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Abstract

The planum temporale is a region on the posterior surface of the temporal lobe that exhibits robust
leftward structural asymmetry that has been linked to verbal ability in children and adults.
Traditionally, structural asymmetry has been quantified with manual assessment of high resolution
MRI scans. Such measures require subjective and frequently unreliable determination of highly
variable anatomical boundaries. Methodological developments in automated image processing
(voxel based morphometry -VBM) offer the opportunity to obtain objective and reliable measures
of structural variation. This study examined the extent to which a VBM measure of gray matter
asymmetry in the posterior superior temporal gyrus (pSTG) characterized the same individual
variation as a manual measure of planum temporale asymmetry in 99 healthy adults and 39
typically developing children. Planum temporale asymmetry was significantly correlated with
pSTG gray matter asymmetry in the samples of adults and children. As a measure of validity we
examined the extent to which the VBM measure of pSTG gray matter asymmetry predicted
measures of verbal ability that were associated with the manual measure of planum temporale
asymmetry in the same children. The two asymmetry measures predicted the same variance in
verbal ability. The automated measure of pSTG gray matter asymmetry predicted additional
significant variance in verbal ability, however. In addition, a posterior STS region was also
identified that significantly predicted verbal ability. These results demonstrate significant
advantages of an automated voxel-based measure over a manual measure of planum temporale
asymmetry.
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Introduction

Automated methods for brain structure measurement at volumetric, sulcal, and voxel levels
of analysis provide fast and consistent information about brain morphology (Ashburner and
Friston, 2005; Fischl and Dale, 2000; Mangin et al., 2004; Van Essen et al., 2001).
Automated methods have been increasingly adopted because manual methods of brain
structure measurement can be time consuming, require considerable anatomical expertise,
and are limited to brain regions with visible and constant anatomical boundaries. Few
studies have compared the information provided by the two types of methods. One relatively
neglected question is whether automated and manual measures characterize the same or
complementary anatomical features (Eckert et al., 2005; Luders et al., 2004; Tisserand et al.,
2002). Validation studies examining the association between automated and manual
methods are critical for understanding how findings from studies employing automated
measures might relate to findings from studies employing manual measures of brain
structure. Moreover, it is important to understand if these different methods yield unique or
similar biological information relevant in the investigation of structural substrates of brain
function. In this study, we examined whether an automated measure of VBM gray matter
asymmetry in the pSTG could replace a manual measure of planum temporale asymmetry.

The planum temporale is a triangular shaped region on the surface of the pSTG. Because the
pSTG is engaged in complex auditory processing (Griffiths and Warren, 2002) and lesions
in this region can produce receptive aphasia (Wernicke, 1874), the exaggerated leftward
structural asymmetry of the planum temporale (Geschwind and Levitsky, 1968; Pfeifer,
1936; Steinmetz et al., 1991; Teszner et al., 1972; Witelson and Pallie, 1973) has excited
scientists interested in language lateralization. Two large studies have now provided clear
evidence that the structural asymmetry of the planum temporale is largely independent of
language dominance (Dorsaint-Pierre et al., 2006; Eckert et al., 2006a). There is, however,
copious evidence that manual measures of planum temporale asymmetry are associated with
verbal ability (Eckert et al., 2001; Galaburda et al., 1985; Gauger et al., 1997; Leonard et al.,
1996; Rumsey et al., 1997), musical ability (Schlaug et al., 1995), neurogenetic disorders
(Eckert et al., 2006b; Leonard et al., 1993), and handedness (Dos Santos Sequeira et al.,
2006; Zetzsche et al., 2001). In one relatively large sample, for example, Eckert et al. (2001)
demonstrated that leftward planum temporale asymmetry was associated with superior
verbal 1Q and phonological skill in a community sample of strongly right-handed sixth-
grade children. Surprisingly, the non-right-handed children with superior verbal 1Q had
rightward planum temporale asymmetry, raising methodological questions as to whether
similar results would have been observed with a different measure of anatomical asymmetry.

The planum temporale is bounded anteriorly by Heschl’s sulcus and posteriorly by the
ascending branch of the Sylvian fissure. The variability of these boundaries leads to
difficulty in obtaining reliable manual measurements of the planum temporale. For this
reason, an automated measure of planum temporale asymmetry is preferable. VBM has been
used to examine cerebral asymmetries in gray matter and to demonstrate asymmetries at
pSTG regions corresponding in location to the planum temporale (Good et al., 2001;
Watkins et al., 2001; Luders et al. 2004). The present study was designed to examine the
extent to which a manual measure of planum temporale asymmetry is associated with VBM
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gray matter asymmetry in the pSTG. We examined the concordance of these measures in a
sample of adults and a sample of children, as well as the extent to which each measure was
influenced by sulcal/gyral features. In this sample of children it was also possible to examine
the extent to which the automated and manual asymmetry measures predicted the same
individual variability in cognitive ability among the children. Specifically, we sought to
determine whether the automated measure would provide a more localized explanation for
the association between planum temporale asymmetry and verbal ability or whether each
measure provided unique biological information that explained individual variability in
verbal ability.

