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Prior studies show positive correlations between full-scale intelligence
quotient (FSIQ) andcerebral graymattermeasures. Few imaging studies
have addressed whether general intelligence is related to regional
variations in brain tissue and the associated influences of sex. Cortical
thickness may more closely reflect cytoarchitectural characteristics
than gray matter density or volume estimates. To identify possible
localized relationships, we examined FSIQ associations with cortical
thickness at high spatial resolution across the cortex in healthy young
adult (age 17--44 years) men (n 5 30) and women (n 5 35). Positive
relationshipswere found between FSIQ and intracranial gray andwhite
matter but not cerebrospinal fluid volumes. Significant associations
with cortical thickness were evident bilaterally in prefrontal
(Brodmann’s areas [BAs] 10/11, 47) and posterior temporal cortices
(BA 36/37) and proximal regions. Sex influenced regional relationships;
women showed correlations in prefrontal and temporal association
cortices, whereas men exhibited correlations primarily in temporal--
occipital association cortices. In healthy adults, greater intelligence is
associated with larger intracranial gray matter and to a lesser extent
with white matter. Variations in prefrontal and posterior temporal
cortical thickness are particularly linked with intellectual ability. Sex
moderates regional relationships that may index dimorphisms in
cognitive abilities, overall processing strategies, or differences in
structural organization.
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Introduction

The essence of human intelligence has been a topic of consider-

able interest for many centuries. With the advent of imaging

technologies and their advancement in recent decades, unique

opportunities have emerged to study the neurobiological

correlates of intellectual ability. To date, empirical evidence

from imaging data, that allows the in vivo assessment of brain

structure and function, has confirmed positive links between

brain size and general intellectual ability. Estimated population

correlations between brain size and general intelligence,

termed g by Spearman (1904), are approximately 0.33

(McDaniel 2005). These relationships persist in spite of age

(Reiss et al. 1996; McDaniel 2005) but are stronger in adults and

than in children (Wilke et al. 2003; McDaniel 2005). Correla-

tions also appear to be moderated by sex, although brain size--

intelligence associations are reported in both males and females

(Gur et al. 1999; McDaniel 2005). Relationships between brain

size and general intelligence, both separately identified as

heritable traits (Tramo et al. 1998; Baare et al. 2001; Posthuma

et al. 2002), have been shown to be almost entirely genetically

mediated (Thompson et al. 2001; Posthuma et al. 2002; Toga and

Thompson 2005). Because genes appear to influence both

phenotypes, a better understanding of how these traits are

linked may help elucidate the means of genetic transmission

that is not yet known.

For studies assessing associations with intracranial tissue

volumes, the majority of data suggests that higher standardized

intelligence scores are associated with larger cerebral gray

matter volumes (Andreasen et al. 1993; Reiss et al. 1996; Gur

et al. 1999). Positive relationships are also reported for white

matter volumes (Gur et al. 1999; Haier et al. 2004), but negative

findings exist (Andreasen et al. 1993). Although evidence

supports nontrivial associations between cerebral gray matter

and intelligence, few imaging studies have attempted to resolve

whether structural variation in specific brain regions are

associated with general intelligence and the regional specificity

of existing findings is mixed. Moreover, relationships between

intelligence and regional changes in brain tissue characteristics

appear to be influenced by brain maturation across develop-

ment. For example, in healthy children, associations between

intelligence scores and cerebral gray matter, which develop

with age (Wilke et al. 2003), have been localized in coarsely

defined prefrontal regions (Reiss et al. 1996) and within the

anterior cingulate in a study using voxel-based morphometry

(VBM) methods (Wilke et al. 2003). Another VBM investigation

of adolescents (age range: 12--21 years) again reported signifi-

cant positive associations between FSIQ and gray matter density

in cingulate cortices, whereas correlations in orbitofrontal

(Brodmann’s areas [BAs] 10, 11, and 47) and middle frontal

cortical regions were further identified (Frangou et al. 2004).

Volumetric regions of interest studies in healthy adults also

show correlations with full-scale intelligence quotients (FSIQs)

in prefrontal regions (Flashman et al. 1997), although correla-

tions are additionally reported with temporal lobe areas

(Andreasen et al. 1993; Flashman et al. 1997). In a VBM study

assessing correlations throughout the brain volume, Haier et al.

