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Abstract

A Bayesian method for functional connectivity analysis was adapted to investigate between-group
differences. This method was applied in a large cohort of almost 300 children to investigate
differences in boys and girls in the relationship between intelligence and functional connectivity for
the task of narrative comprehension. For boys, a greater association was shown between intelligence
and the functional connectivity linking Broca’s area to auditory processing areas, including
Wernicke’s areas and the right posterior superior temporal gyrus. For girls, a greater association was
shown between intelligence and the functional connectivity linking the left posterior superior
temporal gyrus to Wernicke’s areas bilaterally. A developmental effect was also seen, with girls
displaying a positive correlation with age in the association between intelligence and the functional
connectivity linking the right posterior superior temporal gyrus to Wernicke’s areas bilaterally. Our
results demonstrate a sexual dimorphism in the relationship of functional connectivity to intelligence
in children and an increasing reliance on inter-hemispheric connectivity in girls with age.

Introduction

An increasing body of literature points to sexual dimorphism in the neuroanatomical correlates
of intelligence, hypothesized to be the result of women possessing more neuronal processes
but fewer neurons compared to men (de Courten-Myers, 1999), as well as an 8-10% smaller
overall brain size (Nopoulos et al., 2000; Rabinowicz et al., 1999). These factors appear to
contribute to a greater association in women between white matter properties and intelligence
(Gur et al., 1999). In a voxel-based morphometry (VBM) study (Haier et al., 2005), women
showed more areas in which white matter density was correlated with 1Q in comparison to
men, who displayed more areas with gray matter density associated with 1Q. Magnetic
resonance spectroscopy (MRS) studies have found regions in which N-acetyl-aspartate (NAA)
concentrations were only associated with intelligence in women but not in men, including the
left occipito-parietal white matter (Jung et al., 2005), and left prefrontal cortex (Pfleiderer et
al., 2004). A recent functional MRI (fMRI) study (Schmithorst and Holland, 2006) showed a
developmental aspect to this sexual dimorphism, hypothesized to be associated with gray
matter pruning (Casey et al., 2000; Courchesne et al., 2000; Giedd et al., 1999), as well as
disparate trajectories between boys and girls in overall brain maturation and growth (Lynn,
1999; 1994; Lynn et al., 2000). Girls showed a trend in development toward an increasing
association with age of functional connectivity with intelligence, at least in the left hemisphere;

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schmithorst and Holland Page 2

while the opposite trend was shown in boys, with an increasing association with age of localized
cortical function with intelligence. That study, however, utilized a silent verb-generation task,
which predominantly recruits the left hemisphere of the brain for most subjects (Holland et al.,
2001).

Sex differences associated with cognitive performance have been found in the splenium of the
corpus callosum (Davatzikos and Resnick, 1998), leading us to expect a similar effect (e.g.
increasing reliance with age on inter-hemispheric functional connectivity in girls, with the
opposite effect in bays) in a task which recruits both hemispheres. In order to investigate this
hypothesis we re-analyzed data obtained from a large-scale fMRI study in children
investigating narrative comprehension (Schmithorst et al., 2006). Since investigation of sex-
related differences, especially in children, likely requires a very large sample size (Plante et
al., 2006) due to the small effect size, a reanalysis of this dataset, using a specially tailored data
analysis strategy, was determined to be the best way to investigate the above hypothesis. The
particular dataset used is ideal for investigation of sex differences in the relationship of inter-
hemispheric functional connectivity and intelligence, and any developmental effect, due to the
large sample size (>300 children), the age range (5-18 years), and the specific task employed
(narrative processing), which from our previous analysis involving Independent Component
Analysis has been shown to recruit bilateral networks in the brain (Schmithorst et al., 2006).

We employ a newly-developed Bayesian methodology for modeling functional connectivity
(Patel et al., 2006a; b) which is completely data-driven and hypothesis unconstrained. The
method eliminates the necessity of providing a predetermined model of connectivity as
demanded by Structural Equation Modeling (SEM) (Mclntosh and Gonzalez-Lima, 1994;
Solodkin et al., 2004) or Dynamic Causal Modeling (DCM) (Friston et al., 2003; Penny et al.,
20043a; b). We have modified the method in order to be able to investigate between-subjects
and between-groups differences. The benefit of the Bayesian methodology is that it allows the
calculation of a posterior probability that the hypothesis of interest is true, rather than simply
a rejection of the null hypothesis, as in standard frequentist statistics; moreover, the Bayesian
methodology provides an upper bound on the rate of false discovery of significant functional
connections (Friston and Penny, 2003).

Materials and Methods

As described above, the present paper re-analyzes fMRI data originally analyzed using
Independent Component Analysis (Schmithorstetal., 2006). The task used was that of narrative
comprehension, and the subjects consisted of normal children ages 5-18. We refer the reader
to our previous paper for a complete description of the task, subjects, and data pre-processing
but provide a detailed summary here.

The fMRI scan paradigm consisted of a 30-s on—off block design. One story, read by an adult
female speaker, was presented during each 30-s task period. (A complete transcript of one of
the stories is given in (Schmithorst et al., 2006).) Each story contained 9, 10, or 11 sentences
of contrasting syntactic constructions (e.g., conjoined sentences versus center embeddings).
The inclusion of complex syntactic structures was designed to increase the relative processing
load for this aspect of language. During each 30-s control period, pure tones of 1 s duration
were presented at unequal intervals of 1-3 s. The frequency of each tone was randomly selected
from a choice of 150, 200, 250, 500, 700, 900, or 1000 Hz. The control condition was designed
to control for sublexical auditory processing. The subject was instructed to listen to the stories
so that he or she could answer questions about them after the scans. Performance data were
obtained at the end of the scanning session by asking the subject to answer two multiple choice
questions about each story (transcript of questions for one of the stories is also given in
(Schmithorst et al., 2006)).
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Normal children ages 5-18 were recruited after Institutional Review Board approval was
obtained for the study. Informed consent was obtained from each child’s parent or guardian
(assent was also obtained from subjects eight years and older). Exclusion criteria were as
follows: previous neurological illness, learning disability, head trauma with loss of
consciousness, current or past use of psychostimulant medication, pregnancy, birth at 37 weeks
gestational age or earlier, or abnormal findings at a routine neurological examination performed
by an experienced pediatric neurologist. All subjects were native monolingual English
speakers.