Adults—Ninety-nine adults (51 females, 48 males; mean age 28.05 years, range-18.6 to
72.4), recruited from Milwaukee, WI, gave written informed consent according to the
institutional guidelines of the Medical College of Wisconsin Human Research Review
Committee. These participants were included in fMRI studies of language organization
(Springer et al., 1999; Szaflarski et al., 2002), as well as a study examining the association
between language laterality and planum temporale asymmetry (Eckert et al., 2006b).

Children—Thirty-nine children (20 females, 19 males; mean age 11.4 years, range-10.8 to
12.0) were recruited from the Alachua County, FL area. Informed consent and assent were
obtained from the parents and children according to the institutional guidelines of the
University of Florida Institutional Review Board. This sample was representative of sixth
grade children enrolled in the Alachua County public school system according to gender,
race and ethnicity, scholastic achievement based on the lowa Tests of Basic Skills, and
socioeconomic status (Eckert et al., 2001). Socioeconomic status (SES), or family income,
was estimated from participation in the public schools lunch subsidy program. Eligibility for
this program requires that families earn below a federally defined level of yearly income.
Twelve of the children in this study were receiving partial or full lunch subsidy and were
classified as coming from low income families (Barddoulle-Crema et al., 1986). These
children demonstrated lower verbal ability compared to children who were not receiving
lunch subsidy and they had parents who spent significantly less time helping with homework
(Eckert et al., 2001). SES explains a large percentage of individual variability on
psychometric measures of cognition that could be independent of biological events that
occur in early development. For example, planum temporale asymmetry is established early
in development (Witelson and Pallie, 1973) and has been observed to predict verbal ability
within lunch subsidy groups (Eckert et al., 2001).

Image Acquisition

Adults—The volumetric and gapless spoiled gradient-recalled sequence (SPGR) structural
images (matrix size = 256 x 128 and FOV = 24 c¢m) used in this study were acquired on a
1.5 T GE Signa scanner (GE Medical Systems, Milwaukee, WI) at the Medical College of
Wisconsin. This study included 1 image, 73 images, and 25 images with 1.1, 1.2, and 1.3
mm thick sections, respectively. As noted in the Results section, there were no differences in
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gray matter asymmetry between groups of images with different section thickness in a
region of the pSTG that is shown to exhibit a significant leftward asymmetry (F(1 9g)=.38,
ns) or for planum temporale asymmetry (F(; 9g)=.78, ns).

Children—The volumetric and gapless MP-Rage structural images used in this study
(matrix size = 256 x 130 and FOV = 25 cm; 1.25 mm thick) were acquiredona 15T
Siemens Magnetom scanner (Siemens Medical Solutions USA, Malvern, PA) at the
University of Florida.

VBM Asymmetry Processing

The structural images were normalized, bias field corrected, and segmented using an
integrated generative model (unified segmentation; (Ashburner and Friston, 2005)). Unified
segmentation involves alternating between segmentation, bias field correction, and
normalization to obtain local optimal solutions for each process. The adult ICBM/MNI a
priori templates and the pediatric CCHMC a priori templates (Wilke, 2002) were used to
segment and normalize (affine and 16 iteration non-linear transformations) the adult’s and
children’s images, respectively. The resulting images were modulated to correct voxel signal
intensities for the amount of volume displacement during normalization. The normalized
and segmented images were averaged across the adult and children’s datasets to produce
gray matter, white matter, and CSF sample specific a priori templates. Each a priori
template was flipped and averaged with the unflipped template to create symmetrical gray
matter, white matter, and CSF templates for each sample. Unified segmentation was then
performed again for each sample using the respective symmetrical templates. The images
were modulated to correct voxel signal intensity for volume displacement during
normalization and reflect the volume of gray matter. The normalized, segmented, and
modulated images were then smoothed using a 12 mm kernel to ensure the data are normally
distributed and to limit the number of false positive findings (Salmond et al., 2002). A gray
matter asymmetry image was created using the following formula where i1 refers to each
subject’s smoothed and symmetrically normalized image: (i1-flipped(i1))/(i1+flipped(il)/2).
These preprocessing methods are consistent with methods used to produce asymmetry
images in other VBM studies (Good et al., 2001; Luders et al., 2004; Watkins et al., 2001).
The statistics section below describes how these asymmetry images were used to create a
variable representing gray matter asymmetry within the pSTG.