(2004) found significant associations between higher FSIQ

scores and increased gray matter density in prefrontal (BA 9,

10, 46), temporal (BA 21, 37, 22, 42), parietal (BA 43, 3), and

occipital (BA 19) cortices in healthy adults. Although results

concerning the spatial localization of gray matter--intelligence

relationships are disparate and existing data are sparse, associ-

ationswithin frontal (Reiss et al. 1996; Flashmanet al. 1997;Wilke

et al. 2003; Frangou et al. 2004; Haier et al. 2004), temporal

(Andreasen et al. 1993; Flashman et al. 1997; Haier et al. 2004),

and, to a lesser extent, parietal and occipital (Haier et al. 2004)

regions are most replicated. Whereas structural variations of

thalamus and cerebellum appear involved at the subcortical

level (Andreasen et al. 1993; Frangou et al. 2004). Regional
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discrepancies in findings may reflect differences in methodolog-

ical approaches (regions of interest vs. VBM approaches), cor-

rection strategies for addressing interindividual differences in

brain size, and differences in the demographic characteristics of

the samples studied. For example, the registration errors assoc-

iated with VBM, which are required to generate a measurable

signal,may compromise the ability to accurately localize regional

changes in structural morphology (Bookstein 2001; Honea et al.

2005; Thacker 2005) and subsequent associations with intelli-

gence scores. Differences in the standardized measures used to

assess general intellectual ability, how strongly individual in-

telligence tests relate to the general factor of intelligence (g)

(Colom et al. 2006), and the level of intellectual ability within

study groups may also potentially impact the magnitude and

regional specificity of results.

The thickness of the cortex, ranging between 1.5 and 4.5 mm

in different cortical regions (Parent and Carpenter 1995),

reflects cytoarchitectural characteristics of the neuropil includ-

ing the density and arrangement of neurons, neuroglia, and nerve

fibers. Measures of cortical thickness, although shown to relate

to other local measures of gray matter (Narr, Bilder, et al. 2005),

may more closely link with cognition and/or intellectual ability

than volumetric or intensity-based gray matter concentration

measures. Only one published study to date has examined cor-

relations between general intelligence and cortical thickness.

This investigation addressed the trajectory of change in the

thickness of the neocortex from early childhood to early adult-

hood and found that relationships between FSIQ and cortical

thickness were negative in early childhood (age range: 3.8--8.4

years) but that these relationships shifted toward positive

correlations predominantly in frontal and temporal cortical

regions in late childhood and in older subjects (age range: 8.6--

29 years) (Shaw et al. 2006).

To corroborate and extend previous findings, in this study, we

first set out to examine relationships between FSIQ scores and

brain tissue compartments in healthy adults of average intelli-

gence quotient (IQ). Our primary goal, however, was to newly

explore the patterns of relationships between FSIQ and regional

changes in cortical thickness in young adults across a relatively

narrow age range,while also characterizing the influences of sex.

Cortical pattern--matching methods were employed to spatially

align homologous regions of cortex across individuals, allowing

relationships between FSIQ and regional variations in cortical

thickness to be examined at high spatial resolution across the

cortical mantle (Thompson et al. 2001; Narr, Bilder, et al. 2005;

Narr, Toga, et al. 2005). Based on prior assessments of graymatter

density and/or volume,wepredicted that relationshipswould be

most prominentwithin frontal and temporal neocortical regions.

Notably, because brain size and age may influence the relation-

ships between FSIQ and cortical gray matter (Gur et al. 1999;

Haier et al. 2005), both variables were included in statistical

analyses. The effects of sex on the slopes of FSIQ--cortical thick-

ness associations were explicitly examined.

Methods

Subjects
Study participants included 30 male (mean age: 27.9 ± 7.1 years) and 35

female (mean age: 28.5 ± 7.5 years) healthy individuals. Subjects

participated as healthy volunteers for a larger study aimed at examining

structural neuropathology in schizophrenia (Narr, Bilder, et al. 2005;

Narr, Toga, et al. 2005) and were recruited through local newspaper

advertisements and community word of mouth. All participants were

determined to have no history of psychiatric illness as assessed by

clinical interview using the Structured Clinical Interview for Axis I DSM-

IV Disorders, Non-patient Edition (SCID-NP). Study exclusion criteria

included serious neurological or endocrine disorders, any medical

condition or treatment known to affect the brain, or meeting Diagnostic

and Statistical Manual of Mental Disorders IV (DSM-IV) criteria for

mental retardation. The North Shore—Long Island Jewish Health System

Institutional Review Board (IRB) approved all procedures, and informed

written consent was obtained from all subjects. Additional approval for

image processing and analysis was received from the University of

California, Los Angeles (UCLA) IRB.

Intelligence Assessments
To assess general intellectual ability, we employed the Wechsler adult

intelligence scale (Wechsler 1981). This test, which demonstrates high

reliability and validity, quantifies intelligence according to age-based

norms that have been shown to correlate with academic and life

success, measures of work performance, and occupational level (Jensen

1998). FSIQ is a composite score obtained from 11 subtests in verbal

and performance categories where the FSIQ is standardized in a US

population sample to have a mean of approximately 100 and standard

deviation of approximately 15. In this investigation, FSIQ scores ranged

between 74 and 139 (mean FSIQ = 100.2 ± 11.7 for male subjects and

mean FSIQ = 100.0 ± 13.6 for female subjects).

