bentler, 1999], CFI 5 1.00 (�
0.90 is considered a good fit), and SRMR 5 0.052 [� 0.08 is
considered a good fit; Hu and Bentler, 1999]. Figure 2
depicts the structural weights for the model and the g
loadings for each test.

Brain Structural Indices

Table II shows the relationship among the brain struc-
tural indices: cortical GMV, CSA, and CTh.

GMV and CSA showed the highest correlation (r 5 0.89;
P< 0.001) whereas the correlation between GMV and CTh
was 0.59 (P< 0.001). Finally, the correlation between CSA
and CTh was 0.39 (P< 0.001). All these indices were
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normally distributed (Z Kolmogorov–Smirnov) with P val-
ues of 0.719 (GMV), 0.982 (CSA), and 0.989 (CTh).

Brain Structural Results for the Intelligence

Hierarchy

Supporting Information Appendices 2–4 show the
results for GMV, CSA, and CTh respectively for (a) the
specific intelligence measures (lowest level of the intelli-
gence hierarchy), (b) first-order factors (Gf, Gc, and Gv),
and (c) the higher-order factor (g). GMV, CSA, and CTh
coordinates for each level of the hierarchy can be found in
Supporting Information Appendix 5.

(a) Intelligence measures

Abstract-Fluid intelligence subtests. For abstract reason-
ing (DAT-AR), GMV showed significant findings in the
right temporal lobe (uncus) and the hippocampus. No sig-
nificant results were found for CSA and CTh. For inductive
reasoning (PMA-R), the insula and the right middle frontal
gyrus showed GMV correlates. Also, the superior frontal
gyrus was significant for CTh. No results were found for
CSA. Finally, GMV results for the RAPM were significant
for the middle frontal gyrus (bilateral), the caudate, and
the precuneus (right parietal). For CSA, all significant
results were located in the frontal lobe: superior and infe-
rior frontal gyrus (bilateral). CTh correlated with the
RAPM in the left parietal (precuneus and postcentral
gyrus) and the right occipital area (middle occipital gyrus).

TABLE I. Descriptive statistics and correlation matrix for the intelligence measures

1 2 3 4 5 6 7 8 9 10 11 12 13

1. RAPM (Gf) 0.398b 0.467b 0.146 0.198a 0.284b 0.236a 0.079 0.223a 0.717b 0.509b 0.393b 0.597b

2. PMA-R (Gf) 0.371b 0.237a 0.286b 0.316b 0.130 0.108 0.275b 0.648b 0.538b 0.353b 0.568b

3. DAT-AR (Gf) 0.208a 0.310b 0.345b 0.346b 0.193a 0.371b 0.824b 0.614b 0.550b 0.733b

4. PMA-V (Gc) 0.296b 0.311b 0.201a 0.217a 20.010 0.348b 0.560b 0.249a 0.427b

5. DAT-VR (Gc) 0.343b 0.114 0.081 0.241a 0.466b 0.649b 0.270b 0.511b

6. DAT-NR (Gc) 0.200a 0.113 0.193 0.550b 0.792b 0.337b 0.619b

7. Solid Figures (Gv) 0.415b 0.408b 0.453b 0.358b 0.833b 0.606b

8. PMA-S (Gv) 0.322b 0.293b 0.252a 0.643b 0.438b

9. DAT-SR (Gv) 0.474b 0.333b 0.725b 0.565b

10. Fluid intelligence (Gf) 0.863b 0.721b 0.953b

11. Crystallized intelligence (Gc) 0.590b 0.905b

12. Spatial Intelligence (Gv) 0.853b

13. g factor
Mean 11.84 11.97 14.43 32.69 13.64 11.95 9.00 27.53 15.95
SD 2.36 4,49 3.52 6.57 3.00 3.23 3.89 9.67 4.79
A 0.841 0.87 0.931 0.79 0.881 0.901 0.74 0.73 0.911

aP < 0.05
bP < 0.01.
Tests: Raven Advanced Progressive Matrices test (RAPM), abstract reasoning (DAT-AR), verbal reasoning (DAT-VR), spatial relations
(DAT-SR) and numerical reasoning (DAT-NR) subtests from the Differential Aptitude test (DAT-5) Battery. Rotation of Solid Figures (Solid
Figures) and from the Primary Mental Abilities Battery (PMA) the subtest: inductive reasoning (PMA-R), vocabulary subtest (PMA-V) and
spatial subtest (PMA-S). First-order factors: fluid intelligence (Gf), verbal-crystallized intelligence (Gc) and spatial intelligence (Gv) and
higher-order factor or general intelligence (g). (1) Reliability was corrected by Spearman-Brown formula for tests in screening version.