The current study involves the subset of 303 (151M, 152F) out of the original 313 subjects for
which both performance data (post-scan recall) and Wechsler full-scale 1Q scores were
available. Subjects received the Wechsler Intelligence Scale for Children, Third Edition
(WISC-III), or the Wechsler Adult Intelligence Scale, Third Edition (WAIS-I11). The IQ (mean
+std.) of boys was 111.6 + 13.4; the 1Q (mean + std.) of girlswas 111.1 + 14.9. The age (mean
+ std.) of boys was 11.8 + 3.5 yrs; the age (mean + std.) of girls was 12.0 £ 3.9 yrs. Out of 10
multiple-choice questions asked after the scanning session to test post-scan recall, the
performance of boys (mean + std.) was 7.68 + 2.08; the performance of girls was 7.84 + 2.02.
The Bayesian connectivity analysis (detailed below) was however restricted to a subset of
subjects (296; 146M, 150F) since magnetic susceptibility artifacts prevented extraction of
functional time courses from at least one region of interest (ROI) for 7 subjects. For this subset,
age (mean = std.) of boys was 11.7 + 3.5 yrs, age (mean = std.) of girls was 12.0 £ 4.0 yrs; 1Q
(mean xstd.) of boys was 111.7 + 13.6, 1Q (mean * std.) of girlswas 111.3 + 14.7; performance
(mean % std.) of boys was 7.64 + 2.09, performance (mean = std.) of girls was 7.88 £ 1.95. A
further analysis was restricted to the subset of subjects where performance on post-scan recall
was better than a chance level (p < 0.02), corresponding to correctly answering 6 or more out
of the 10 multiple (4)-choice questions. In this subset, age (mean + std.) of boys was 11.9 +
3.4 yrs, age (mean + std.) of girls was 12.5 + 3.9 yrs; 1Q (mean * std.) of boys was 112.4 +
13.7, 1Q (mean = std.) of girls was 111.2 + 14.3; performance (mean = std.) of boys was 8.22
+ 1.3, performance (mean + std.) of girls was 8.48 + 1.21. A complete age and gender
breakdown of the subset of subjects for each analysis is detailed in Table 1.

Data were processed using in-house software written in IDL (Research Systems Inc., Boulder,
CO). Nyquist ghosts and geometric distortion due to BO field inhomogeneity were corrected
for during reconstruction using a multi-echo reference scan (Schmithorst et al., 2001). Data
were corrected for subject motion using a pyramid iterative algorithm (Thevenaz and Unser,
1998); all data sets met the criterion of median voxel displacement at the center of the brain <
2 mm. The fMRI data were subsequently transformed into stereotaxic space (Talairach and
Tournoux, 1988) using a linear affine transformation, previously validated for the age range
in our study (Muzik et al., 2000; Wilke et al., 2002).

The fMRI data were analyzed using a standard General Linear Model (GLM) method to find
regions correlated with full-scale 1Q. The analysis was restricted to voxels with p < 1e-6
(Bonferroni-corrected) for significant within-group activation. A three-way ANCOVA was
performed, with independent variables of full-scale 1Q, subject age, and sex; the main effect
of full-scale 1Q was the contrast of interest. The Z-scores from the ANCOVA were filtered
with a Gaussian filter of width 4 mm, and a threshold of Z > 4 and extent threshold of 25
contiguous voxels was used; these thresholds were found to correspond to a corrected p < 0.05
using a Monte Carlo analysis similar to that described in (Ledberg et al., 1998); spatial
autocorrelations were estimated by principal component analysis (PCA). There were six
regions found (Table 2): the superior temporal gyrus (STG) bilaterally (corresponding to
classical Wernicke’s areas); the posterior aspects of the superior temporal gyrus bilaterally;
the left inferior frontal gyrus (classical Broca’s area); and the superior medial frontal gyrus.
Maps were also constructed for the sex-X-1Q and age-X-sex-X-IQ interactions.
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Regions of interest (ROIs) were defined for voxels having correlation with full-scale 1Q, and
fMRI time courses were extracted from each subject from these ROIs. As described above,
magnetic susceptibility artifacts prevented the extraction of time courses from all ROlIs for 7
subjects, which were excluded from the Bayesian connectivity analysis. The Bayesian
connectivity analysis was performed both on this subset of 296 subjects and on a further subset
of 259 subjects whose post-scan recall of the narratives was better than chance.

The Bayesian methodology for connectivity analysis is described in detail in previous papers
(Patel et al., 2006a; b) and is only summarized here, together with the modifications made for
the specific analyses desired for this study (notation will differ somewhat from (Patel et al.,
2006a) for clarity and brevity). The time courses from each subject and ROl were corrected
for baseline drift using a quadratic function, and normalized to percent change from the mean.
Assuming a baseline-drift-corrected fMRI timecourse Y the standard General Linear Model is
Y = XB + ¢ where X is the “design matrix” consisting of the contrasts of interest and confounds,
B is the matrix of parameters, and ¢ contains the residuals. From each time course a vector of
binary values A is constructed according to whether elevated activity occurs during the
narrative comprehension period: A = I(Y > ¢ o) where ¢ is the standard deviation of ¢. Since
the fMRI paradigm in the present study is a block-design, the technique is simplified as follows:
the time courses were split into resting and active epochs, with the first 3 time points in each
epoch discarded to allow sufficient time for the hemodynamic delay. o was calculated as the
standard deviation of the points in the resting epochs. (Temporal pre-whitening is
recommended by (Patel et al., 2006a); this step was omitted in the present study as it was a
block design and elevated activation during the active (narrative comprehension) epoch is
unlikely to be affected by autocorrelated noise.) (Patel et al., 2006a) uses an arbitrary choice
of ¢ = 1; however, a data-driven approach to selecting the threshold is more likely to result in

significant between-groups differences. Hence a histogram was made of ;Y over all time points

(in the narrative comprehension epoch) and all subjects. The histogram was spline-smoothed
and the mode of the histogram (corresponding to ¢ = 0.626) was selected as the threshold to
maximize the separation between “active” and “inactive” time points during the active period.