Image Acquisition and Preprocessing
High-resolution 3-dimensional (3D) spoiled gradient recalled magnetic

resonance images were obtained on a 1.5-T scanner (General Electric,

Milwaukee,WI) as a series of 124 contiguous 1.5-mmcoronal brain slices

(256 3 256 matrix, 0.86 mm 3 0.86 mm in-plane resolution). Image

volumes passed through a number of preprocessing steps that included

correction of head tilt and alignment by reorienting each volume into the

standard position of the ICBM-305 average brain (Mazziotta et al. 1995)

using a 6 parameter rigid-body transformationwith no scaling (Narr et al.

2002; Narr, Bilder, et al. 2005), removal of nonbrain tissue and the

cerebellum (interrater reliability for scalp editing procedures, rI = 0.99),

correction of intensity nonuniformity due to magnetic field inhomoge-

neities (Zijdenbos and Dawant 1994; Sled and Pike 1998), and tissue

segmentationwhere voxelswere classified asmost representative of gray

matter, whitematter, and cerebrospinal fluid (CSF) using a partial volume

correction method (Shattuck et al. 2001). The cortical surfaces of each

hemisphere, comprising of 65 536 surface points, were then extracted

(MacDonald et al. 1994), and 29 sulcal and gyral landmarksweremanually

identified on each surface rendering using previously validated anatom-

ical delineation protocols (Ballmaier et al. 2004; Sowell et al. 2004).

Interrater reliability estimates demonstrated less than a 2 mm root mean

square difference in thematched 3D locations of sulcal landmarks traced

on 6 test brains compared with a gold standard arrived at by a consensus

of raters (Narr, Bilder, et al. 2005; Narr, Toga, et al. 2005).

Cortical Pattern Matching
Previously detailed cortical pattern--matching methods were used to

spatially relate homologous regions of cortex between subjects, allowing

cortical thickness to be estimated at spatially equivalent hemispheric

locations across individuals (Thompson et al. 2001; Sowell et al. 2004;

Narr, Bilder, et al. 2005; Narr, Toga, et al. 2005). Briefly, for matching

procedures, a surface-warping algorithm uses the manually derived

sulcal/gyral landmarks as anchors to compute a 3D vector deformation

field that records the amount of x, y, and z coordinate shift (or

deformation) required to match the same cortical surface locations in

each subject with reference to the average anatomical pattern of the

entire study group. These methods reparameterize (regrid) the hemi-

spheric surface without imposing any scaling, so that the same anatomy

bears spatially equivalent coordinate locations at all 65 536 surfacepoints

across subjects.

Cortical Thickness
Because the cortical pattern--matching algorithms spatially relate

homologous cortical surface locations between individuals, anatomi-

cally comparable measures of cortical thickness may be obtained and
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compared at different regions across the cortex from each subject.

Cortical thickness was measured by referencing tissue-classified brain

volumes using an implementation of the 3D Eikonal equation (Sapiro

2001). The thickness of the cortex was defined as the shortest distance

in 3D, without crossing CSF voxels, from the cortical white--gray matter

boundary to the outer gray--CSF hemispheric surface at all hemispheric

surface points (Sowell et al. 2004; Thompson et al. 2004; Narr, Bilder,

et al. 2005; Narr, Toga, et al. 2005). Notably, when gray matter surfaces

are adjacent, the algorithm progressively codes distance values until

meeting a voxel already assigned a distance code. Thus, although op-

posing gray matter banks not separated by CSF may receive the same

thickness value, a spatial filter of radius 8 mm was applied to the coded

distance values so that no practical difference could result from

misattributing the thickness to one side of the sulcus or the other.

Statistical Analyses
For descriptive purposes, analyses of variance were employed to

characterize sex and age effects for intracranial tissue volumes. Linear

regression analyses were used to examine relationships between FSIQ

and overall intracranial volumes, intracranial gray matter, white matter,

and CSF while removing the variance associated with sex and age from

the data. For each tissue compartment (intracranial gray matter, white

matter, and CSF), analyses were additionally performed after including

overall intracranial volume as a nuisance variable.

The same statistical model above was used to examine relationships

between FSIQ and regional variations in cortical thickness using the

statistical package R (http://www.r-project.org/), again with and with-

out controlling for overall intracranial volume. Because a prior VBMstudy

showed that the regional specificity of FSIQ--gray matter relationships

differs in men and women (Haier et al. 2005), differences in the slopes of

these relationships were examined using sex as the independent

variable. To follow up the presence of interaction effects, FSIQ--cortical

thickness relationships were mapped within male and female groups

separately.