Figure 2.

Confirmatory model for the considered intelligence measures

(RAPM 5 Raven Advanced Progressive Matrices Test, PMA-

R 5 inductive reasoning subtests, DAT-AR 5 abstract reasoning

subtest, PMA-V 5 vocabulary subtests, DAT-VR 5 verbal reasoning

subtest, DAT-NR 5 numerical reasoning subtest test, PMA-

S 5 mental rotation subtest, DAT-SR 5 spatial relations subtest

and Solid Figures 5 Rotation of Solid Figures), the three primary

factors (Gf 5 fluid intelligence, Gc 5 verbal-crystallized intelligence

and Gv 5 spatial intelligence), and the higher-order factor (g).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Crystallized intelligence subtests. For vocabulary (PMA-
V), only GMV results were significant and they were
located in the middle and inferior frontal gyrus. For verbal
reasoning (DAT-VR) GMV showed significant results in
the right putamen and CTh showed correlations in the left
post central gyrus. For numerical reasoning (DAT-NR),
GMV results were found (1) in the middle frontal gyrus
and paracentral, (2) the precuneus, postcentral gyrus, and
inferior parietal lobe, (3) superior, middle, and inferior
temporal lobe, (4) cuneus and superior occipital gyrus,
and (5) posterior cingulate gyrus. For CSA, significant
results were found in the left frontal, right parietal, and
left temporal lobes. Finally, for CTh all results were found
in left lobes (frontal and temporal).

Visuospatial intelligence subtests. For the rotation of
solid figures test, GMV results were located in the middle
frontal gyrus, CSA results were found in the right and left
frontal lobes, and for CTh results were detected in the cin-
gulate gyrus. For mental rotation (PMA-S), GMV results
were found in the frontal lobe (subcallosal gyrus), the cau-
date nucleus, and the cerebellum. Finally, for the spatial
relations tests (DAT-SR), GMV results were significant in
the superior frontal gyrus, the fusiform and the middle
temporal gyrus, the insula, and the cingulate gyrus. No
results were found for PMA-S and DAT-SR with respect to
CTh and CSA.

In summary, GMV results were observed for all this set
of measures without any exception. However, SBM results
(CSA and CTh) were observed mainly for just one test
within constructs (RAPM for Gf, DAT-NR for Gc, and Rota-
tion of Solid Figures for Gv). No results were observed for
CSA in six tests and this was so in four tests using CTh.

(b) First-order factors (Gf, Gc, and Gv)

Supporting Information Appendices 2–4 depict results
for the three first-order factors. GMV results were signifi-
cant in the right frontal lobe for Gf, Gc, and Gv. For Gv,

the fusiform gyrus, the superior temporal gyrus, and the
caudate nucleus also revealed significant GMV results.
CSA findings were significant for Gf, Gc, and Gv at the
frontal lobe. Finally, Gf showed significant correlations
with CTh at the left parietal and right frontal lobes, Gc in
the parietal lobe, and Gv in the temporal lobe.

Therefore, the frontal lobe was relevant for the three fac-
tors regarding GMV and CSA, whereas for CTh results for
these three factors were more diverse (frontal and parietal
for Gf, parietal for Gc, and temporal for Gv). Furthermore,
observed clusters were substantially circumscribed, con-
trary to what was found for the specific intelligence tests,
as described above.

(c) Higher-order factor (g)

For the g factor results showed significant findings in the
frontal lobe for CSA and GMV results. Specifically, the mid-
dle frontal gyrus and the precentral gyrus revealed signifi-
cant GMV results. For CSA significant findings were
detected bilaterally in the frontal lobe (dorsolateral prefrontal
cortex). Finally, CTh showed significant results for the right
parahippocampal gyrus, right occipital, and left parietal lobe.
Again, observed clusters were greatly circumscribed.

