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Abstract: Laterality of human brain varies under healthy aging and diseased conditions. The altera-
tions in hemispheric asymmetry may embed distinct biomarkers linked to the disease dynamics. Statis-
tical parametric mapping based on high-resolution magnetic resonance imaging (MRI) and image
processing techniques have allowed automated characterization of morphological features across the
entire brain. In this study, 149 subjects grouped in healthy young, healthy elderly, mild cognitive
impairment (MCI), and Alzheimer’s disease (AD) were investigated using multivariate analysis for re-
gional cerebral laterality indexed by surface area, curvature index, cortical thickness, and subjacent
white matter volume measured on high-resolution MR images. Asymmetry alteration of MCI and AD
were characterized by marked region-specific reduction, while healthy elderly featured a distinct later-
ality shift in the limbic system in addition to regional asymmetry loss. Lack of the laterality shift in
limbic system and early loss of asymmetry in entorhinal cortex may be biomarkers to identify preclini-
cal AD among other dementia. Multivariate analysis of hemispheric asymmetry may provide informa-
tion helpful for monitoring the disease progress and improving the management of MCI and AD.
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INTRODUCTION

Structural and functional asymmetries are believed to be
beneficial features of the human brain and well confirmed

by postmortem neuroanatomy and in vivo neuroimaging
(Davidson and Hugdahl, 1995; Eberstaller, 1884; Geshwind
and Lacobini, 1999; Hellige, 1993; Price, 2000). Substantial
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improvement in magnetic resonance imaging (MRI) and
image processing techniques has allowed automated char-
acterization of morphological features across the entire
brain. Based on the MR images with higher resolution and
contrast, region-of-interest (ROI) and whole-brain analyses
have revealed anatomic findings that correspond well with
functional lateralization. The most consistent observation
was the leftward asymmetries in regions involved in
language processing that agrees with the reported left-
hemispheric dominance for language processing (Broca,
1861; Good et al., 2001; Price, 2000; Watkins et al., 2001;
Wernicke, 1874). The anterior cingulate cortex (ACC),
which is associated with a wide variety of autonomic as
well as rational cognitive functions, was reported to be
larger on the right side (Pujol et al., 2002). Studies on the
depth asymmetry of central sulcus (CS) have shown the
handedness effect that it is deeper in the dominant hemi-
sphere with respect to the nondominant side (Amunts
et al.,, 2000; Annett, 1985; Beaton, 1997; Davatzikos and
Bryan, 2002).

Alteration in hemispheric asymmetry has been refer-
enced in studies of healthy aging, brain injury, or neurolog-
ical disorders in which the anatomical and functional
integrity of the brain were impaired (Albert and Moss,
1988; Brown and Jaffe, 1975; Cabeza, 2002; Cherbuin et al.,
2010; Derflinger et al., 2011). Activity in the frontal lobes
was revealed to be less lateralized during cognitive per-
formance in healthy elderly than in the young (Cabeza,
2002; Cabeza et al., 2004; Dennis et al., 2007), known as the
HAROLD model. Right hemi-aging model (Albert and
Moss, 1988; Brown and Jaffe, 1975) proposes that the right
hemisphere presents greater age-related decline than its left
counterpart. Thompson et al. (2007) demonstrated that cort-
ical atrophy occurred earlier and progressed faster in the
left hemisphere than in the right in patients with Alzhei-
mer’s disease (AD). Hippocampal asymmetry was found to
significantly reduce in subjects with dementia (Barnes
et al., 2005a; Shi et al., 2009). However, the cerebral atrophy
and asymmetry changes in cognitively impaired patients
are more complicated and thus less well-established in
comparison with healthy aging. Previous investigations
mostly focused on the individual variables including struc-
tural volume, cortical surface area, cortical thickness, sulcal
depth, gyral length, and vertex position in the exploration
of cerebral asymmetries under normal or diseased condi-
tions, and discrepancies were shown across a variety of in-
dependent studies (Crespo-Facorro et al., 2011; Good et al.,
2001; Hutsler et al., 1998; Luders et al., 2005; Lyttelton
et al.,, 2009; Posthuma et al., 2002). Regions of significant
asymmetries observed by supramarginal gyral (SMG)
length and surface area (Gannon et al., 2005; Lyttelton
et al., 2009) appeared not to be lateralized when indexed
by cortical thickness (Luders et al., 2005). As the aforemen-
tioned variables are intercorrelated such that changes in
one would alter the others (Im et al., 2008; Kochunov et al.,
2005, 2008), we applied a general method in this study that
collectively explores the relevant indices for a more com-