Notably, for the main effects examined here (i.e., mapping regional

relationships between FSIQ and cortical thickness), testing the null

hypothesis that the slope (b) is zero is equivalent to testing the null

hypothesis that the correlation coefficient (r) is zero (Swinscow and

Campbell 2001). That is, there is a one-to-one mathematical mapping

between the P value for a nonnegative slope and the r value that

quantifies the correlation. For within-sex mapping of FSIQ--cortical

thickness relationships, regional partial correlation coefficients (r

values) and the corresponding probability maps (P values) are both

shown. In the presence of interactions (e.g., the differential effect

between males and females on the relationship between FSIQ and

cortical thickness), this mathematical equivalence no longer holds so

that 2 distinct hypotheses can potentially be addressed. The first of

these hypotheses is that the slopes of the relationship between

dependent and independent variables differ in the 2 groups, a hypothesis

that is readily addressed in the context of the linear regression model

described above. The second hypothesis is that the magnitude of the

correlations (i.e., the proximity of the points to a straight line) differs

between the 2 groups. Although conceptually straightforward, this

second hypothesis is computationally problematic because the corre-

lations at each of the 65 536 points analyzed are correlated with one

another. This invalidates the assumptions of the Fisher z-test that would

otherwise be used for testing for differences in correlations statistically.

Although alternative statistical methodologies that take into account the

fact that the correlations are correlated exist (Olkin and Finn 1990;

Bilker et al. 2004), they are only suitable for circumstances where the

number of such correlated correlations is small and are rarely used. In

the current context, these methods are computationally impractical.

Therefore, rather than additionally addressing the issue of whether the

magnitude of correlations differ by sex using formal statistical signifi-

cance testing, we have provided in Figure 3 (bottom left) maps that

directly show the differences in the correlations.

For all regional analyses of FSIQ--cortical thickness relationships,

statistical mapping results were projected onto the 3D group-averaged

hemispheric surface models where significant results are indexed in

color. An uncorrected 2-tailed alpha level of P < 0.05 was determined as

the threshold for interpreting statistical mapping results. However,

because regression analyses were performed at thousands of homolo-

gous cortical surface coordinate points, permutation testing was used to

test the overall significance of regional FSIQ--cortical thickness relation-

ships and to confirm regional sex interaction effects. Because we

predicted a priori that FSIQ--cortical thickness relationships would be

present primarily in frontal and temporal neocortical regions, as based

on prior results using different morphometric measures, permutation

testing was performed only within these regions, whereas other

regional effects were treated as exploratory. Frontal and temporal

regions of interest were constructed using an average anatomical atlas.

The number of cortical points showing significant FSIQ--cortical

thickness relationships at a statistical threshold of P < 0.01 using the

reduced model (i.e., controlling for sex and age, or sex, age, and

intracranial volume) was then compared with the number of significant

surface points that occurred by chance within each region of interest in

a thousand new randomized analyses. Similarly, residuals from the

reduced model were used to permute sex interaction effects for the

slopes of FSIQ--cortical thickness relationships while controlling for

the other terms in the model (Anderson and Legendre 1999; Anderson

and Braak 2003).

Results

Intracranial Tissue Volumes

The means and standard deviations for intracranial tissue

volumes are shown in Table 1. Results revealed significant effects

of sex (males larger) and age (decreases with age) for intra-

cranial gray (F1,64 = 21.19, P < 0.001 and F1,64 = 14.20, P <

0.001, respectively) and white matter volumes (F1,64 = 17.21,

P < 0.001 and F1,64 = 4.74, P < 0.03). Effects of sex (males larger),

but not age, were observed for intracranial CSF volumes (F1,64 =
8.28, P < 0.005) and overall intracranial volumes (F1,64 = 29.32,

P < 0.001). After correcting for overall intracranial volume, sex

effects were absent for all intracranial tissue compartments,

although significant age effects were observed for intracranial

graymatter (F1,64 = 43.16, P < 0.001), white matter (F1,64 = 17.52,
P < 0.001), and CSF (F1,64 = 3.95, P < 0.05).

Regression analyses showed significant positive correlations

between FSIQ and overall brain volume, r = 0.36, degrees of

freedom (df) = 61,P <0.004; intracranial graymatter, r = 0.37, df =
61, P < 0.004; and intracranial white matter volume, r = 0.26, df =
61,P <0.04; significant associationswere absent forCSF volumes,

r = 0.12, df = 61, P > 0.05. As expected, after removing the

variance associated with brain size, correlations between FSIQ

and intracranial gray matter, r = 0.09, df = 60, P > 0.05, and white

matter, r = 0.02, df = 60, P > 0.05, were no longer significant.

