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Abstract— Cortical asymmetry and functional lateralization
form intriguing and fundamental features of human brain
organization, and is complicated by individual differences and
evolvement with age. While many studies have investigated
neuroanatomical differences between hemispheres as well
as functional lateralization of the brain for different age
groups, few have looked into the associations between cortical
asymmetry and development of cognitive functions in children.
In this study, we aimed to identify relationships between
hemispheric asymmetry in brain cortex measured by MRI and
cognitive development in healthy young children evaluated
by a comprehensive battery of neuropsychological tests.
Structural MRI data were obtained from 71 children in the
age range of 7.5 to 8.5 years. Structural lateralization index
(SLI), a reflection of the brain asymmetry, was computed for
each of the 3 cortical morphometry measurements: cortical
thickness, surface area and gray matter volume. A total of 34
bilateral regions were studied for the whole brain cortex as
defined by the Desikan atlas. Region-wise SLI was correlated
with domain specific cognitive scores using partial correlation
analysis controlled for the potential confounding effects of age
and sex. Significant correlations were identified between test
scores of multiple cognitive domains and SLI of several cortical
regions. Specifically, SLI of total surface area of precuneus
and insula significantly correlated with measures of executive
function behavior; significant relationships were also found
between SLI of mean cortical thickness of superior parietal
cortex and memory and language tests scores; in addition, SLI
of parahippocampal gyrus also showed significant correlations
with language test scores for all 3 morphometry features.
These findings revealed regional hemispheric asymmetries that
may be linked to specific cognitive abilities in children.

Clinical relevance— This study shows associations between
structural lateralization in different brain cortical regions and
variations in specific cognitive functions in healthy children.

I. INTRODUCTION

Differences or asymmetries between left and right hemi-
spheres of human brain are defined as structural or functional
lateralization based on whether they are in structural anatomy
or cognitive functions respectively [1]. Characterizing the
associations between lateralization and cognitive abilities
is important to fully understand brain asymmetry in the
developing brain which may help identify developmental
instability related to brain disorders [2]. These associations
are complex to understand owing to the overlapping and
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mixed relations among them [3], [4]. Several studies have
aimed at exploring the brain lateralization in structural and
functional aspects in both children and adults [5], [6]. Vary-
ing results showing different or similar asymmetrical patterns
between adults and children were reported previously, while
majority of the studies focused on the adult population [7].
Moreover, most of the studies focused on the quantification
of lateralization and its associations with biological variables
such as age and gender [5], [8]. Only few studies reported
on the relationships between structural lateralization and cog-
nitive functions [9], [10], [11], [12], [13]. In this study, we
aimed to identify the relationships between cortical structural
asymmetry and different domains of cognitive development
in 8-year-old children.

Multiple MRI modalities were utilized in previous studies
of human brain lateralization [14], [15], [16], [17], [18]. For
example, structural MRI can analyze the hemispheric differ-
ences related to morphometric measurements in cortical and
sub-cortical regions. White matter microstructural and tract
specific asymmetries can be studied using diffusion MRI
and associated techniques. Language lateralization can be
easily demonstrated using functional MRI. In this work, we
utilized structural MRI to compute the brain asymmetry and
structural lateralization in young children based on cortical
morphometric measurements, and evaluated its relationships
with a comprehensive set of neuropsychological test scores
spanning various cognitive domains including intelligence,
memory, language, academic skills and executive function.

II. MATERIALS AND METHODS

A. Participants

Seventy-one healthy children (31 boys and 40 girls) aged
between 7.5 and 8.5 years were included in this study.
Approval was obtained from the Institutional Review Board
of the University of Arkansas for Medical Sciences for the
study protocol, informed consents were obtained from the
parent(s)/guardian(s) and assents were obtained from the
children before all experimental procedures. All subjects
were healthy full-term born and right-handed with a reported
birth weight between 5th and 95th percentile for age and with
no prior or current medical conditions known to impact brain
development or neurodevelopmental outcomes. The study
protocol mainly included a brain MRI scan and a battery
of neuropsychological assessments.