Manual Planum Temporale Measure

Each image was rigidly aligned to the anterior commissure - posterior commissure plane,
but not warped into a standard space as in the VBM pre-processing steps. These different
alignment approaches were used so that comparisons could be made using methods that are
generally employed in the extant literature. The surface area of the planum temporale was
measured between 46 and 56 mm lateral to the midline in sagittal sections that exhibit the
most exaggerated planum temporale asymmetry (Best and Demb, 1999). Heschl’s sulcus
and the intersection between the horizontal and vertical banks of the Sylvian fissure served
as the respective anterior and posterior boundaries for the planum temporale measurement.
The left and right planum temporale were measured blindly by randomly ordering the
display of the left or right hemisphere planum temporale across subjects in order to ensure
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that raters were not biased by expectations of planum size and Sylvian fissure shape. Planum
temporale asymmetry was defined using the same formula used to obtain gray matter
asymmetry (surface area of the left planum — surface area of the right planum / average of
the left and right planum). The planum temporale asymmetry data used for this study were
included in a study of language laterality involving the adults (Eckert et al., 2006) and
reading skill performance involving the children (Eckert et al., 2001). Additional details
regarding the planum temporale measurement methods can be found in Eckert et al. (2001;
2006).

The anterior boundary of the planum temporale measurement is dependent on the shape of
Heschl’s gyrus. The shape of Heschl’s gyrus was classified into 3 distinct types: 1) a single
Heschl’s gyrus; 2) a Heschl’s gyrus that is divided into 2 gyri by a sulcus intermedius; and
3) a duplicated Heschl’s gyrus in which a second gyrus appears posterior to Heschl’s sulcus
(Leonard et al., 1998). In cases of a sulcus intermedius and a duplicated Heschl’s gyrus,
Heschl’s sulcus is used to define the anterior boundary of the planum temporale. This
operational definition of the anterior boundary is consistent with “Pfeifer’s criterion” (von
Economo and Horn, 1930) for defining the anterior boundary of the planum temporale as the
sulcus appearing with Heschl’s gyrus at the most medial appearance of the gyrus where it
abuts the retroinsular region (Pfeifer, 1920; Steinmetz et al. 1989). The Results section
demonstrates that this classification approach influences the size of the planum temporale.
The posterior boundary of the planum temporale is dependent on the shape of the Sylvian
fissure and can influence the planum temporale measure. The shape of the Sylvian fissure
was classified into 3 distinct types (Witelson and Kigar, 1992): 1) an L shape in which
horizontal and vertical banks of the Sylvian fissure are present; 2) a V shape in which only a
vertical bank was present; and 3) an H shape in which only the horizontal bank was present.
The frequencies of these sulcal/gyral features are reported in the Results section.

Behavioral Measures

The children in this study were administered a battery of tests selected to assess their verbal
ability for spoken and written language. To assess reading abililty, the children were
administered three tests from the Woodcock-Johnson Reading Mastery Tests-Revised
(WJIJRMT-R), Word Attack, Word Identification, and Passage Comprehension. To assess
spoken language and to obtain an estimate of intelligence, the children were administered
three tests from the Wechsler Intelligence Scales for Children-111 (WISC), Information,
Similarities, and Block Design tests (Sattler, 1992). Additional details regarding this
assessment battery are presented in Eckert et al. (2001). The Information test, which
assesses a child’s knowledge of events, objects, places, and people, was a particularly
important measure because performance on this test was strongly correlated with
performance on the other verbal tasks, indicating that Information was a good representation
of general verbal ability. Specifically, Information performance was significantly related to
Similarities (r=.62, p<.001), Passage Comprehension (r=.53, p<.001), Word Attack (r=.56,
p<.001), Word Identification (r=.57, p<.001), after controlling for high or low family
income. In addition, Information performance was strongly associated with planum
temporale asymmetry, making it a good test variable for determining the extent to which the

Neuroimage. Author manuscript; available in PMC 2014 October 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Eckert et al.

Statistics

Page 6

VBM asymmetry measure could predict the same individual variation in a measure of verbal
ability.