Notably, regression analyses also revealed significant correlations

between overall brain size and all brain tissue compartments

(intracranial gray matter: r = 0.87, P < 0.0001; intracranial white

matter: r = 0.78, P < 0.0001; and intracranial CSF: r = 0.55, p <

0.0001). Because overall brain size and intracranial tissue

Table 1
Means and standard deviations of demographic variables and intracranial tissue volumes

Females (n 5 35),
Mean (SD)

Males (n 5 30),
Mean (SD)

Age 28.51 (7.56) 27.93 (7.09)
FSIQ 100.03 (13.67) 100.27 (11.71)
Percent dextral (%) 97 100a

Intracranial volume (cm3) 1127.80 (88.23) 1260.05 (107.03)
Intracranial gray matter (cm3) 588.49 (57.09) 654.53 (64.06)
Intracranial white matter (cm3) 402.20 (45.01) 449.99 (52.51)
Intracranial CSF (cm3) 137.09 (25.11) 155.51 (27.81)

aHandedness information was not available for 4 male subjects.
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compartments are highly correlated, in order to determine the

factors contributingmost to the variance in FSIQ scores, post hoc

stepwise regression analyses were performed. After modeling

the combinations of terms shown to significantly associate with

FSIQ (overall intracranial volume, intracranial white, and gray

matter), the greatest amount of variance was explained by

including only intracranial gray matter in the model (r = 0.33,

df = 64,P < 0.007), and the inclusion of the other variables did not
serve to improve the model using a liberal exclusion criteria of

P > 0.1.

The slopes of FSIQ--tissue volume relationships were not

shown to differ by sex (gray matter: F1,64 = 0.74, P > 0.05; white

matter: F1,64 = 1.67, P > 0.05; and CSF: F1,64 = 0.08, P > 0.05).

Regression plots in Figure 1 show associations between FSIQ

scores and intracranial volumes after partialling out sex and age.

Statistical Mapping Results

Statistical maps in the left panel of Figure 2 show significant

correlations between FSIQ and regional variations in cortical

thickness after removing the partial effects of sex and age. The

right panel (shaded) shows results after additionally including

overall intracranial volume as a nuisance variable. Probability

values associated with significant positive or negative partial

correlations are indexed in color. Significant positive associa-

tions between FSIQ and cortical thickness were evident in

prefrontal (anterior--ventral prefrontal and frontopolar cortices;

BA 10/11 and 47) and temporal cortices (inferior temporal,

fusiform, and parahippocampal cortices; BA 20, 37, and 36)

bilaterally. Associations were more spatially diffuse in the right

hemisphere including anterior middle temporal (BA 21) and

extrastriate occipital (BA 19) cortical regions. Only small and very

localized associations were observed within cingulate cortices.

Results were more spatially concentrated and less pronounced

after controlling for overall brain volume (Fig. 2, right panel),

although significant correlations were identified within the same

regions. No brain region exhibited significant negative correla-

tions between FSIQ and cortical thickness. Permutation testing

confirmed the significance of FSIQ--cortical thickness relation-

ships within frontal and temporal brain regions after removing the

partial effects of sex and age (corrected P values: P < 0.03 and P <

0.02, respectively). However, permutation testing did not confirm

regional results when intracranial volume was additionally in-

cluded in the model (corrected P values: P < 0.09 and P < 0.11).

Figure 3 (top left) shows statistical mapping results compar-

ing the slopes of FSIQ--cortical thickness relationships between

males and females after removing the partial effects of age. Sex

effects were observed within frontopolar (rostral superior and

middle frontal gyral regions; BA 10/11), caudal middle temporal

Figure 1. Partial regression plots, controlling for sex and age, showing relationships between FSIQ and overall intracranial volumes (cm3) (top left), intracranial gray matter volumes
(cm3) (top right), intracranial White volumes (cm3) (bottom left), and intracranial CSF volumes (cm3) (bottom right).
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(BA 21), occipitotemporal (BA 37), and inferior parietal (BA 7)

gyral regions. Statistical mapping results additionally including

overall intracranial volume in the model are not shown,

although the regional pattern of effects were extremely similar

to those observed before intracranial size correction. Permuta-

tion testing confirmed the significance of interaction effects

within frontal and temporal regions both with and without

partialling out overall intracranial volume (corrected P values:

P < 0.04 and P < 0.02 before and P < 0.03 and P < 0.04 after

intracranial volume correction for frontal and temporal regions,

respectively).

To follow up interaction effects, FSIQ--cortical thickness

associations were mapped within females and males separately

after removing the partial effects of age (Fig. 3, top right).

Statistical maps revealed highly significant FSIQ--cortical thick-

ness relationships in females within frontopolar and bordering

prefrontal regions (BA 10/11 and 47) and within inferior

temporal (BA 20), lateral occipitotemporal, and fusiform (BA

37 and 36) gyral regions. In male subjects, localized correlations

were less pronounced in temporal cortices and predominantly

observed in medial temporo-occipital BA 37 (bordering BA 19

and 30), whereas significant correlations in prefrontal cortical

regions appeared absent. Negative correlations between FSIQ

and cortical thickness were observed in a discrete area of the

left inferior parietal cortex (BA 7) in male subjects. The spatial

patterns of regional significance were similar within each sex

when intracranial volume was additionally included as a nui-

sance variable (results not shown).