For each pair of ROIs a and b in each subject s the joint activation probabilities are derived as:

M
As™ m):=1 [(Aasm =1 Absm =1,

where the indicator m denotes all time points during the active (narrative comprehension)
epochs, and | is the indicator function. Since there are 6 ROIs of interest, there are 15 pairs of
ROIs for which the above computation is performed. The above differs from (Patel et al.,
2006a) in that there the sum is also taken over the subject index; however, this is not done in
the present analysis since it is desired to test for between-group differences. With that
difference, the methodology remains essentially the same.

The multinomial likelihood of the data is:
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The probabilities, unlike as in (Patel et al., 2006a), are not assumed the same for each subject;
thus allowing the modeling of inter-subject variability. The Bayesian formalism allows for the
incorporation of priors; for this study we simply use flat priors and thus the posterior (Dirichlet)
distribution is
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We then sample repeatedly from this posterior Dirichlet distribution, which incorporates inter-
subject variability and allows the generation of posterior distributions for parameters reflecting
between-group differences, such as sex and 1Q.

Two derived parameters are proposed in (Patel etal., 2006a):k, a measure of association related
to the joint activation probability, and T, a measure of functional ascendancy (i.e. one region
active at the same time while another region is inactive). However we wished to test for
between-groups differences in functional connectivity, not merely measures of connectivity or
ascendancy in a single subject. As a measure of connectivity we use the conditional joint
activation probability assuming
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We subject this parameter to another level of analysis, testing for between-groups differences.
For each sample taken from the posterior distribution, a three-way ANCOVA with independent
variables of sex, age, and 1Q is performed; thus generating posterior distributions for the
regression coefficients for 1Q (main effect), sex-X-1Q interaction, and age-X-sex-X-1Q
interaction. Bayesian posterior inferences are then drawn from the posterior distribution for
each coefficient. (For clarity, throughout the paper frequentist probabilities will be denoted by
lowercase p, while Bayesian posterior probabilities will be denoted by capitalized P.) A
connection was deemed significant if the posterior probability was P > 0.99 for the regression
coefficients tested (e.g. main effect of 1Q, sex-X-1Q interaction, and sex-X-1Q-X-age
interaction) for the analysis involving subset of subjects whose task performance was better
than chance, and the posterior probability was P > 0.95 for the analysis involving all subjects.
The rationale for this set of criteria is explained in the Discussion section.
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Results

For the voxelwise fMRI analysis involving all 303 subjects, and for the Bayesian connectivity
analysis involving 296 subjects, there was no significant difference between boys and girls for
full-scale 1Q (p > 0.7, independent T-test), age (p > 0.4, independent T-test), or performance
(p > 0.29, Mann-Whitney U-test). There was a significant association between performance
and full-scale 1Q for the voxelwise fMRI analysis and for the Bayesian connectivity analysis
involving 296 subjects (Spearman’s R = 0.27; p < 1e-5), and this association remained present,
albeit with reduced significance, in the subset of 259 subjects where task performance was
better than a chance level (Spearman’s R = 0.23; p < 0.001). For this subset of subjects, there
was no significant difference between boys and girls for full-scale 1Q (p > 0.9, independent T-
test) or age (p > 0.24, independent T-test). There is also no significant difference in
performance, although it is approaching a trend (p > 0.13, Mann-Whitney U-test).

Results of all active regions are shown in Figure 1; results of regions correlated with full-scale
IQ are shown in Figure 2, comprising Wernicke’s area bilaterally, the posterior superior
temporal gyrus bilaterally, Broca’s area in the left hemisphere, and the superior medial frontal
gyrus (details listed in Table 2). A sagittal view is given in Figure 3, showing the delineation
of Wernicke’s area from the most posterior aspect of the superior temporal gyrus. Regions
significant for the 1Q-X-sex interaction (girls > boys) are shown in Figure 4, and are limited
to regions in Figure 2 in the left hemisphere. Regions significant for the 1Q-X-sex-X-age (boys
> girls) interaction are shown in Figure 5, showing regions with sex differences in the
correlation of functional activation with intelligence moderated by age.

For the Bayesian connectivity analysis, a significant positive main effect for 1Q was seen for
the functional connections diagrammed in Figure 6. Specifically, the significant connections
include those from Wernicke’s area in each hemisphere to the other areas in the left hemisphere
(Broca’s area and the left posterior superior temporal gyrus), and the superior medial frontal
gyrus; an additional intra-hemispheric connection between Broca’s area and the left posterior
superior temporal gyrus; and an inter-hemispheric connection between Wernicke’s areas in
both hemispheres. Bayesian posterior credible intervals and posterior medians for each
connection are listed in Table 3.

Significant sex-X-1Q interactions (girls > boys) were seen for the functional connectivity of
Wernicke’s areas (both hemispheres) to the left posterior superior temporal gyrus (Figure 7).
Bayesian posterior credible intervals and posterior medians are listed in Table 4. Post-hoc
Bayesian analyses were performed by splitting the data between boys and girls and generating
posterior distributions (using a two-way ANCOVA with independent variables of age and 1Q)
of the regression parameter for main effect of 1Q as a function of marginal joint probability for
each group (boys and girls) separately. This analysis revealed that for each connection there
was a significant (P > 0.99) positive association of connectivity with 1Q in girls (denoted in
the diagram by coloring the lines pink), while no significant effect was seen for boys.