The adults and children were administered the Edinburgh Handedness questionnaire to
collect an index of hand preference. Witelson & Kigar (1992) demonstrated differences in
planum temporale size in strongly right-handed compared to non-right-handed men. The
participants in this study were classified as right-handed if they demonstrated a handedness
score of 75 or greater (scale: —100 to 100), and this classification was used to specifically
examine associations within groups of right-handed (n=27) and non-right-handed (n=12)
children. The same classification was used in Eckert et al. (2001), in which leftward planum
temporale asymmetry positively predicted verbal ability in right-handed children and
negatively predicted verbal ability in non-right-handed-children.

Manual and Automated Asymmetry Associations—To determine the extent to
which the VBM gray matter asymmetry and planum temporale measures were related, the
following analyses were performed: 1) SPM5 was used to identify areas of significant gray
matter asymmetry in the adults and children according to the results of a one-sample t-test
(relative to test value = 0) examining the VBM asymmetry images; and 2) SPM5 was used
to perform regression analyses within the adults and children to examine the association
between the manual measure of planum temporale asymmetry and voxel-wise gray matter
asymmetry. Statistical significance thresholds of p<.001 were used for the VBM 1-sample t-
test and correlation analyses within the pSTG, which was predicted to exhibit significant
laterality and correlate with the planum temporale asymmetry measure. These uncorrected
thresholds were used because of our a priori predictions about the association between
measures from the same anatomical region and previous evidence linking VBM asymmetry
and planum temporale measures (Luders et al., 2004). MarsBar (Brett et al., 2002) was used
to obtain an average voxel-wise gray matter asymmetry value from the pSTG voxels that
exhibited significant leftward asymmetry in the adults and children, which we have labeled
the VBM pSTG asymmetry.

Sulcal/Gyral Features & Asymmetry—To determine the extent to which sulcal/gyral
features were related to the asymmetry measures, Analysis of Variance was performed. For
each sample, the planum temporale and VBM pSTG asymmetry measures were compared
between groups of subjects according to their Heschl’s gyrus and Sylvian fissure
classifications. Bonferroni post-hoc comparisons were performed to determine the extent to
which group differences could be attributed to specific sulcal/gyral classifications.

Structure-Function Associations: Children—To determine the extent to which VBM
gray matter asymmetry and planum temporale asymmetry predicted shared variance in
verbal ability, multiple regression analyses were performed. First, SPM5 analyses were
performed to identify pSTG gray matter voxels that predicted verbal ability in the children.
This analysis was restricted to the 27 right-handed children, given previous evidence that
leftward planum temporale asymmetry is positively correlated with verbal ability only in
this subgroup (Eckert et al., 2001), to localize the pSTG region that contributed to the
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association between verbal ability and planum termporale asymmetry. The estimate of SES
was included as a covariate in this analysis. The average gray matter asymmetry within a
cluster of significantly predicting pSTG voxels (restricted to the region exhibiting significant
asymmetry across the group) was created by: 1) multiplying the gray matter asymmetry
results (p<.001) and the verbal ability correlation results (p<.001) using IMCALC in SPM5;
and 2) collecting the average asymmetry from each subject’s image within this overlapping
region using MarsBar. This more focused pSTG gray matter asymmetry value, which we
have labeled the predictive VBM pSTG asymmetry, was used in a regression analysis to
compare the predictive power of the voxel-based and manual asymmetry measures. We
asked whether the voxel-based measure would predict significantly more variance than the
manual measure of planum temporale asymmetry.

Two outliers (Cohen & Cohen, 1983) in the sample of adults were observed when
examining a scatter-plot of planum temporale asymmetry and VBM pSTG asymmetry
(subject 1: planum temporale asymmetry = -.60, VBM pSTG asymmetry = .34, standardized
residual error = 3.06; subject 2: planum temporale asymmetry = 1.48, VBM pSTG
asymmetry = -.09, standardized residual error = 2.75). Visual inspection of the planum
temporale measures indicated that the planum measures were correct, and visual inspection
of the VBM pre-processed images indicated that there were not pre-processing errors
affecting the gray matter asymmetry measures. These outliers are presented in Figure 1 and
been have included in the statistical analyses, except for analyses directly comparing the
manual and VBM measures.