Maps showing the magnitudes of correlation coefficients

within female and male subjects are shown in the bottom right

panels of Figure 3 that correspond to the female and male

probability maps shown directly above. Sex differences in the

magnitude of correlations between FSIQ and cortical thickness

were assessed by subtracting regional correlation coefficients

in male subjects from correlation coefficients in females at

homologous cortical locations (Fig. 3, bottom left). Hot colors

indicate regions where females show larger partial correlation

coefficients compared with males, and cool colors reflect

regions where males show larger correlations with respect to

females. Although subtractionmaps reflect sex differences in the

magnitudes, as opposed to the slopes, of relationships between

FSIQ and cortical thickness, regional difference profiles were

similar in spatial pattern to interaction effects (top left above).

Correlations were greater in magnitude within frontopolar (BA

10/11), caudal middle temporal (BA 21), occipitotemporal (BA

37), and inferior parietal (BA 7) gyral regions in females

compared with males. In males, correlations appeared larger

only in spatially discrete medial temporo-occipital regions.

Discussion

Our data show that larger brain volumes are associated with

greater intellectual ability, in line with established findings

(McDaniel 2005). As further confirmed, positive relationships

extend to intracranial gray matter (Andreasen et al. 1993; Reiss

et al. 1996; Gur et al. 1999; Haier et al. 2004) and white matter

tissue compartments (Gur et al. 1999; Haier et al. 2004),

whereas associations between FSIQ and intracranial CSF appear

minimal or absent (Andreasen et al. 1993). Overall intracranial

size and tissue compartment measures, however, are them-

selves correlated, and when overall intracranial size is taken into

account, relationships between FSIQ and intracranial gray or

white matter are below the threshold of significance. The

genetic factors contributing to brain size, which is known to

Figure 2. Statistical maps show the regional significance of relationships between FSIQ and cortical thickness after removing the partial effects of sex and age (left) and after
additionally removing the partial effects of overall intracranial volume (right, shaded). Positive probability values shown in hot colors (red, pink) on the color bar encode the
significance of positive relationships. Negative probabilities in cold colors (blues) on the color bar encode the significance of negative relationships, although negative relationships
between FSIQ and cortical thickness were not observed in any region in the above analyses.
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be highly heritable (Posthuma et al. 2002), overlap with the

genetic factors accounting for variations in gray and white

matter volumes (Baare et al. 2001). Therefore, genes expressed

in gray and white matter, which make up approximately 80--

90% of total brain volume in humans (Zhang and Sejnowski

2000), account to a large extent for variations observed in

overall intracranial size. Our post hoc stepwise regression

analyses indicate that when including overall intracranial, gray,

and white matter volumes in the model, gray matter is the best

predictor of variations in FSIQ scores. Thus, because gray matter

contains neurons, axons, and dendritic trees and spines that act

as the units of brain function and sites of information transfer,

respectively, relationships between intracranial volume and

FSIQ may reflect primary relationships with gray matter and

to a slightly lesser extent with white matter properties.

Functional imaging studies demonstrate that distributed brain

regions linked by cortical networks are activated during higher

cognitive functioning. Overlap of brain activity in some specific

cortical regions, particularly in prefrontal, parietal, and/or

temporo-occipital networks, has been shown to relate to

general intelligence (Duncan and Owen 2000; Gray et al.

2003; Haier et al. 2003; Lee et al. 2006). Although relationships

between intelligence and gray matter volume are well repli-

cated, fewer investigations have focused on localizing the

Figure 3. Statistical maps in the top left corner show significant interactions between males and females in the slopes of regional FSIQ--cortical thickness relationships (after
removing the partial effects of age from the data). Positive probability values (hot colors) indicate greater slopes in females with respect to males, whereas negative probability
values (cool colors) indicate greater slopes in males. Top center and top right statistical maps show the regional significance of FSIQ--cortical thickness relationships within female
and male groups separately. Positive probability values (hot colors) encode positive relationships. Negative probabilities (cool colors) encode negative relationships. Bottom center
and bottom left statistical maps show the magnitude of partial correlation coefficients between FSIQ and cortical thickness (after partialling out age effects) within females and
males separately, which correspond to the same sex probability maps shown directly above. Positive r values (hot colors) index positive FSIQ--cortical thickness relationships;
negative r values (cool colors) index negative FSIQ--cortical thickness relationships. Statistical maps in the bottom left show differences in the magnitude of correlations between
males and females where r values in males are subtracted from r values in females at homologous cortical locations. Positive values (hot colors) index larger correlations in females
with respect to males; negative values (cool colors) index larger correlations in males compared with females.
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structural homologues of general intelligence. In spite of

discrepancies in findings that may relate to differences in image

analysis methods and the demographic characteristics of

subjects studied, gray matter volume or density increases in

prefrontal (Flashman et al. 1997; Frangou et al. 2004; Haier et al.