Significant sex-X-1Q interactions (boys > girls) were seen for the functional connectivity of
Broca’s area to Wernicke’s areas and the right posterior superior temporal gyrus (Figure 8);
as well as the functional connectivity between the right posterior superior temporal gyrus and
left Wernicke’s area. Bayesian posterior credible intervals and posterior medians are also listed
in Table 4. The post-hoc Bayesian analysis revealed a significant positive association of
connectivity with 1Q in boys for each connection (denoted in the diagram by coloring the lines
blue), and a significant negative association of connectivity with IQ in girls only for the
connection between Broca’s area and the right posterior superior temporal gyrus (denoted by
coloring the line pink).
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Significant three-way sex-X-age-X-1Q interactions (girls > boys) were seen for the functional
connectivity of Wernicke’s areas (both hemispheres) with the right posterior superior temporal
gyrus (Figure 9). Bayesian posterior credible intervals and posterior medians are listed in Table
5. Post-hoc Bayesian analyses were performed as above, splitting the data into boys and girls;
from the model regression parameters, posterior distributions were generated for the slope of
IQ vs. marginal joint probability at 60 months (5 years) and 216 months (18 years) of age,
corresponding to the youngest and oldest subjects. For the youngest girls, there was a
significant negative association of connectivity with 1Q (denoted by the dashed pink lines);
while for the oldest girls, there was a significant positive association of connectivity with 1Q
(denoted by the solid pink lines). For the youngest boys, there was a positive association of
connectivity with 1Q (denoted by the dashed blue lines); no significant effect was found in the
oldest boys. These results indicate a developmental progression in girls for these connections
impeding cognitive function (in the youngest girls) to being associated with improved cognitive
function (in the oldest girls); while in boys the results indicate a developmental progression
with age resulting in less reliance on these connections for improved cognitive function.

Discussion

Previous studies investigating possible sex-related differences in the cortical activation
subserving language processing have found disparate results (Sommer et al., 2004). Some
studies have found moderate differences in adults (Kansaku et al., 2000; Phillips et al., 2001;
Pugh et al., 1996; Shaywitz et al., 1995); however a different study (Frost et al., 1999) failed
to find any significant differences, even with a relatively large sample size. A recent study
performed on children (Plante et al., 2006) suggested that these disparate results may be the
result of sampling variability and that large sample sizes are necessary to reliably detect sex
differences, especially in children. Therefore, performing a separate analysis on our large-scale
(>300 children) dataset previously analyzed using Independent Component Analysis
(Schmithorst et al., 2006) was determined to be the most suitable approach for the investigation
of possible sex-related differences in language processing in children relating to intelligence.

While the existence of sex-related differences in language lateralization in fact remains a topic
of controversy (Sommer etal., 2004), it has been proposed that sex-related differences are task-
dependent (Kitazawa and Kansaku, 2005), with boys showing greater lateralization for tasks
which isolate phonological processing (e.g. (Jaeger et al., 1998; Pugh et al., 1996; Shaywitz et
al., 1995)) as compared with those which involve semantic processing at the word level (e.g.
(Frost et al., 1999; Kansaku and Kitazawa, 2001)). Significant sex differences have also been
previously found for story listening tasks (Kansaku et al., 2000; Phillips et al., 2001). It has
been hypothesized (Ringo et al., 1994) that sex-related differences in laterality of activation
may reflect differences in interhemispheric communication between posterior language areas;
this hypothesis has been corroborated by an event-related potential (ERP) study (Nowicka and
Fersten, 2001). There is some support via post-mortem analysis and structural MRI studies for
sex differences in the shape or size of posterior areas of the corpus callosum (e.g. (Steinmetz
etal., 1992; Steinmetz et al., 1995; Witelson, 1989)) and it may even relate to testosterone
exposure (Moffat etal., 1997), although differences in corpus callosum size detected MRI have
been shown to be highly dependent on methodology (Bermudez and Zatorre, 2001). Diffusion
tensor imaging (DTI) has also shown possible sex differences in corpus callosum
microstructure (Shin et al., 2005; Westerhausen et al., 2004). Female-specific correlation of
cognitive performance with bulbosity and size of the splenium of the corpus callosum has been
demonstrated (Davatzikos and Resnick, 1998). Male-specific lateralization has also been
previously found in anterior areas (the inferior frontal gyrus) for story processing (Kansaku et
al., 2000) and phonological processing (Jaeger et al., 1998; Pugh et al., 1996; Shaywitz et al.,
1995).
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The difficulty level of the task was selected such that children as young as 5 years old would
be able to perform it. It was not designed to recruit specific areas of intelligence such as
executive function or working memory. Hence, as a low-g task, the results do not provide the
same information as a study which contrasts a high-g task with a low-g or control task (Duncan
et al., 2000; Esposito et al., 1999; Gray et al., 2003; Prabhakaran et al., 2001; Prabhakaran et
al., 1997). Brain regions involved in intelligence, according to the method of correlated vectors
(Jensen, 1998), should not show intelligence-related correlations with activity when
performing a low-g task. Rather, it has been hypothesized that differences found in brain
activation related to intelligence during performance of low-g tasks relate to differences in
information processing mechanisms (Haier et al., 2003). For instance, subjects with higher
performance on the Raven’s Advanced Progressive Matrices (RAPM) test of cognitive
performance (Raven et al., 1998) showed greater activation in a posterior visual association
area during the viewing of videos (Haier et al., 2003), hypothesized to be related to integrating
higher-order language concepts or audio components with incoming visual information. Our
previous fMRI study in children (Schmithorst and Holland, 2006) involving silent verb
generation corroborated this interpretation, with 1Q-related increases in activation found in
regions associated with semantic processing and visualization, connected with areas associated
with executive function.