Multiple Comparisons (SVCs)

We checked whether these results survive correction for
multiple comparisons. As discussed by Salgado-Pineda et al.
[2003] corrections over the whole brain are very strict when
they are applied to structural data. This analysis was done
using SVC (FWE, P< 0.05) and the center of the spherical
regions of interest for these corrections was selected inde-
pendently from the data. We used the closest brodmann
area (BA) of significant results included within the frame-
work provided by the P-FIT model [Jung and Haier, 2007]
employing a radius of 20 mm. This is a stringent threshold
because studies using this approach apply a radius of 15
mm [Bruno et al., 2004; Whitwell et al., 2007]; some studies
even fail to report this crucial information [Kanai et al. 2010;

TABLE II. Descriptive statistics and correlation matrix for the structural measures

Total GMV (mm3) Total CSA (mm2) Total CTh (mm)

Total GMV (mm3) 1 0.888a 0.587a

Total CSA (mm2) 1 0.387a

Total CTh (mm) 1
M 721,903.8 179,810.3 265,206.8
SD 67,276.78 12,569.23 7438.16
Min 560,000 15,2734 247,247
Max 915,000 210,579 281,594
Skewness 0.292 0.226 20.143
Kurtosis 20.138 20.264 20.373
Z Kolmogorov–Smirnov
P value 0.695 (0.719) 0.464 (0.982) 0.443 (0.989)

aP < 0.01.
GMV, gray matter volume, CSA, cortical surface area, CTh, cortical thickness.
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Tricomi et al., 2010]. When the significant BA was in a rele-
vant region for the P-FIT model, the center for SVC was not
located at the same center as that of the significant results
[Colom et al., 2013a]. Specific regions surviving to SVC, and
BA where the center of SVC was located can be found in
Supporting Information Appendix 3.

For GMV most results survived, but some failed to pass
at the test and first-order levels. Specifically, for numerical
reasoning (DAT-NR) some findings in occipital and tem-
poral lobes failed to pass the correction. Results for spatial
relations (DAT-SR) did not survive in the right frontal,
temporal, and insula. For Gv, results for the left temporal
did not survive. Note that we omitted SVCs for regions
irrelevant to the P-FIT model (e.g., caudate nucleus, uncus,
hippocampus, etc).

For CSA, all results survived, whereas this was not the
case for CTh. Results failing to pass the test for this latter
brain index were distributed across all levels of the intelli-
gence hierarchy. Specifically (a) parietal and occipital
results did not survive for g, (b) for Gf and Gc the postcen-
tral gyrus did not pass, (c) for Gv, the inferior temporal
gyrus did not survive, (d) nothing did survive for numeri-
cal reasoning (DAT-NR) and the postcentral gyrus failed
to pass for the RAPM.

Index of Qualitative Variation

We calculated the percentage of significant results
located in frontal, parietal, temporal, occipital lobes, cere-
bellum, and other anatomical structures (limbic lobe, sub-
cortical structures, etc.) for the observed results but
considering those surviving to SVCs only. Next, we used
these regions as different categories where significant
results were found (the cerebellum was not considered a
category for CSA and CTh indices because CIVET
excludes this brain structure). Afterwards, we computed
the index of IQV [Leon-Guerrero and Frankfort-Nachmias,
2000] using the percentage of significant results distributed
across categories: frontal, parietal, temporal, occipital, cere-
bellum (not for CSA and CTh indices) and other anatomi-
cal structures. IQV values range from 0 (all significant
results in one category, e.g. frontal lobe) to 1 (significant
results are distributed across all categories—same percent-
age of significant results in frontal, temporal, parietal, occi-
pital, cerebellum, and others anatomical structures).