2004), medial and lateral temporal (Andreasen et al. 1993;

Flashman et al. 1997; Haier et al. 2004), and in parietal (Haier

et al. 2004) cortical regions appear most linked with improved

performance on standardized intelligence tests in adolescent

and adult samples. To date, only one published study has ex-

amined relationships between FSIQ and regional variations in

cortical thickness specifically (Shaw et al. 2006). This investiga-

tion, focused on identifying cross-sectional and longitudinal

changes in FSIQ--cortical thickness relationships across devel-

opment, reported positive correlations between intelligence in

cortical thickness after the age of 8 years, peaking in late

childhood, that remained evident in prefrontal and temporal

cortical regions in subjects within the adolescent--early adult

age range. This prior investigation also showed, via longitudinal

assessment, that more intelligent children demonstrate more

dynamic changes in cortical thickness over development par-

ticularly in prefrontal cortices.

The cortex consists of layers of cells, also organized into

columns that vary in cortical depth (~1 to 4.5 mm) as dependent

on number of layers, the types of neurons and glial cells, and their

size and density. The cytoarchitectural characteristics defining

cortical thickness varywithin different cortical regions (Economo

and Parker 1929) and may represent a more regionally relevant

survey of structural integrity than gross measures of gray matter

volume. Because laminar thickness varies across the cortical

mantle, associations can be compared across individuals only at

homologous cortical locations. After employing cortical pattern--

matching methods to align anatomy across subjects, we found

significant relationships between FSIQ and cortical thickness

predominantly in prefrontal (BA 10/11 and 47) and temporal (BA

37 and 36) cortical regions where findings remained present

irrespective of brain size corrections. These results largely agree

with a previous study using VBM methods to correlate in-

telligence with gray matter density throughout the brain in

a smaller, high-IQ adult sample (Haier et al. 2004). Our findings

are also consistent with the cross-sectional results of Shaw et al.

(2006) reporting significant correlations between greater in-

telligence and increased cortical thickness predominantly fron-

tal and temporal cortices within the late adolescent--early

adulthood age group studied.

Specific links between FSIQ and cortical thickness within

prefrontal BA areas 10 and 11 (and bordering association area

47), spanning the rostral portions of the inferior and superior

frontal gyri extending medially, are not surprising given that

these regions are sometimes collectively referred to as the

center of biological intelligence and are involved in higher

cognitive functions like problem solving, planning, sequencing,

reasoning, and judgment. In the temporal lobe, cortical associ-

ation area 37, spanning portions of the inferior temporal gyrus

laterally and fusiform gyrus medially, participates in the analysis

of visual form, motion, and the representation of objects. Obser-

vations of specific links with FSIQ in this region and within

proximal visual association area 36 suggest variations in laminar

thickness influence visual analysis abilities that are central to

most cognitive processes, especially those assessed with stan-

dardized intelligence testing. Interestingly a positron emission

tomographic study showed that brain activations associated

with a nonreasoning condition (passively viewing videos) were

greater within temporo-occipital regions (BA 37/19) in subjects

with higher scores on a g-loaded test and that connectivity was

increased between this region and prefrontal regions (Haier

et al. 2003). Furthermore, a functional magnetic resonance

imaging study showed positive correlations between FSIQ and

verb-generation task-associated brain activity in BA 19 as well as

in frontal and temporal areas in children (Schmithorst and

Holland 2006).

As universally reported in the literature, men exhibited larger

mean brain volumes than women. Because sex accounts for

a large amount of the variance in brain size, after controlling for

intracranial volume, sex effects for gray and white tissue

volumes were no longer significant. Relationships between

FSIQ and brain tissue volumes were not shown to differ between

men and women. That is, although women possess smaller mean

intracranial volumes and tissue contents, the slopes of FSIQ

relationships were approximately parallel in both sexes. Al-

though FSIQ represents abilities across several cognitive do-

mains, individual IQ subtests are positively correlated and related

by degree to general intelligence (g) by factor analysis (Neisser

et al. 1996). The few studies relating separate intelligence

subtests or factors to brain structure have shown little consis-

tency, especially with regard to sex differences. For example,

although both sexes showedoverall FSIQ--brain size correlations,

female-biased correlations were observed between brain size

and verbal IQ, whereas performance IQ showed male-biased

correlations (Andreasen et al. 1993). Another study, however,

showed relationships between performance IQ, but not verbal

IQ, in frontal, temporal, and parietal regions but failed to detect

sex differences (Flashman et al. 1997). In contrast, postmortem

data revealed relationships between verbal IQ and cerebral

volume in women and in right-handed men, and exclusively in

women for visuospatial ability (Witelson et al. 2006). Others have

investigated whether crystallized (abilities dependent on ac-

quired knowledge) or fluid intelligence (reasoning and problem

solving), which is occasionally isolated as a separate factor, link

more closely with structural brain variations with the evidence

coming down on the side of fluid intelligence (Gray and

Thompson 2004). Discrepancies in these results may stem

from studying broad-based intelligence measures (e.g., verbal

or performance IQ) versus employing cognitive subtests accord-

ing to how closely they relate to general intelligence or g.