Manual and Automated Asymmetry Associations

A one-sample t-test revealed regions of significant leftward gray matter asymmetry in the
samples of adults and children. The whole brain gray matter asymmetry results are presented
in Figure 1 (p<.05, family-wise error corrected). Significant leftward pSTG asymmetry, in
particular, is presented in Figure 2 (p<.001, uncorrected). Figure 2 also shows that manually
defined planum temporale asymmetry was significantly correlated with pSTG gray matter
asymmetry in regions that exhibited significant leftward gray matter asymmetry in the one-
sample t-test. These associations were present within anterior and posterior pSTG regions in
the adults and focused within anterior pSTG regions in the children. Twenty percent of the
variance in manually measured planum temporale asymmetry could be explained by the
average gray matter asymmetry in the pSTG cluster from the one-sample t-tests (VBM
pSTG asymmetry) in the adults (rg7)=.45, p<.001). In the sample of children, 22 percent of
the variance in planum temporale asymmetry could be explained by the VBM pSTG
asymmetry (rzg)=.47, p<.005). Scatter-plots of the association between the anatomical
measures are presented in Figure 3. Correlations between planum temporale asymmetry and
VBM gray matter asymmetry outside of the pSTG region were treated as post-hoc analyses
for both samples, and there were no correlations that survived a family-wise error threshold
of p<.05.
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Sulcal/Gyral Features & Asymmetry

Individual variability in the sulcal/gyral features of Heschl’s gyrus and the Sylvian fissure
influence the anterior and posterior boundaries of the manual planum temporale
measurement. The morphology of Heschl’s gyrus and the Sylvian fissure was examined to
determine the extent to which these sulcal/gyral features contributed to variability in the
manual planum temporale asymmetry and automated voxel-based asymmetry measures.
There was considerable variability in Heschl’s gyrus morphology across the two samples
(Adults: left hemisphere frequencies, single: 54; divided=26; duplicated=19; right
hemisphere frequencies: single: 43; divided=39; duplicated=17; Children: left hemisphere
frequencies, single: 19; divided=12; duplicated=8; right hemisphere frequencies: single: 17;
divided=10; duplicated=12). For each sample, the presence of a divided Heschl’s gyrus in
the right hemisphere was associated with greater leftward planum temporale asymmetry than
a single Heschl’s gyrus in the right hemisphere (Adults: F; 9g)=2.42, p<.10; Children
F(2,38=6.49, p<.005). Bonferroni post-hoc comparisons revealed a significant difference in
planum temporale asymmetry (mean difference = .70, std error =.20; p<.005) for the divided
compared to single Heschl’s gyrus. A similar trend was observed in the adult sample. The
VBM pSTG asymmetry measure from the one-sample t-test was then used to examine the
influence of Heschl’s gyrus features on voxel-based asymmetry. The presence of a divided
Heschl’s gyrus in the right hemisphere was not associated with greater leftward VBM pSTG
asymmetry in the samples of adults (F(1 gp)=0.21, ns) or in the sample of children
(F(2]26)=0.02, ns).

Similar results were observed for Sylvian fissure morphology. There was also considerable
variability in Sylvian fissure morphology across the two samples (Adults: left hemisphere
frequencies, L-type: 91; H-type=7; VV-type=1; right hemisphere frequencies: L-type: 86; H-
type=1; V-type=12; Children: left hemisphere frequencies, L-type: 32; H-type=7; V-type=0;
right hemisphere frequencies: L-type: 33; H-type=1; V-type=5). For each sample, a right
hemisphere V-type Sylvian fissure was associated with significantly greater leftward planum
temporale asymmetry than a right hemisphere L-type Sylvian fissure (Adults: F(; 9g)=5.72,
p<.001; Children F,38)=7.29, p<.005). The VBM pSTG asymmetry from the one-sample t-
test was used to examine the influence of Sylvian fissure morphology on voxel-based
asymmetry. The presence of a V-type Sylvian fissure was not related to greater VBM pSTG
asymmetry compared to a right hemisphere L-type Sylvian fissure in the sample of adults
(F(1,95=1.16, ns) or in the children (F(1 37)=2.03, ns). These results show that the manual
planum temporale asymmetry measure, but not the VBM pSTG measure, is strongly
influenced by sulcal/gyral features of Heschl’s gyrus and the Sylvian fissure.

Structure-Function Associations: Children

Pearson correlation demonstrated that planum temporale asymmetry significantly predicted
Information performance in right-handed children from both high (r=.53, p<.05) and low
income families (r=.68, p<.05). SPM5 regression analyses demonstrated that voxel-based
estimates of pSTG gray matter asymmetry also significantly predicted Information
performance in the right-handed children from these two subgroups. Significant voxel-wise
associations with Information were not observed across the entire asymmetric pSTG region
(VBM pSTG asymmetry from the one-sample t-test and Information: r=.32, ns), but were
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localized to regions within (predictive VBM pSTG asymmetry, 4.7% of the asymmetric
pSTG voxels) and outside of the asymmetric pSTG region as shown in Figure 4. These latter
regions included two areas in the posterior STS (pSTS), one immediately ventral to the
pSTG area of significant asymmetry, and the other more posterior, in the inferior parietal
lobe. Supplementary Table 1 presents structure-function correlation results for the additional
behavioral variables, which demonstrate consistently strong associations between the
structural measures and verbal measures.