In the current study we also found increases in brain activation related to intelligence in areas
associated with information processing (Figure 2). Wernicke’s areas have been hypothesized
to fulfill a variety of different roles in narrative comprehension (Schmithorst et al., 2006).
Activation in these regions has been previously reported for processing of semantic anomalies
(e.g. (Friederici et al., 2003;Kuperberg et al., 2000;Ni et al., 2000)). Access to word meaning,
however, may not be contained in classical Wernicke’s areas (Scott et al., 2000); instead, they
may be involved with spectral and temporal processing of auditory input, with information
projected to amodal higher-order association cortex. Activation in Wernicke’s area was not
found when subjects read, rather than listened to, sentences with semantic anomalies (Newman
et al., 2001), and differential activation was found when subjects listened to words versus
nonwords, or words versus reversed speech (Binder et al., 2000). Based on our earlier results
showing a significant increase in activation with age, we hypothesized the STG to be more
involved with spectral and temporal processing rather than word meaning, since the stories
only used vocabulary at the level of very young children. The posterior superior temporal gyrus
has been hypothesized to be involved in non-domain specific higher-order integration
(Friederici et al., 2003;Schmithorst et al., 2006), mapping different types of information,
whether semantic, syntactic, or pragmatic, onto each other. The delayed rise in the
hemodynamic response relative to the beginning of the narratives shown in our earlier paper
(Schmithorst et al., 2006) corroborates this interpretation.

In addition, activation increases with 1Q were seen in Broca’s area and the superior medial
frontal gyrus. Broca’s area has been hypothesized to be related to syntactic working memory
rather than syntactic complexity (Fiebach et al., 2001; Fiebach et al., 2005). During the
processing of syntactically complex sentences, the displaced element must be maintained in
working memory over a longer distance (Friederici et al., 2003). Bi-directional connectivity
with Broca’s area has also been proposed (Matsumoto et al., 2004; Schmithorst et al., 2006),
in line with novel “connectionist” models of language processing (McClelland and Rogers,
2003; Nadeau, 2001). The left prefrontal cortex has been hypothesized be involved with a
domain-special system for syntactic processing in sentence comprehension (Sakai et al.,
2003), as opposed to domain-general working memory. The superior medial frontal gyrus has
been implicated in semantic processing in normal adults (Harris et al., 2006) and in children
(Holland et al., 2001), although it may also be related to Theory of Mind (Fletcher et al.,
1995; Gallagher and Frith, 2003).
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Agreeing with previous results for a semantic verb generation task (Schmithorst and Holland,
2006), a significant sex-X-1Q interaction (girls > boys) was seen for the left Wernicke’s area
and posterior superior/middle temporal gyrus (Figure 4). The activation intensities for these
regions were separated out by boys and girls and a three-way ANOVA was performed with
independent variables of age, 1Q, and performance. This post-hoc analysis showed that both
regions displayed a significant positive correlation of activation intensity with 1Q in girls; a
negative correlation of activation intensity with 1Q in boys was seen in the posterior left
superior/middle temporal gyrus. These results corroborate a previous study which
demonstrated sex and task differentiation (Neubauer et al., 2002) in “neural efficiency” (Haier
et al., 1992), which postulates that more intelligent individuals will utilize fewer neuronal
resources to perform at a given cognitive level (Gray and Thompson, 2004). In addition, there
was also a three-way sex-X-age-X-1Q interaction (boys > girls) seen (Figure 5) in the superior
temporal gyri bilaterally, the medial frontal gyrus, and Broca’s area. The same post-hoc
analysis was performed on the activation intensities in these areas as described above. In the
right superior temporal gyrus, there was a negative 1Q-x-age interaction in girls, while in boys
there was a positive 1Q-x-age interaction in Broca’s area and the medial frontal gyrus. These
results point to an increasing specialization to the left hemisphere in more intelligent girls and
boys with age, with however a different mechanism (increased right hemisphere inhibition in
girls, increased left hemisphere activation in boys); future research will be necessary to
investigate this possibility further.

Intelligence (and sex-related differences in intelligence) appears to depend on functional
connectivity or, conversely, localization of cognitive function (Gray and Thompson, 2004;
Schmithorst and Holland, 2006), and hence an analysis only of absolute activation patterns is
unlikely to give a complete picture. As it has been suggested that “one of the main insights of
cognitive neuroscience is that the “functional units’ of higher cognition are networks of brain
areas, not single areas” (Gray and Thompson, 2004), in addition to investigating associations
between activation in individual brain regions and 1Q we investigated functional connectivity
using a Bayesian analysis procedure. In contrast to the previously published original analysis
of this dataset (Schmithorst et al., 2006), which only described the specific networks in the
brain used for narrative processing across all subjects, the Bayesian connectivity analysis is
able to specifically associate functional connectivity between various regions with inter-subject
differences in age, sex, and 1Q.

An extensive network was found (Figure 6) relating functionally correlated activity to 1Q. Part
of this network included functional connectivity between left Wernicke’s area, the left posterior
superior temporal gyrus, and Broca’s area. These regions comprise the classical Wernicke-
Geschwind pathway (Catani et al., 2005), and our results agree with previous DTI results
showing the increased anisotropy in the left arcuate fasciculus with age (Schmithorst et al.,
2002), and the correlation of anisotropy with 1Q in a population of mainly girls (Schmithorst
et al., 2005). Our results provide corroboration for the relation of connectivity in the arcuate
fasciculus and between regions in the Wernicke-Geschwind model for both boys and girls.
Similar results have been shown relating connectivity in this area with reading performance in
adults (Klingberg et al., 2000), and also in children (Beaulieu et al., 2005). However, the results
also implicate inter-hemispheric connectivity between right Wernicke’s area and left
Wernicke’s area, and thus also between right Wernicke’s area and the left-hemispheric
language processing network being associated with 1Q. While previous
magnetoencephelography (MEG) studies (Papanicolaou et al., 2003;Pardo et al., 1999) have
shown evidence for a left-hemispheric specialization of the superior temporal gyrus for speech
processing, more intelligent subjects may be more proficient in processing and integrating
information likely to be specialized to the right hemisphere (e.g. tone of speech).
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With regard to the differences between boys and girls in the relation of brain connectivity to
intelligence, a previous paper (Schmithorst and Holland, 2006) involving fMRI of silent verb
generation, showed the optimal configuration (at least in the left hemisphere) for boys
progressing from more to less connected with age, with the reverse progression in girls, from
less to more connected. The results of the current study, however, employing a more
sophisticated analysis technique, and with activation on both hemispheres of the brain, show
that the actual developmental progression is more involved. Girls show increased reliance on
connectivity between Wernicke’s areas and the left posterior superior temporal gyrus (Figure
7) when compared to boys. While it might seem from the results (Figure 8) that boys show
increased reliance between left Wernicke’s area and the right posterior superior temporal gyrus,
the age-X-sex-X-1Q interaction (Figure 9) shows this effect to be due to the young girls
possessing a negative association of this connectivity with 1Q. As girls mature, they develop
a positive association with 1Q of the connectivities between Wernicke’s area and the right
posterior superior temporal gyrus, while the reliance of boys on these connections disappears.
On the other hand, boys show a greater reliance on the functional connectivity between Broca’s
area and Wernicke’s areas; as well as the connectivity between Broca’s area and the right
posterior superior temporal gyrus.