These calculations revealed that the general factor of
intelligence (g) always showed results in one category,
specifically in the frontal lobe for CSA and GMV indices,
and in the limbic lobe for CTh. For the first-order factors,
results were more distributed. For example, the IQV for
Gv in GMV was 0.45 (frontal, temporal, and other anatom-
ical structures), for Gf in CTh the IQV was of 0.55 (frontal
and parietal). Finally, for specific tests the results were dis-
tributed for GMV, although for some tests the results were
located in one region (DAT-AR, DAT-VR, PMA-V, and
Solid Figures). In CSA the significant results were only

found for DAT-NR (IQV 5 0.61), RAPM (IQV 5 0.00), and
Solid Figures (IQV 5 0.00). For CTh index the results were
similar, only for the RAPM the IQV was different from
0.00.

In the final stage, we calculated the mean for the IQVs
at each level of the intelligence hierarchy using all indices.
The results support a reversed hierarchy: (a) for the g fac-
tor, the IQV value was 0.00, (b) for the first-order factors it
was 0.14, and (c) for the specific tests the value was 0.30.
Therefore, IQVs decrease �15% as we move upwards in
the intelligence hierarchy (Table III). A visual representa-
tion is depicted in Figure 3.

Note that the location of significant clusters was distrib-
uted across lobes at the test level. For the first-order fac-
tors the majority of results were found in the frontal lobe,
although Gv had significant clusters in the temporal lobe
and the caudate. Finally, significant results were found in
frontal lobe only for the general factor of intelligence (g).

Overlaps Across the Intelligence Hierarchy

Using xjview 8.11 (http://www.alivelearn.net/xjview8/
download/) we overlapped the Statistical Parametric Maps

TABLE III. Index of qualitative variation (IQV) for each

index

GMV CSA CTh Mean

g 0.00 0.00 0.00 0.00
Mean g factor 0.00

Gf 0.00 0.00 0.55 0.18
Gc 0.00 0.00 — 0.00
Gv 0.45 0.00 — 0.23

Mean First-order factors 0.14

RAPM 0.68 0.00 0.62 0.43
PMA-R 0.60 — 0.00 0.30
DAT-AR 0.00 — — 0.00
PMA-V 0.00 — — 0.00
DAT-VR 0.00 — 0.00 0.00
DAT-NR 0.75 0.61 — 0.68
Solid Fig 0.00 0.00 0.00 0.00
DAT-SR 0.62 — — 0.62
PMA-S 0.63 — — 0.63

Mean test level 0.30

GMV 5 gray matter volume; CSA 5 cortical surface area;
CTh 5 cortical thickness.
IQV vary from 0 (all significant results in one category) to 1 (sig-
nificant results are evenly divided across all categories). Tests:
Raven Advanced Progressive Matrices test (RAPM), abstract rea-
soning (DAT-AR), verbal reasoning (DAT-VR), spatial relations
(DAT-SR) and numerical reasoning (DAT-NR) subtests from the
Differential Aptitude test (DAT-5) Battery. Rotation of Solid Fig-
ures (Solid Figures) and from the Primary Mental Abilities Battery
(PMA) the subtest: inductive reasoning (PMA-R), vocabulary subt-
est (PMA-V) and spatial subtest (PMA-S). Primary factors: fluid
intelligence (Gf), verbal-crystallized intelligence (Gc) and spatial
intelligence (Gv) and higher-order factor or general intelligence
(g). (—) No significant results.
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(GMV) for each test, the first-order factors, and the g factor.
The same method was applied for CSA and CTh using
SurfStat (http://www.math.mcgill.ca/keith/surfstat/).

Afterwards, DCs were computed for each pair of images
for obtaining a quantification of their degree of similarity
[Barbey et al., 2013; Bennett and Miller, 2010; Rombouts
et al., 1997]. The DC is an index of cluster overlap. It can
be interpreted as the number of voxels that will overlap
between two measures divided by the sum of voxels for
each measure. Values range from 0 (no similarity) to 1
(perfect similarity). DCs between g and each test are
shown in Figure 4a.

For checking whether the g loadings of the intelligence
tests are related with their degree of overlap with the g
factor, the Pearson correlation between g loadings and
DCs was computed (Fig. 4b). This correlation was not sig-
nificant for all brain indices (r 5 0.331, P 5 0.385 with
GMV, r 5 0.020, P 5 0.959 with CSA, r 5 0.160, P 5 0.681
with CTh, and r 5 0.242, P 5 .531 with mean of all DCs).
The scatterplot shows that the RAPM deviates from the
general trend. When this test is removed, the correlation
value decreases for all indices (r 5 0.213, P 5 0.612 with

GMV, r 5 20.121, P 5 0.775 with CSA, r 5 20.041,
P 5 0.924 with CTh and r 5 0.043, P 5 0.919 with mean
of all DCs). Also, the mean of all DCs between g and
the first-order factors was of 0.76 (Gf), 0.54 (Gc), and
0.41 (Gv).