A hierarchical multiple regression was performed to determine the extent to which planum
temporale asymmetry and predictive VBM pSTG asymmetry accounted for the same
variance in Information performance. The index of family income was entered in the first
level of the regression (R=.59, p<.001). Planum temporale asymmetry was entered in the
second level of the regression, which resulted in a significant RZ change (R=.73, p<.005; R2
change=.20, p<.005). When the predictive VBM pSTG asymmetry, from the voxels in the
Information correlation cluster that also showed a significant leftward gray matter
asymmetry, was entered in the third level of the regression there was a significant RZ change
(R=.81, p<.001; R? change=.12, p<.01). The standardized beta weights for this regression,
given in Table 1, show that planum temporale asymmetry predicted the same variance in
Information as the predictive VBM pSTG asymmetry measure. In addition, the predictive
VBM pSTG asymmetry measure accounted for additional significant variance in
Information performance.

The predictive VBM pSTG asymmetry measure was weakly related to Information
performance in the non-right-handed children. Consistent with the planum temporale
asymmetry results, this association was in the opposite direction (r=-.57, p<.10). Rightward
asymmetry in non-right-handed children was associated with superior performance.
Supplementary Table 1 presents correlation coefficients of the asymmetry measures with the
additional measures of verbal ability described in the Methods section for the right-handed
and non-right-handed children.

Discussion

The increasing reliance on automated measures of brain morphology raises questions about
how findings obtained with those measures relate to earlier findings obtained with manual
measures of brain morphology. The goal of this study was to determine the extent of
concordance between a manual measure of planum temporale asymmetry and a voxel-based
measure of gray matter asymmetry in pSTG regions in the vicinity of the planum temporale.
The two measures were significantly correlated, but a large amount of variance was left
unexplained. These results indicate regionally specific concordance between the two
measures of asymmetry and support previous studies suggesting that manual and automated
measures provide complementary information about brain morphology (Eckert et al., 2005).
Interestingly, the shared variance between the two measures predicted the same individual
variability in children’s verbal ability. The voxel-based measure explained additional
significant variance in verbal ability, suggesting that the automated measure may be
preferable to the manual measure of planum temporale asymmetry given the challenges
associated with manual measurements of brain morphology.
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The association between the gray matter asymmetry and planum temporale asymmetry
measures was particularly robust in areas corresponding to Heschl’s sulcus and the posterior
end of the pSTG. While this may seem surprising given that the Heschl’s gyrus and Sylvian
fissure morphology did not predict gray matter asymmetry, the sulcal/gyral classifications
do not capture all the variance in the anterior to posterior coordinate positions of the planum
temporale boundaries, which can vary considerably even within classifications of Heschl’s
gyrus and Sylvian fissure (Leonard et al., 1998). This observation is important because
variation in the sulcal/gyral features can create difficulty in measurement and has led to
debate about appropriate boundary criteria (Westbury et al., 1999). As demonstrated by our
results, qualitative features of Heschl’s gyrus and Sylvian fissure morphology influence the
planum temporale measure. Use of the automated gray matter asymmetry method avoids
some of these challenges to data collection and the interpretation of results. Sulcal/gyral
features appear to have biological and behavioral significance, however. Sulcal/gyral
features have been associated with cognitive abilities (Chiarello et al., 2006; Craggs et al.,
2006; Clark and Plante, 1998), genetics (Eckert et al., 2006b; Miller et al., 2007) and may
reflect patterns of neural connectivity and brain organization (Van Essen 1997; Binder et al.,
1996). Measures of sulcal/gyral morphology may provide complementary information to
voxel-based measures of brain morphology (Molko et al., 2003).

The spatial extent of the association between the two asymmetry measures varied somewhat
between the adults and children. These associations were observed in both anterior and
posterior pSTG regions in the adults but only in anterior pSTG regions in the children.
These differences could be due to technical differences in image acquisition parameters,
sample size differences, or more interestingly, developmental changes in temporal lobe
cortex. Although there appears to be some change in planum temporale asymmetry with age
(Sowell et al., 2002), these changes are modest in comparison to the robust developmental
changes in gray matter and white matter proportions (Giedd, 2004; Giedd et al., 2006;
Sowell et al., 2003; Wilke et al., 2007). Any developmental changes in the relation between
gray matter asymmetry and planum temporale asymmetry probably reflect these more
profound changes in gray matter proportion.