TABLE I. Summarized demographic information of the
subjects in four groups

Number
of subjects Mean age Mean MMSE  CDR
Groups  (male/female) (years) (range) score (range) scale
Healthy 33 (16/17)  28.94 (22 ~ 55) N/A N/A
young
Healthy 44 (23/21) 76.06 28.07 24 ~30) 0
elderly (59.98 ~ 89.67)
MCI 39 (27/12) 75.48 20.97 (5 ~ 30) 0.5
(56.25 ~ 87.81)
AD 33 (17/16) 77.66 1564 (2~26) 1~3
(58.75 ~ 88.84)
CDR: clinical dementia rating; MMSE: Mini-mental state
examination.

prehensive assessment on the hemispheric asymmetry and
investigated its usefulness in differentiating groups of mild
cognitive impairment (MCI) converter and AD patient
from healthy elderly.

MATERIALS AND METHODS
Subjects and MR Imaging

This study was approved by the local institutional
review board, and informed consent was obtained from
each subject on participating in the study. A total of 149
right-handed subjects were recruited and categorized into
groups of healthy young (n = 33, male/female = 16/17,
mean age 28.94 + 5.70 years), healthy elderly (n = 44,
male/female = 23/21, mean age 75.48 + 6.34 years), MCI
converters who had developed to AD later (n = 39, male/
female = 27/12, mean age 75.44 + 7.31 years), and AD
patients (n = 33, male/female = 17/16, mean age 77.88 +
7.51 years) (Table I). Medical history was reviewed care-
fully for each subject to rule out endocrinal, neurological,
or psychiatric illnesses before qualifying for the study.
Cognitive impairment of MCI and AD were scaled based
on the Clinical Dementia Rating (CDR) (Morris, 1993) and
Mini-Mental State Examination (MMSE) (Folstein et al.,
1975), by which CDR = 0 and 24 < MMSE < 30 is catego-
rized as normal, CDR = 0.5 and 20 < MMSE < 26 as very
mild dementia or mild cognitive impairment, CDR = 1
and 20 < MMSE < 26 as mild dementia, CDR = 2 and 10
< MMSE < 22 as moderate dementia, CDR = 3 and
MMSE < 12 as severe dementia.

MPRAGE sequence was applied for the healthy young
group to obtain T1l-weighted MR images (T1WI) on a 3T
scanner (MAGNETOM Trio A Tim System, Siemens,
Erlangen, Germany) with a high-resolution 32-channel
head coil. The typical imaging parameters were TR/TE
1900/2.53 ms, FA 9°, FOV 250 x 256 mm?, in plane resolu-
tion of 1 x 1 x 1 mm?® T1WI with the same resolution for
the groups of healthy elderly, MCI converter, and AD
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Figure I.
Thirty-four parcellated and annoted cortical ROIs by FreeSurfer. Left: Lateral view of cortical
parcellation on left hemisphere. Right: Medial view of cortical parcellation on left hemisphere.

were retrieved from the Alzheimer’s disease Neuroimag-
ing Initiative (ADNI) database (http://www.loni.
ucla.edu/ADNI) in which subjects have been recruited
from over 50 sites across the U.S. and Canada.

Image Processing

Image processing and variable calculation were con-
ducted using FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/). The TIWI was intensity normalized, skull stripped,
and aligned to a standard space from which gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF)
were segmented. The cortical surface along with the GM/
WM interface was reconstructed followed by the inflation
of the folded surfaces, automatic topology correction, and
mapping to the standard spherical coordinate system
defined by FreeSurfer brain atlas, which enables auto-
mated anatomical parcellation of cerebral cortex into 34
gyral (Dale et al., 1999; Dale and Sereno, 1993; Fischl et al.,
1999) and subjacent white matter ROIs for both hemi-
spheres of each subject (Fig. 1) (Desikan et al., 2006; Fischl
et al., 2004). Surface area, mean curvature index, cortical
thickness, and the subjacent WM volume were calculated
as morphological variables from the constructed surface
on each ROI for both hemispheres (Fischl and Dale, 2000;
Han et al., 2006; Schaer et al., 2008).