Moreover, the overlaps across all levels of the intelli-
gence hierarchy were analyzed. Three noticeable overlaps
were found: (1) RAPM, Gf, and g, (2) numerical reasoning
(DAT-NR), Gc, and g, and (3) rotation of solid figures, Gv,
and g. The GMV overlap among rotation of solid figures,
Gv, and g was found in right BA 10. The same coordinates
were shared for the overlap among numerical reasoning
(DAT-NR), Gc, and g. Finally, for the RAPM, Gf, and g the
overlap was obtained in right BA 8. For CSA, the same
tests overlapped with their first order factor and the g fac-
tor in bilateral BA 46. For CTh, the overlap was only
found for the RAPM, Gf and g in left BA 5. The corre-
sponding DCs are show in Table IV.

Note that most regions of overlap across all levels of the
intelligence hierarchy survived to SVC (Supporting Infor-
mation Appendix 5). However, the cluster found for the
rotation of solid figures test in BA 10 was only marginally

Figure 3.

Visual representation of the reversed hierarchy using GMV results at P< 0.001. The test level

summarizes findings for the complete set by construct (Gf, Gc, and Gv). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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significant (P 5 0.06). Also, the CTh cluster at BA 5 shared
by the RAPM, Gf, and g was not significant after SVC.

Finally, as suggested by one anonymous reviewer, the
analyses for the different levels of the intelligence hierar-
chy were computed controlling for measures within the
same level (e.g., for Gf the model was: 1 1 Sex 1

Age 1 Handedness 1 Gf 1 Gc 1 Gv; the same was done for
the tests tapping the same construct). Results for GMV
(P 5 0.001) are depicted in Supporting Information Appen-
dix 6. The obtained results were remarkably similar to
those reported above. All lobes are involved at the test
level, whereas results are much more circumscribed for
upper levels of the intelligence hierarchy. Therefore, these
results reinforce the main conclusion.

DISCUSSION

We have reported brain correlates of scores estimated
for different levels of the intelligence hierarchy using
GMV, CSA, and CTh. The sample size is large according
to standards of MRI research, but we acknowledge that
our sample size might be underpowered to detect effect
sizes lower than r 5 0.25. As noted above, each index is
associated with different neuronal aspects [Chklovskii

Figure 4.

(a) g Loadings of each test (RAPM 5 Raven Advanced Progres-

sive Matrices Test, PMA-R 5 inductive reasoning subtests, DAT-

AR 5 abstract reasoning subtest, PMA-V 5 vocabulary subtests,

DAT-VR 5 verbal reasoning subtest, DAT-NR 5 numerical rea-

soning subtest test, PMA-S 5 mental rotation subtest, DAT-

SR 5 spatial relations subtest and Solid Figures 5 Rotation of

Solid Figures) and DCs for each brain index (GMV 5 gray matter

volume, CSA 5 cortical surface area and CTh 5 cortical thick-

ness). (b) Scatterplot between mean of all Dice coefficients and

g loadings. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

TABLE IV. Dice coefficient for all overlaps between tree

levels of intelligence hierarchy [Color table can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Dice coefficient

Gf RAPM
g (0.78, 0.83, 0.68) (0.65, 0.36, 0.46)

Gf (0.56, 0.45, 0.36)

Gc DAT-NR
g (0.75, 0.46, 0.41) (0.44, 0.08, 0.00)

Gc (0.40, 0.69, 0.00)

Gv Solid Figures
g (0.77, 0.48, 0.00) (0.26, 0.55, 0.00)

Gv (0.13, 0.70, 0.00)