One other study has examined the association between a measure of planum temporale
asymmetry and voxel based gray matter asymmetry in adults. Luders et al. (2004) also
demonstrated that planum temporale asymmetry predicted gray matter asymmetry in a
lateral STG region. In addition, they found that planum temporale asymmetry was related to
gray matter asymmetry in the caudate, which was not observed in the present study. In
contrast to our planum temporale measurement, which focused on the most asymmetric
region of the planum temporale (Best and Demb, 1999), the planum temporale measurement
used in the Luders et al. (2004) study was obtained by tracing the entire medial to lateral
extent of the planum temporale and using a triangular mesh to connect the tracings across
the topography of the planum temporale in order to estimate the entire planum temporale
surface area (Keenan et al., 2001). The fact that the correlation between manual and
automated measures survives profound differences in manual measurement technique
provides confidence that the VBM asymmetry reflects a robust feature of brain organization.
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The planum temporale measurement method used in this study captures individual
variability that predicts verbal ability (Eckert et al., 2001; Leonard et al., 1996). We
observed that both planum temporale asymmetry and pSTG gray matter asymmetry
predicted WISC Information performance. This result provides initial validation that the
automated gray matter asymmetry measure can be used in research studies instead of the
manual planum temporale asymmetry measure, which is prone to measurement error. Each
measure predicted verbal ability within family income and hand preference groups. The
voxel-based analyses identified additional lateral pSTG and pSTS regions that also strongly
predicted verbal ability. This result demonstrates how voxel-based processing can provide
increased regional specificity for structure-function associations and identify anatomical
regions that are not included in an arbitrarily selected set of ROls.

The fact that verbal ability was related to anatomical variation in pSTG and pSTS regions
rather than the anterior STS or middle temporal gyrus regions associated with speech
comprehension (Binder et al., 1996; Scott et al., 2000; Dronkers et al., 2004) requires
rethinking of the premises relating asymmetry and verbal behavior. The original hypothesis
relating language behavior and temporal lobe asymmetry is that of Galaburda and
Geschwind (1985a,b,c). They hypothesized that reduced asymmetry was associated with
reduced left hemisphere dominance for language, increased frequency of left-handedness,
and increased risk for the language disorder dyslexia. Later studies suggested that reduced
asymmetry was associated with severe oral language problems rather than the milder
disorder of dyslexia (Eckert, 2004). Although the present results provide further evidence
that pSTG asymmetry is associated with oral language ability, this association was observed
within a group of strongly right-handed children. These children were likely to have
leftward asymmetry for language organization based on functional imaging evidence that
nearly all strongly right-handed subjects have leftward asymmetry for language
representations (Knecht et al., 2000; Pujol et al., 1999; Springer et al., 1999). In addition,
two imaging studies have failed to demonstrate an association between asymmetry of the
planum temporale and estimates of language laterality (Dorsaint-Pierre et al. 2006; Eckert et
al., 2006a). For these reasons, it seems unlikely that atypical language laterality accounts for
the association between anatomical asymmetry and verbal ability in this study.

The most robust association between anatomical asymmetry and verbal ability was in a
pSTS region that exhibited a trend towards rightward asymmetry based on the average
asymmetry across the pSTS cluster. This region overlapped with and included lateral cortex
just posterior to pSTS voxels exhibiting significant rightward asymmetry (Figure 1). Right-
handed children with superior verbal ability had leftward gray matter asymmetry across the
pSTS cluster compared to right-handed children with average verbal ability who exhibited
symmetry and modest rightward asymmetry and compared to right-handed children with
poor verbal ability and the most rightward asymmetry (Supplementary Figure 1). This
observation points to an alternative explanation for associations between temporal lobe
asymmetry and verbal ability. The pSTS region exhibiting the strongest association with
verbal ability in this study is similar in location to cortex engaged during phonological
working memory and speech production tasks (Buchsbaum et al., 2005; Hickock et al.,
2000; Indefrey and Levelt, 2004; Wise et al., 2001). Individual morphological variability in
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this region may be related to the ability to perform verbal tasks while holding phonological
information in working memory. Performing the Information test requires that subjects hold
a spoken question in memory while formulating an appropriate response. In support of this
premise, previous observations of associations between planum temporale asymmetry and
verbal ability involved behavioral tasks that required working memory to perform the task
(Eckert et al., 2001; Kibby et al., 2004; Leonard et al., 1996). Taken as a whole, the
evidence suggests the following conclusions: 1) language lateralization is not strongly linked
to morphological asymmetries in the pSTG, 2) regions of the pSTG that exhibit the strongest
morphological asymmetry are not strongly linked to verbal ability, 3) verbal ability is more
strongly linked to asymmetry in the pSTS than to more dorsal regions of the pSTG, and 4)
posterior temporal asymmetries linked to verbal ability likely reflect individual differences
in phonological working memory.