Thus from the current study we can demonstrate a greater reliance in more intelligent girls on
functional connectivity between regions used for spectral and temporal processing of the
sounds, and amodal higher-order associative regions such as the posterior superior temporal
gyri. There is however a hemispheric asymmetry; the association with the left posterior superior
temporal gyrus is present even in younger girls while the association with the right posterior
superior temporal gyrus only comes into place later in the developmental period. The situation
is different in boys. There is no association of 1Q and connectivity between Wernicke’s areas
and the left posterior superior temporal gyrus, or (at least at the end of the developmental
period) the right posterior superior temporal gyrus. However there is a greater reliance on
connectivity between Wernicke’s areas and the right posterior superior temporal gyrus if one
considers the relevant information being mediated or “funneled” through Broca’s area (Figure
8). There is greater reliance on the functional connectivity between Wernicke’s areas
(bilaterally) and Broca’s area, and then greater reliance on the functional connectivity between
Broca’s area and the right posterior superior temporal gyrus.

These results suggest that sexual dimorphism in the neuroanatomical correlates of intelligence
is more complex than a simple statement that females rely more on functionally connected
networks, with males relying on increased functional localization, as hypothesized previously
(Schmithorst and Holland, 2006). The question is also rather more involved than simply one
of males exhibiting increased hemispheric lateralization (Wager et al., 2003) for various tasks,
including affect recognition (Cahill et al., 2001; Killgore and Yurgelun-Todd, 2001) and
language (Saucier and Elias, 2001; Shaywitz et al., 1995). Rather, we hypothesize that the
sexual differences in optimal neuroanatomical configuration reflect a difference in information
processing schemes. Our results show that more intelligent boys rely more on feed-forward
and feed-back connectivity between Broca’s area and other auditory processing regions. This
result corroborates the observation of (Pugh et al., 1996), where it was suggested that the
phonological and semantic networks overlap more in women than in men, and that the networks
engaged for phonological and lexical-semantic processing are more spatially distinctive for
males. It was also observed (Pugh et al., 1996) that the left inferior frontal gyrus activated more
in males than for females. A more diffuse network for phonological processing in females,
with more hemispheric specialization and use of the left inferior frontal gyrus in boys, was also
observed in (Shaywitz et al., 1995). Our results corroborate these previous observations, as
more intelligent children will be more proficient in language processing. If phonological
processing is more concentrated in the superior temporal gyrus (Wernicke’s area) in boys,
while semantic processing is more concentrated in the posterior superior temporal gyrus, more

Neuroimage. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schmithorst and Holland Page 11

intelligent boys will need to rely more on functional connectivity of the left inferior frontal
gyrus with Wernicke’s area and the posterior superior temporal gyrus. Syntactic
representations will need to be held in working memory for a longer period of time in order to
accomplish the transition between phonological and semantic representations. On the other
hand, if the networks for phonological and semantic processing overlap more in girls, there
will be less reliance on mediate connectivity with the left inferior frontal gyrus and more
reliance on immediate connectivity between Wernicke’s areas and the posterior superior
temporal gyri.

Interestingly, the sex difference (favoring girls) in the association of 1Q and connectivity
between Wernicke’s areas and the left posterior superior temporal gyrus is present throughout
the age span. However, there is a developmental effect in the sex difference in the association
of 1Q and connectivity between Wernicke’s areas and the right posterior superior temporal
gyrus, with the difference not becoming present until later in development. Moreover, a sex-
related difference (favoring boys) is only shown for mediate connectivity (e.g. “funneled”
through Broca’s area) for the right posterior superior temporal gyrus. We hypothesize that this
result stems from differences in the cortical demands for word-level semantic processing versus
higher-level semantic processing. While sex-related differences have not been shown for some
studies involving semantic tasks at the word level, they have been shown for higher-order
semantic processing at the sentence level (Kansaku et al., 2000) used in narrative
comprehension. In a hierarchical semantic decision task (Baxter et al., 2003) involving
categorical knowledge, women displayed greater activation in the right superior temporal areas
and posterior superior temporal areas. The authors suggested that previous null results
investigating sex-related difference in the performance of semantic tasks were due to
methodological differences as to whether the task incorporated higher-order language
processing. The results supported a previously hypothesized inter-hemispheric model of sex
differences in language processing (McGlone, 1977), but also a previously hypothesized intra-
hemispheric model (Kimura, 1983). Our results suggest the inter-hemispheric differences may
occur later in development, as more intelligent girls become more proficient at higher-order
language processing, and more reliant on the connectivity between the right posterior superior
temporal gyrus and other areas.

There was no significant difference in performance between the boys and the girls included in
this study. Thus, our results suggest that the age and 1Q dependent connectivity differences
shown between boys and girls reflect the development of different but equivalent and equally
effective neural circuits to comprehend and retain information from auditory narratives, subject
to the limitation that our performance measure is based on a post-hoc recall of events in the
narrative rather than a direct, real-time measure. This interpretation is in line with previous
results showing minimal or no differences in overall intelligence between adult men and
women (e.g. (Lynn, 1999; Mackintosh, 1996)), although there may in fact be a small difference
in g between the sexes favoring males of about 3—4 1Q points (Jackson and Rushton, 2006).
Our results also agree with previous studies showing intelligence to be more associated with
white matter in women and gray matter in men (e.g. (Gur et al., 1999; Haier et al., 2005)), and
evidence a sexual dimorphism in neural architecture but one resulting in similar cognitive
performance.