B. MRI Acquisition

Structural MRI data were acquired from all subjects on a
1.5T Achieva scanner (Philips Healthcare, Best, the Nether-
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lands). The transmitter and receiver were the built-in body
coil and a standard 8-channel SENSE head coil respectively.
3D turbo field echo pulse sequence was used for acquiring
T1 weighted images with the following imaging parameters:
repetition time, TR=7.3 ms, echo time, TE=3.4ms, 8o flip
angle, isotropic voxel size 1x1x1 mm, matrix size of 256
x 232 x 150, and 2 averages, with a total scan time of 7
minutes. All subjects were scanned on the same scanner,
and image quality control was performed on the scanner
by trained MRI staff. Scans with apparent motion artifacts
were repeated, and those not able to complete the scan were
excluded from the study.

C. MRI Analysis

Cortical morphometry and volumetric measurements were
derived from post-processing of T1 weighted images using
the standard recon-all pipeline available in FreeSurfer soft-
ware version 6. Initially the images were preprocessed which
included motion correction, removing non-brain tissue and
registration to the Talairach space. The subsequent process-
ing involved 3 tissue segmentation into white matter, gray
matter and cerebro-spinal fluid, intensity normalization, gray
and white matter boundary tesselation, topology correction
and surface deformation. The white and pial surface models
finally created were inflated and registered to be used for
cortical parcellation. We used the Desikan atlas [19] for
cortical parcellation to extract 34 brain regions in each
hemisphere. Total surface area, mean cortical thickness and
total gray matter volume for each of the 34 bilaterally
paired cortical regions were computed as part of FreeSurfer
analysis.

D. Cortical Structural Lateralization Index

Structural lateralization index (SLI) was computed in-
dividually for the 3 cortical morphometry and volumetric
measures (total surface area, mean cortical thickness, and
total gray matter volume) for each of the 34 cortical regions
to evaluate the asymmetry between brain hemispheres. The
formula used for SLI calculation is:

SLIrm =
LEFT r

m

LEFT r
m +RIGHT r

m

where m denotes the MRI measure (total surface area,
mean cortical thickness and total gray matter volume) and
r denotes the brain region. The SLI values range between 0
and 1. SLI values greater than 0.5 indicate leftward laterality
and less than 0.5 indicate rightward laterality. SLI value of
0.5 denotes symmetrical cortical feature for the brain region.

E. Neuropsychological Scores

Intelligence quotient (IQ), memory, executive function,
academic skills and general language ability were the 5
different cognitive domains evaluated in this study. The
cognitive measurements were obtained using the following
neuropsychological tests: Reynolds Intellectual Assessment
Scales (RIAS) for measuring IQ, Clinical Evaluation of Lan-
guage Fundamentals, Fourth Edition (CELF-4) for measuring
language abilities, Children’s Memory Scale (CMS) for

memory and learning measurements, Wide Range Achieve-
ment Test, Fourth Edition (WRAT-4) for academic skills, and
Behavior Rating Inventory of Executive Function (BRIEF)
for an assessment of executive function behaviors. RIAS
tests provides a verbal and non-verbal IQ score which is
consolidated to a composite IQ score. The verbal IQ score
is based on 2 subtests, Guess What and Verbal Reasoning
whereas non-verbal IQ score is based on 2 subtests, Odd
Item Out and What’s Missing. CELF-4 assessments include
3 different language scores: Core, Receptive and Expressive
language scores. These scores are obtained from subtests in-
cluding Concepts and Following Directions, Word Structure,
Recalling Sentences, Formulated Sentences, Word Classes
Receptive, and Sentence Structure. CMS tests measure the
learning, memory and attention skills of children via different
index scores including Visual Immediate, Visual Delayed,
Verbal Immediate, Verbal Delayed, Attention/Concentration,
Learning, Delayed Recognition, and provides a composite
score of General Memory. WRAT-4 assessment evaluates
the academic skills in individuals via 2 major subtests,
Word Reading and Sentence Comprehension. The individual
test scores are also combined to a composite score. All of
these assessments have slightly varying reference ranges,
though mostly falling in a range having a mean of 100
and standard deviation of 15. Higher scores indicate better
cognitive functioning. BRIEF is a parental-reported question-
naire based assessment to evaluate the executive functioning
and behaviors in children. It includes 8 subscales including
Inhibit, Shift, Emotional Control, Initiate, Working Memory,
Plan/Organize, Organization of Materials, and Monitor. A
composite score named Global Executive Composite is de-
rived based on two summary scores: Behavioral Regulation
Index and Metacognition Index. BRIEF scores have a mean
of 50 with standard deviation of 10, and higher BRIEF scores
indicate more problems in executive function and behavior.