We were surprised by the consistency in pattern of structure-function correlations between
the manual and automated measures. These results may have implications for structure-
function studies, which frequently yield results that are unconfirmed in subsequent studies
(Eckert et al., 2003). The results of this study demonstrated that right-handed children
exhibited the opposite relation with Information performance relative to the non-right-
handed subjects, and that brain asymmetry and Information performance associations were
strongest within socioeconomic status groups. Performing analyses without controlling for
these factors would not have yielded significant results. Many functional imaging studies
have included only right-handed participants because of concern that non-right-handed
subjects exhibit different patterns of brain activity than right-handed subjects, particularly
for language-related studies (Pujol et al., 1999; Szaflarski et al., 2002). These observations,
as well as our findings, emphasize the methodological advantage of considering hand
preference and socioeconomic status for studies designed to integrate neuroimaging
measures with behavioral or cognitive measures.

The results of this study support replacing manual structural asymmetry measures with
automated voxel-based measures based on the significant association between the measures
and the greater power of the automated voxel-based measure than the manual measure for
predicting verbal ability. The differences between the measures may be explained by manual
measurement error, automated normalization and segmentation error, or sulcal/gyral
boundaries that strongly affect the manual measure of the planum temporale but are
diminished in voxel-based data due to the smoothing of the images. We suggest that
structure-function studies employing voxel-based measures consider additional measures of
sulcal/gyral features that may relate to brain organization and individual variability in
behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

One-sample t-test gray matter asymmetry results across the brain for the adults (top) and
children (bottom). The color scale represents the t score at each voxel, for a peak threshold
of p<.05, family wise error corrected.
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Figure 2.
The one-sample t-test pSTG results and correlation results between gray matter asymmetry

and planum temporale asymmetry are presented for the adults and children. The red clusters
represent areas exhibiting leftward gray matter asymmetry in the pSTG (VBM pSTG
asymmetry). The yellow clusters represent areas exhibiting significant correlations between
gray matter asymmetry and manually defined planum temporale asymmetry. Note that the
areas showing a correlation between planum temporale asymmetry and gray matter
asymmetry overlap with areas of significant gray matter asymmetry from the one-sample t-
test. In addition, the overlap in results occurs at the boundaries of the planum temporale, and
in a region corresponding to Heschl’s sulcus in particular. The maps are thresholded at p<.
001, uncorrected for multiple comparisons.
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Figure 3.
Scatter-plot of the association between manually defined planum temporale asymmetry and

the VBM pSTG asymmetry measure (Figure 2) in the samples of adults (gray diamonds) and
children (black squares). Two outliers (gray circles) in the adult sample were not included in
the correlation between the two anatomical measures.
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Figure 4.
pSTG and pSTS gray matter asymmetry was significantly correlated with WISC Information

performance. The red clusters represent regions correlated with Information performance,
overlaid with the blue cluster showing regions of significant pSTG gray matter asymmetry
across the group (VBM pSTG asymmetry), the green clusters represent regions that
exhibited significant leftward VBM pSTG asymmetry and were correlated with Information
performance, and the yellow cluster represents regions that exhibited significant leftward
VBM pSTG asymmetry, were correlated with Information performance, and were correlated
with planum temporale asymmetry. Note the overlap between the three clusters, which is
consistent with the regression results demonstrating redundant predictive power of the
planum temporale asymmetry and pSTG gray matter asymmetry variables. The maps are
thresholded at p<.001, uncorrected for multiple comparisons. The most lateral pSTS region
(red arrow) was also significantly correlated with Information performance after controlling
for family wise error p<.05.
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Table 1

Hierarchical regression results showing the unique and common predictive power of the anatomical measures
for WISC Information performance.

Standardized

Variables Beta t Sig.

Level 1; R2=0.34  Lunch Subsidy (yes, no) -0.59 -3.62  **
Level 2; R2=0.54  Lunch Subsidy (yes, no) -0.59 422 *Hx
Planum Temporale Asymmetry 0.44 318  **

Level 3; R2=0.66  Lunch Subsidy (yes, no) -0.68 -5.38  *x*
Planum Temporale Asymmetry 0.23 1.61 ns

pSTG Gray Matter Asymmetry 0.42 287  **

ns=non-significant

*
p<.05

*%

p<.01

*kk

p<.001
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