The novel Bayesian a posteriori post-processing approach, based on that of (Patel et al.,
20064a), allows the investigation of functional connectivity associated with individual
differences and has several advantages over other methods. The regions of interest were
restricted to those regions which were shown to be activated and also correlated with 1Q in
order to obviate difficulties associated with selecting seed points. The method is completely
data-driven and hypothesis-unconstrained. Bayesian posterior probabilities are generated,
removing the necessity of correcting for multiple comparisons. While the method is only able

Neuroimage. Author manuscript; available in PMC 2008 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schmithorst and Holland Page 12

to investigate functional connectivity, rather than effective connectivity, and thus no inferences
on possible causation can be drawn, it may be useful nonetheless for construction of hypotheses
to test in a hypothesis-constrained method such as Linear Structural Equation Modeling
(LSEM) (Solodkin et al., 2004). It is also straightforward to extend the method to investigate
individual differences in functional ascendancy, as described in (Patel et al., 2006a), as well
as simple functional connectivity.

A limitation of the study is that differences in functional connectivity due to IQ may be
confounded with those due to task performance. Inattentive or uncooperative subjects will not
activate the necessary functional connections between regions as will normally-performing
subjects. However, as differing 1Q will cause a change in task performance (as demonstrated
by the highly significant correlation between 1Q and performance) as well as functional
connectivity, attempting to covary out performance in the analysis would also remove effects
due to 1Q. Hence the procedure detailed in the Materials and Methods section was employed
to account for task performance yet retain sensitivity in investigating changes in connectivity
due to 1Q. The initial analysis was restricted to subjects who performed better than chance on
the post-scan recall, ensuring that the subjects were not inattentive or uncooperative but were
in fact listening to and comprehending the narratives. This restriction however could possibly
result in a spurious effect due to selection bias favoring higher-1Q subjects. Thus the
connections found to have a significant (P > 0.99) main effect of 1Q, sex-X-1Q interaction, or
sex-X-1Q-X-age interaction, were then validated and deemed significant if there was also a
significant (P > 0.95) result from the analysis involving the complete dataset. All connections
found significant using the subset of data were validated from the analysis involving the
complete dataset with the exception (Table 4) of two ipsilateral connections showing a sex-X-
IQ interaction. There were also some connections with significant effects from the analysis
involving the complete dataset that did not replicate in the analysis involving the subset; these
effects are likely spurious, stemming from differences in task performance (e.g. uncooperative/
inattentive subjects) rather than 1Q.

Conclusion

Possible sex differences in the neuroanatomical bases for intelligence in children were
investigated in a large cohort of children ages 5-18 using the fMRI paradigm of passive story
listening. To investigate functional connectivity differences a recently-published Bayesian
technique for modeling functional connectivity was modified for the investigation of individual
differences. Girls showed a greater reliance on connectivity between the left posterior superior
temporal gyrus and Wernicke’s areas bilaterally, and a developing greater reliance with age
on connectivity between the right posterior superior temporal gyrus and Wernicke’s areas
bilaterally. Boys displayed a greater reliance on connectivity between Broca’s area and
auditory processing areas including Wernicke’s areas and the right posterior superior temporal
gyrus. We hypothesize that the optimal configuration for boys and girls is not simply a matter
of females developing greater reliance on functional connectivity with age and males
developing greater reliance on functional localization but that the optimal configurations are
modulated by specific information processing demands.
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Figure 1.

Regions activated during the fMRI paradigm of narrative comprehension for a cohort of 303
normal children ages 5-18. Regions significant with p < 1e-6 (corrected). Slice location: Z =
—15 mm to Z = +40 mm. All images in neurologic orientation.
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Figure 2.

Regions with a significant positive correlation of Wechsler Full-Scale 1Q with BOLD
activation for the fMRI paradigm of narrative comprehension performed by a cohort of 303
normal children ages 5-18. Regions significant with p < 0.01 (corrected). Slice location: Z =
—15 mm to Z = +40 mm. All images in neurologic orientation. The color legend is shown in
Table 2.
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Figure 3.

Sagittal view of regions in Figure 2 (slice locations: top, X = —45 mm; bottom, X = +45 mm)
showing delineation of Wernicke’s area from posterior superior temporal gyrus. Color legend
shown in Table 2.
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Figure 4.

Regions with a significant 1Q-X-sex interaction (girls > boys) on BOLD activation for the
fMRI paradigm of narrative comprehension performed by a cohort of 303 normal children ages
5-18. Regions significant with p < 0.01 (corrected). Slice location: Z = —-15 mmto Z = +40
mm. All images in neurologic orientation.
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Figure 5.

Regions with a significant 1Q-X-sex-X-age interaction (boys > girls) on BOLD activation for
the fMRI paradigm of narrative comprehension performed by a cohort of 303 normal children
ages 5-18. Regions significant with p < 0.01 (corrected). Slice location: Z=-15mmto Z =
+40 mm. All images in neurologic orientation.

Neuroimage. Author manuscript; available in PMC 2008 March 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Schmithorst and Holland Page 23

Figure 6.

Regions exhibiting a positive main effect of connectivity with 1Q. (Abbreviations: LWERN =
Left Wernicke’s Area; RWERN = Right Wernicke’s Area; SMFG = Superior Medial Frontal
Gyrus; LPSTG = Left Posterior Superior Temporal Gyrus; BROCA = Broca’s Area.)
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Figure 7.

Regions exhibiting a significant 1Q-X-sex (girls > boys) interaction on functional connectivity.
(Pink line indicates connectivity has positive main effect for girls. Abbreviations: LWERN =
Left Wernicke’s Area; RWERN = Right Wernicke’s Area; LPSTG = Left Posterior Superior
Temporal Gyrus.)
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Figure 8.