Notably, investigators have recently shown that individual

subtests with greater g loadings (i.e., tests that indicate greater

average correlations with other tests in an intelligence battery)

are associated with greater gray matter volumes throughout the

brain and, for particular tests, with increased gray matter density

in frontal, temporal, and parietal regions (Colom et al. 2006).

Although the slopes of the relationships between intracranial

tissue volumemeasures and FSIQwere not shown to differ by sex

in our investigation, the slopes of FSIQ--cortical thickness

relationships were significantly different within prefrontal and

posterior temporal neocortical regions and to a lesser extent in

left lateral inferior parietal regions (Fig. 3, top left). Moreover, the

largest differences betweenmales and females in themagnitudes

of regional correlation coefficients were observed within the

same regions (Fig. 3, bottom left). When FSIQ--cortical thickness

relationships were examined separately within each sex, only

females showed significant relationships between FSIQ and

cortical thickness in prefrontal cortices. Correlations were also

more spatially diffuse in temporal cortices in females; males
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showed significant correlations primarily in posterior medial

temporal cortices (BA 37) and bordering regions. These findings

contrast with VBM findings of strong FSIQ correlations in frontal

and parietal regions in male subjects. Female-specific associa-

tions, however, were observed in prefrontal cortices (BA 10) as

consistent with our results, but associations were not detected

in temporal association regions (Haier et al. 2005). Men and

women possess some regional differences in cortical thickness

distributions where sex differences have been shown to be

influenced by brain size correctionmethods (Luders et al. 2006).

Thus, discrepancies in results may stem from differences in

spatial normalization approaches, smoothing, and the gray

matter indices (gray matter density vs. cortical thickness)

examined. Shaw et al. (2006) did not report significant sex

differences in cross-sectional examination of intelligence--

cortical thickness relationships, although sex differences were

not assessed exclusively within the adolescent--early adulthood

group studied.

Although men and women are of similar intelligence, on

average, men are reportedly better at visuospatial tasks, fitting

with our observations of regionally specific FSIQ--cortical

thickness relationships in temporo-occipital association areas

that are important for the analysis of visual form (Kimura 1996).

Women, however, generally perform better in tasks requiring

verbal processing and memory involving frontal--temporal

cortical networks. Spatially distinct relationships between

FSIQ and cortical thickness in men and women may thus reflect

sexual dimorphisms in some processing abilities. Alternatively,

sex differences in regional relationships may reflect differences

in processing strategies that do not depend on competence or

reflect differences in neural circuitry and brain structural

organization. Interestingly, although performance was similar

across sexes, the patterns of brain activity associated with

a variety of cognitive tasks were shown to differ between men

and women (Bell et al. 2006). The focus of our study was to

examine only the moderating influences of sex on global and

regional relationships between brain tissue measures and

general intellectual ability, thereby also avoiding the potential

for inflated Type I error by excluding analyses of subtest scores

that are shown to correlate with general intellectual ability to

varying degrees. Future studies, however, may elucidate

whether specific information processes, especially those shown

to exhibit sex differences, are linked with variations in cortical

thickness. On a final note, because there are many factors, such

as differences in socio-economic and cultural backgrounds that

cannot be dissociated from racial--ethnic class, potential influ-

ences of race toward the relationships between brain size and

intelligence were not examined here.

Conclusion

Although the concept of general intelligence or ‘‘g’’ is disputed

by some, the common view remains that this trait represents

a major dimension of mental competence across a diverse range

of cognitive abilities, which unequivocally serves to predict

many aspects of life success. This study is the first to explore the

regional specificity of relationships between cortical thickness

and general intellectual ability in healthy adults of normal IQ

within a relatively narrow age range, as well as the moderating

effects of sex. Our results suggest that a common biological

substrate influences both general intelligence and intracranial

gray and white matter volumes, where variation in the thickness

of prefrontal and temporal association cortices is particularly

relevant to intellectual ability. Variations in intracranial tissue

characteristics, particularly in prefrontal regions (Thompson

et al. 2001), may thus prove useful as endophenotypes that may

help to determine the overlapping genetic factors accounting

for general intelligence. However, sex is shown to influence the

regional relationships between general intelligence and cortical

thickness. Women show significant associations in prefrontal

and temporal association cortices, whereas men show associa-

tions primarily in temporal--occipital association cortices. It

remains to be determined if sex-specific competences account

for these regional differences or vice versa and/or whether

regional differences in relationships between men and women

represent differences in processing strategies or underlying

structural organization.
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