F. Statistical Analysis

Statistical analysis was conducted using Python Scipy
v1.6.1 and statsmodels v0.12.2. Partial correlation analysis
was performed to find correlations between SLI and cognitive
scores controlled for age and sex as covariates. Spearman’s
correlation coefficients were calculated and the P values
were adjusted for multiple comparison correction using FDR
correction for the 34 cortical regions. P < .05 after FDR
correction was defined as significant.

III. RESULTS

A. Neuropsychological Scores

Seventy-one children (31 boys and 40 girls, at 7.9± 0.26
years of age) completed MRI and were included in this study.
The detail information of the neuropsychological scores test
are presented in Table.1, along with box plots showing the
distribution for each of the scores. All scores were within
the normal-for-the-age range.
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TABLE I: Tabulated neuropsychological testing scores of various cognitive domains. Each row specifies the summary
statistic of a cognitive score along with corresponding box plot in the rightmost column. Color coding is followed to
differentiate between cognitive domains. RIAS, Reynolds Intellectual Assessment Scales; CELF, Clinical Evaluation of
Language Fundamentals, Fourth Edition; CMS, Children’s Memory Scale; WRAT-4, Wide Range Achievement Test, Fourth
Edition; BRIEF, Behavior Rating Inventory of Executive Function; N, number of subjects included; SD, standard deviation;
CI, confidence interval; Min, Minimum; Max, Maximum.

B. Structural Lateralization Indices

SLI of all 34 bilateral regions are shown in Fig.1 with
3 plots corresponding to the 3 morphometry measurements.
Fig.1A shows the SLI range for total surface area in which 18
regions had SLI greater than 0.5, 14 regions had SLI lesser
than 0.5, and 2 regions were close to symmetrical. Fig.1B
shows the SLI range for mean cortical thickness in which 14
regions had SLI greater than 0.5, 18 regions had SLI lesser
than 0.5, and 2 regions were close to symmetrical. Fig.1C
shows the SLI range for total gray matter volume in which
18 regions had SLI greater than 0.5 and 14 regions had SLI
lesser than 0.5, and 2 regions were close to symmetrical.

C. Correlation between SLI and Cognitive Scores

SLI of 4 cortical regions: superior parietal cortex, parahip-
pocampul gyrus, insula, and precuneus showed significant
correlation (P < .05 after FDR correction) with different
cognitive domains including memory, language, and exec-
utive function (Fig. 2). Details regarding the significant
correlations for the 4 regions with Spearman’s correlation
coefficient (R) and corresponding P values are elaborated in
the following:

1) Insula: SLI of total cortical surface area of insula
significantly and positively correlated with executive function
measures including Working Memory score (R = .44, P =
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Fig. 1: Line Plots showing SLI information for the 34 brain regions, with mean value denoted in the center circle and the
range of line showing the standard deviation. Dotted line indicates SLI of 0.5 (corresponding to symmetry). Lateralized
regions were shown in the inflated brain template images. SLI values shown are for A) total cortical surface area B) mean
cortical thickness and C) total cortical gray matter volume.

.02) and Metacognition score (R = .42, P = .04) (Fig. 2A).
2) Precuneus: SLI of total cortical surface area of pre-

cuneus significantly and negatively correlated with executive
function measures including Global Executive Composite
score (R = −.44, P = .02), Metacognition score (R =
−.40, P = .04), and Plan-Organize score (R = −.44, P =
.02) (Fig. 2B).