Regions exhibiting a significant 1Q-X-sex (boys > girls) interaction on functional connectivity.
(Blue line indicates connectivity has positive main effect for boys; pink line indicate
connectivity has negative main effect for girls. (Abbreviations: LWERN = Left Wernicke’s
Area; RWERN = Right Wernicke’s Area; SMFG = Superior Medial Frontal Gyrus; LPSTG =
Left Posterior Superior Temporal Gyrus; RPSTG = Right Posterior Superior Temporal Gyrus;
BROCA = Broca’s Area.)
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Figure 9.

Regions exhibiting a significant 1Q-X-age-X-sex (girls > boys) interaction on functional
connectivity. (Dashed blue line indicates connectivity has positive effect for youngest (5 years)
boys; dashed pink line indicates connectivity has negative effect for youngest (5 years) girls;
solid pink line indicates connectivity has positive effect for oldest (18 years) girls.
Abbreviations: LWERN = Left Wernicke’s Area; RWERN = Right Wernicke’s Area; RPSTG
= Right Posterior Superior Temporal Gyrus.)
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Page 27

Age (years) and gender breakdown for: the 303 subjects used for the voxelwise fMRI analysis (top table); the
296 subjects incorporated in the Bayesian functional connectivity analysis (middle table); the subset of 259
subjects incorporated in the Bayesian functional connectivity analysis whose task performance was better than

a chance (p < 0.02) level (bottom table).

5 6 7 8 9 10 11l 12 13 14 15 16 17 18
M 7 8 10 15 10 10 17] 16 16 9 10 9 11] 3
E 6 10 15 11 12 10 8 10 20 9 10 10 10 11

5 6 7 8 9 10 11] 12 13 14 15 16 17 18
M 7 8 10 15 10 10 17 16 15 9 8 8 11] 2
E R 10 15 11 12 10 8 10 18 9 10 10 10 11]

5 6 7 8 9 10 11l 12 13 14 15 16 17 18
M 3 6 7 15 10 10 15 14 13 9 7 8 10 2
E 4 6 11] 9 10 9 8 10 15 8 10 9 10 11
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Regions showing correlations of activation with Full-Scale 1Q used in the Bayesian Connectivity Analysis. (X,
Y, Z in Talairach coordinates.) Regions correspond to the colored areas in Figure 2.

Region Colored Region in Figure 2 # Voxels BA XY.Z

Left Inferior Frontal Gyrus (Broca’s Area) Red 37 44/45] —47, 21,10
Left Posterior Superior Temporal Gyrus Green 85 22 —48, 50, 19
Left Superior Temporal Gyrus (Wernicke’s Area) Blue 301 22 —50,—24. 3
Superior Medial Frontal Gyrus Cyan 36 8/9 —2,46,33
Right Posterior Superior Temporal Gyrus Magenta 29 22 44, -49 19
Right Superior Temporal Gyrus (Wernicke’s Area) Yellow 193 22 46,-19.1
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Table 5
Bayesian posterior 99% credible intervals (posterior medians in parentheses) for the regression parameter ( 1e5)
corresponding to the sex-X-1Q-age interaction on functional connectivity between the regions in the horizontal
and vertical rows of the matrices.

BROCA LPSTG LWERN SMEG RPSTG RWERN

BROCA -- —5.83-4.33 —6.31-2.98 —6.07 - 5.56 —2.64-7.83 —7.89-1.70
(=0.61) (=1.60) (=0.38) (2.61) (=3.09)

LPSTG —5.83-4.33 -- —3.59-5.38 —7.63-3.37 -1.32-9.53 —2.28-6.81

(=0.61) (0.55) (=2.06) (4.14) (2.06)
LWERN —6.31-2.98 —3.59-5.38 - —8.62-0.78 —6.57 - 1.69

(=1.60) (0.55) (=3.85) (=2.48)
SMFG —6.07 - 5.56 —7.63-3.37 —8.62-0.78 -- —4.39-6.32 —7.29-2.50

(=0.38) (=2.06) (=3.85) (1.04) (=2.49)
RPSTG —2.64-7.83 -1.32-9.53 —4.39-6.32 -

(2.61) (4.14) (1.04)
RWERN -7.89-1.70 —2.28-6.81 —6.57 - 1.69 —7.29-2.50 --

(=3.09) (2.06) (=2.48) (=2.49)

BROCA LPSTG LWERN SMFG RPSTG RWERN
BROCA -- —5.93-3.28 —6.34-2.27 —6.51-4.29 —2.70-6.83 —7.57-1.62

(=1.45) (=2.26) (=1.18) (1.95) (=3.20)

LPSTG -5.93-3.28 - —5.60 — 2.56 -8.15-1.11 —3.87-4.97

(=1.45) (=1.50) (=3.84) (0.54)
LWERN —6.34-2.27 —5.60 — 2.56 - —9.88 ——1.58 —4.34-3.24

(=2.26) (=1.50) (=5.59) (=0.75)
SMFG —6.51-4.29 -8.15-1.11 —9.88 ——1.58 -- -3.49-6.10 —8.29-1.33

(=1.18) (=3.84) (=5.59) (1.20) (=3.33)
RPSTG —2.70-6.83 -3.49-6.10 -

(1.95) (1.20)
RWERN —7.57-1.62 —3.87-4.97 —4.34-3.24 —8.29-1.33 --

(=3.20) (0.54) (=0.75) (=3.33)

Top matrix = subset of data where subjects performed at a better than chance level (p < 0.02) for post-scan recall; bottom matrix = full dataset. Connections
with P > 0.99 for a significant effect (girls > boys) are given in bold pink font; Connections with P > 0.99 for a significant effect (boys > girls) are given
in bold blue font. In the bottom matrix, connections with P > 0.95 for a significant effect (girls > boys) are given in normal pink font; connections with
P >0.95 for a significant effect (boys > girls) are given in normal blue font. (Abbreviations: LWERN = Left Wernicke’s Area; RWERN = Right Wernicke’s
Avrea; SMFG = Superior Medial Frontal Gyrus; LPSTG = Left Posterior Superior Temporal Gyrus; BROCA = Broca’s Area.)
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