In black is represented Dice coefficient for voxel-based morpho-
metric (VBM), in red for cortical surface area (CSA) and in blue
for cortical thickness (CT). Values range from 0 (i.e., no similarity)
to 1 (i.e., perfect similarity).
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et al., 2004; la Fougere et al., 2011; Rakic, 1988; Thompson
et al., 2007]. We have seen that CSA reveals more findings
than CTh, which is consistent with the claim that CSA
may be a better index than CTh for capturing the balance
between local specialization and global integration in the
brain [Sanabria-Diaz et al., 2010]. Furthermore, CSA usu-
ally displays more variability than CTh [Winkler et al.,
2010], which may impact statistical sensitivity. A further
consideration is that CSA appears to be slightly more
genetically determined than CTh [Panizzon et al., 2009], a
pattern that fits well with the fact that neurogenesis and
neuronal migration—two processes that affect CSA—are
complete by the term of the gestation process [Hill et al.,
2010]. Given that intelligence is known to be heritable to a
certain extent [see, for instance, Nisbett et al., 2012], the
association between psychometric measures and CSA
might reflect those neural substrates of intelligence that
are less sensitive to experience. Nevertheless, there are still
other experience-related factors that can account for CSA,
such as the size and complexity of the dendritic arbors
[Hill et al., 2010; Meyer, 1987; Mountcastle, 1997]. More-
over, Panizzon et al. [2009] suggest that variations in CTh
could be due to differences in myelination of gray matter
or the underlying white matter, rather than the number of
mini-columnar cells; and Feczko et al. [2009] proposed that
CSA might be sensitive to the size of intracortical elements
or to the volume of white matter adjacent to a given gyrus
or sulcus. Therefore, this interpretation must be taken with
caution.

The key finding of our study is a reversed hierarchy in
the brain for general and specific cognitive abilities. This
was supported by the fact that the level of dispersion of
relevant areas across the brain decreases at the rate of
�15% as we move upwards in the intelligence hierarchy
(see Table III). This is consistent with the psychometric
fact that factors capturing variance common to both spe-
cific measures and group factors partial out the specificity
present at the measurement level.

We made three predictions about the distribution of
results at each level of the intelligence hierarchy using the
P-FIT model as the main framework [Jung and Haier,
2007]. The first prediction was that only parieto-frontal
regions would be correlated with latent scores estimating
the general factor of intelligence (g) because it represents
the common variance of the complete set of measures and
first-order factors removing their specificities. The
observed results were generally consistent with this pre-
diction regarding GMV and CSA, since only frontal
regions were significant. However, results for the parietal
lobe were not observed. We can suggest two likely explan-
ations for this latter result: (a) the parietal lobe is more
implicated in functional than in structural studies [Barbey
et al., 2012; Colom et al., 2009, 2013a; Gl€ascher et al., 2010;
Karama et al., 2011] and/or (b) the parietal lobe is more
dependent than the frontal lobe on the considered intelli-
gence estimate. In the present study, we employed the
Raven Advanced Progressive Matrices (RAPM) as one of

the measures of fluid intelligence, observing significant
results in frontal and parietal clusters (Supporting Infor-
mation Appendix 5). The Raven test has been adminis-
tered in several studies [Gray et al., 2003; Haier et al.,
1988, 1992, 2003; Larson et al., 1995; Lee et al., 2006; Neu-
bauer et al., 1999; O’Boyle et al., 2005] but the RAPM is
not g. The results observed here were more consistent
with the Duncan’s adaptive coding model [Duncan, 2001]
than with the P-FIT model [Jung and Haier, 2007] since
results for the g factor were mainly focused on the frontal
lobe. Our results for the g factor resemble those reported
by Gl€ascher et al. [2010] in their large-scale lesion study,
who supported the substantial relevance of a very specific
cluster located in the frontal BA 10 for g. Finally, the cur-
rent results support the neuro-g hypothesis when the g
factor is estimated following the recommendations pro-
posed by Haier et al. [2009]. Nevertheless, further research
is strongly required to dilucidate this issue.