3) Superior Parietal Cortex: SLI of mean cortical thick-
ness of superior parietal cortex significantly and positively
correlated with memory and language measures including
Delayed Recognition (R = .44, P = .01), Core Language
(R = .41, P = .04), and Word Structure (R = .46, P =
.009) (Fig. 2C).

4) Parahippocampal Gyrus: SLI of total cortical gray
matter volume (R = .42, P = .009) and total cortical
surface area (R = .42, P = .009) of parahippocampal
gyrus significantly and positively correlated with language
measures, specifically, Word Structure (Fig. 2D).

IV. DISCUSSION

In this study, we investigated the associations between
cortical gray matter asymmetries and cognitive functioning in
healthy 8-year-old children. The results demonstrated signif-
icant relationships between cortical structural lateralization
and differences in cognitive behavior in children. Insula and
precuneus were the regions which showed lateralization-
related associations with executive functions. SLI of surface
area of insula showed positive correlation with executive
functions, indicating that the surface area of insula tends to
be more right lateralized for those with fewer problems in
behavior related executive functions. This is interesting as
previous studies of insula lateralization reported associations

between asymmetry in insula and emotional behaviors and
language for which leftward structural asymmetries were ac-
companied by larger left hemisphere dominance for gesture
and language functions [20], [21]. The negative correlations
between SLI of precuneus surface area and executive func-
tion and behavior issues indicate that this region tends to
be more left lateralized in children with better executive
functioning related to the ability to plan, organize, initiate
and sustain working memory. This is somewhat consis-
tent with a few studies that reported positive associations
between left lateralized precuneus and language functions
and arithmetic skills [21], [22]. Finally, left lateralization
of superior parietal cortex and parahippocampal gyrus was
related with increased language and memory scores. This
is consistent with results reported in previous lateralization
studies [14], [2]. Studies have also showed that various
subtests assessing language functions correlated with left
lateralization of parahippocampal gyrus [5], [23], consistent
with findings in our current study.

While our study reported several novel relationships be-
tween cortical structural asymmetry and cognitive perfor-
mance in children and may provide new information to
help better understand brain structure-function relationships,
there are a few limitations of our study. One is that the
sample size is relatively small, which may have limited
us to identify more relationships. In addition, the narrow
age range of the cohort could be seen as both positive
and negative. The positive side is establishing a specific
relation pattern between SLI and cognitive performance at
age 8 years which is a critical time that many of these
cognitive functions start to develop drastically; whereas the
limitation is that the findings of this study could not be
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Fig. 2: Plots shown for FDR corrected significant correlations between SLI of morphometry measurements and cognitive
scores. Brain regions are highlighted on the left, and correlations are illustrated by scatter plots on the right. A) SLI of
total surface area of Insula positively correlated with executive function domain related BRIEF scores (Metacognition and
Working Memory). B) SLI of total surface area of precuneus negatively correlated with executive function domain related
BRIEF scores (Global Executive Composite, Metacognition and Plan/Organize). C) SLI of mean thickness of superior parietal
cortex positively correlated with language domain related CELF scores (Core language and Word Structure) and with memory
domain related CMS score (Delayed Recognition). D) SLI of total cortical gray matter volume and total surface area of
parahippocampal gyrus positively correlated with language domain related CELF score (word structure).

generalized to children of all ages. Finally, we identified only
the relationships between cortical gray matter asymmetries
and cognitive scores whereas white matter and functional
asymmetries were not evaluated in this study.

V. CONCLUSIONS

Our study of brain cortical asymmetry and cognitive
functioning in healthy children indicated significant relation-
ships between structural lateralization index in several brain
regions and neuropsychological test performance in several

measures. In general, more leftward lateralization tended to
be associated with better language and memory functioning,
while either more leftward or more rightward lateralization
in different regions were associated with less executive func-
tioning issues. Future studies including longitudinal analysis
and additional modalities to understand white matter and
functional lateralization can help to gain more insights in
brain structure-function relationships.
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