The second prediction stated that abstract-fluid (Gf),
verbal-crystallized (Gc), and visuospatial intelligence (Gv)
correlates would be circumscribed to their respective com-
mon processing requirements. This prediction was partly
supported. Significant GMV correlates for Gf were shared
with two tests of fluid intelligence (RAPM and PMA-R) in
the middle frontal gyrus. CSA results were significant
bilaterally in the dorsolateral prefrontal cortex for Gf and
the RAPM. CTh findings were significant in the same
region for Gf, inductive reasoning (PMA-R) and the
RAPM. However, CTh results for Gf did not survive cor-
rection for multiple comparisons. Therefore, only Gf
showed significant regions overlapping one of its corre-
sponding tests, although the highest similarity was found
between the RAPM and Gf. These results are consistent
with Gong et al. [2005] who found that individual differ-
ences in the Cattell’s Culture Fair Test (measuring Gf) are
correlated with GMV in the frontal lobe only. Also, per-
formance in reasoning tasks (highly related with Gf) is
greatly affected by damage in the frontal lobes [Demakis,
2003; Duncan et al., 1995, 1996; Gray and Thompson,
2004]. The meta-analytic review published by Demakis
[2003] shows that the performance in the Wisconsin Card
Sorting Test (WCST) is substantially worse for patients
with frontal damage. Using fMRI, Goel and Dolan [2003]
found that the frontal lobe is greatly involved in reasoning
process, whereas Choi et al. [2008] found that parietal
regions are also relevant for fluid intelligence. These find-
ings are consistent with the presumption that the parietal
lobe might be more relevant for functional than for struc-
tural analyses, as noted above.

Regarding Gc, all the significant GMV correlations were
located in the middle frontal gyrus and they were shared
with numerical reasoning (DAT-NR) and vocabulary
(PMA-V). For CSA a significant region was detected bilat-
erally in the dorsolateral prefrontal cortex, although DAT-
NR only had a significant result in the left dorsolateral
prefrontal cortex. CTh findings were significant in the left
parietal for the verbal reasoning test (DAT-VR), but this
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result did not survive to SVC. There are some reports
studying the structural correlates of crystallized abilities
that underline the relevance of the frontal lobe. Thus, for
instance, Colom et al. [2006] found that crystallized test
from the WAIS correlate mainly with the frontal lobe
(Arithmetic 5 100%, Similarities 5 98.10%, Vocabulary 5

51.2%, and Information 5 28.8%). Similar results were
reported by Pfleiderer et al. [2004], studying females.
Geake and Hasen [2010] found frontal activation for anal-
ogy tasks with a crystallized content. However, some stud-
ies fail to find results in the frontal lobe for Verbal IQ
[Choi et al., 2008; Gong et al., 2005]. Lesion studies have
shown that patients with anterior temporal damages per-
form poorly on tests of semantic knowledge [Waltz et al.,
1999]. These discrepancies might be attributed to different
procedures for estimating the psychological scores of inter-
est. Note, for instance, that we have obtained significant
results in the temporal lobe for Numerical Reasoning
(DAT-NR; see Supporting Information Appendix 5).

Finally, results shared by Gv and their corresponding
tests were located in the fusiform gyrus, the temporal
gyrus, and the caudate for GMV, and bilaterally in the dor-
solateral prefrontal cortex for CSA. The result found for
CTh (right temporal) was not detected for any spatial test.
The results for visuospatial intelligence were more distrib-
uted across the brain than for Gf and Gc. Studying patients,
Bor et al. [2000] found that frontal lesions impair spatial
performance, but there are several reports also implying
the basal ganglia and the temporal lobe [Moffat et al., 2007;
Olson et al., 2006; Williams-Gray et al., 2007] which is con-
sistent with the results reported here. Moffat et al. [2007]
showed that the volume of the caudate nucleus correlates
with performance in a spatial navigation task and it has
been noted that the basal ganglia is connected with the
dorsolateral prefrontal cortex [Burgaleta et al., in press].
Olson et al. [2006] showed that lesions in the temporal lobe
impair performance on visual working memory tasks.

Taken together, the results observed for Gf, Gc, Gv and
their corresponding specific measurements support the
view that the first-order factors were circumscribed mainly
to one of their marker tests. Also, the reported main find-
ings for these first-order factors and specific intelligence
measurements are generally consistent with previous
research, as discussed above.

The third prediction anticipated widespread results for
the specific intelligence measures. This was entirely con-
firmed. Indeed, significant results were found across the
brain for some tests (numerical reasoning, DAT-NR, is a
perfect example with a mean IQV of 0.68) and overlaps
among the nine intelligence tests were rarely observed. Of
note is that this result is consistent with the report by
Haier et al. [2010] who analyzed eight intelligence tests
used in vocational guidance, finding that gray matter cor-
relations were widespread for the specific intelligence tests
they considered. Haier et al. [2010] suggested that scores
for tests are more related to specific performance than fac-
tor scores. Also, individual tests provide measurements of

more-specific abilities than first order factors and the
higher-order factor (g). Results reported here provide an
explanation for these sorts of findings.

With respect to the overlap among levels of the intelligence
hierarchy, it has been suggested that using specific intelligence
measures or omnibus estimates of intelligent performance
may be behind the observed disparate finding across studies
[Colom, 2007]. The review of brain structural studies by Jung
and Haier [2007] was mainly based on the Wechsler battery
(70%), 20% of the reviewed studies administered just one intel-
ligence test, and 10% analyzed the g factor. Therefore, reaching
a straightforward conclusion is difficult. The distinction
among constructs, vehicles, and measurements seems neces-
sary to refine the approach to the analysis of the biological
underpinnings of intelligent performance. For that purpose,
we firstly quantified the degree of overlap using DCs for each
test and for the g factor. We hypothesized that the brain
regions associated with tests with higher g loadings will be
more closely associated to the brain regions associated with
the g factor. However, we failed to find this correspondence.
Computed DCs were small, a result consistent with Gl€ascher
et al. [2010] who computed an index of overlap2 between
WAIS subtest and the g factor in their study, finding that the
majority of the computed values were smaller than 0.20. Our
results are in further agreement with Gl€ascher et al. [2010]
because their lesion study showed that significant regions for
the g factor overlapped regions for some intelligence tests.
Their results for the g factor were largely circumscribed to the
frontal lobe, as noted above.

Moreover, we quantified the correspondence between
first-order factors and g finding a perfect one between g
loadings and DCs. Specifically, the mean for the DCs of all
indices was 0.76 (Gf), 0.54 (Gc), and 0.41 (Gv), which is
completely coherent with their g loadings (Fig. 2). These
DCs were similar to those reported by Barbey et al. [2013]
who estimated these values for Gf and different working
memory measures (all measures were latent scores) obtain-
ing DCs ranging between 20.16 and 0.67.

Finally, significant regions shared among the three levels
of the intelligence hierarchy surviving correction to multi-
ple comparisons were found in the middle frontal gyrus
and the dorsolateral prefrontal cortex (DLPFC). In this
regard, Mueller et al. [2013] reported that the middle fron-
tal gyrus and the dorsolateral prefrontal cortex are regions
where intra-subject variance is quite large. These authors
suggest that it is difficult to obtain a significant result in
regions where intra-subject variance is higher, which
nicely fits the findings reported here3. Note that (a) the
majority of our results in these regions survive to SVCs

2In the Gl€ascher et al study the index of overlap was: (A\B)/
(A[B). Dice coefficient is 2*(A\B)/(A[B), where A and B are regions
significant for the considered measures.

3Note that intra-subject variance consists mainly of variance
caused by technical noise [Mueller et al., 2013].
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and (b) these regions were related with intelligence in sev-
eral studies [Colom et al., 2006, 2009; Gong et al., 2005;
Haier et al., 2004, 2009].

In summary, we have shown that the higher the level in
the intelligence hierarchy, the smaller and more circum-
scribed the number of gray matter correlates. This sup-
ports the general conclusion that factors capturing the
variance common to both specific measures and group fac-
tors partial out the specificity present at the measurement
level. Interestingly, removing specific variance reveals that
frontal regions in the brain are crucial for supporting
human intelligence. Also, the degree of overlap among g,
first order factors and specific tests was coherent with the
main hypothesis, since g and first order factors showed
the highest DCs, whereas the computed DCs for g and the
specific tests were much smaller. Therefore, a reversed
hierarchy in the brain is revealed: the higher the level, the
lower the number of relevant regions required for explain-
ing intelligence differences.
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