Lateralization Definition and Statistical Analysis

Statistical analyses were performed using the Statistical
Package for the Social Sciences (SPSS 17.0, SPSS Corp., Chi-
cago, IL, USA). Analysis of variance (ANOVA) was
employed to assess the hemispheric morphological differen-
ces for each group. For each ROI, surface area, curvature
index, cortical thickness, and subjacent WM volume were
used as individual response variables respectively. Subject
gender and age were introduced as covariates. Significantly
asymmetric regions were defined where P < 0.05 for each
variable. ROI-based multivariate analysis of covariance
(MANCOVA) was performed to test the composite morpho-
logical differences between left and right hemispheres for
each group, in which surface area, curvature index, cortical
thickness, and subjacent WM volume were introduced as
collective response variables with gender and age as covari-
ates. The lateralization index of significantly asymmetric
regions with P < 0.05 was defined as LI = %, (L; — R;)/(L; +
R;), where L; and R; were the mean value of the ith variable
for the left and right hemisphere, respectively. LI > 0 indi-
cates a leftward asymmetry and LI < 0 a rightward asym-
metry. Multiple-comparison correction was performed
across ROIs in all analyses to control false discovery rate
(FDR) at a significance level of 0.05. Statistical parameters
were mapped to the cortical surfaces to facilitate visual
inspection.

TABLE Il. Summary of the measures of individual variables for both hemispheres of each group
(mean = standard deviation)

Surface area (x10* mm?) Curvature index (1/mm) Cortical thickness (mm) WM volume (x10° mm?®)

Groups Left Right Left Right Left Right Left Right

i 8.50 & 0.61 8.56 & 0.66 9.56 + 2.46 10.05 + 2.52 2.68 + 0.08 2.68 + 0.07 2.03 £0.19 2.04 £0.20
ii 7.73 £ 0.71 7.76 + 0.72 9.00 & 1.45 9.56 + 3.83 2.40 +0.10 242 + 0.11 1.81 £0.25 1.82 +2.47
iii 7.98 £ 0.76 8.03 & 0.77 10.46 + 3.14 10.60 + 3.06 2.30 £+ 0.12 2.29 4+ 0.14 1.78 £ 0.21 177 £0.22
iv 7.65 £ 0.98 7.71 £ 0.99 11.32 4+ 3.98 11.19 + 3.62° 2.09 +£0.21 2.10 £ 0.22 1.63 £0.22 1.65 +0.23

Group i: healthy young; Group ii: healthy elderly; Group iii: mild cognitive impairment; Group iv: Alzheimer’s disease.
2An outlier with a mean curvature index of 77.29 was excluded.
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TABLE Ill. Distribution of regional asymmetries in the 34 gyral based ROls by ANOVA and MANCOVA*®

MANCOVA

ANOVA
Regions Group i Groupii | Groupiii | Group iv
3141112
1 |ParaCentral
2
3
4
5
6
7
8
9
10

32 | neus

33 RostraniddleFrontz_x_l

34 |SuperiorParietal

“The number of lateralized regions gradually reduced from group i to group iv. Heterogeneity and
inconsistency were manifested in the regional asymmetry characterization by univariate analysis.
Both ANOVA and MANCOVA detected identical nine nonlateralized regions.

Groups: (i) healthy young; (ii) healthy elderly; (iii) mild cognitive impairment; (iv) Alzheimer’s disease.

Variables:

1: cortical surface area

2: mean curvature index

3: cortical thickness

4: subjacent white matter volume
Colors:

Green: Leftward lateralization
Blue: Rightward lateralization
Olive: Not lateralized

RESULTS

There was no age difference among groups of healthy
elderly, MCI, and AD (P > 0.05). The mean and standard
deviation of cortical surface area, mean curvature index,
cortical thickness, and subjacent WM volume for each
group were summarized in Table II. From healthy young
to AD, surface area, cortical thickness, and WM volume
gradually decreased at a commeasurable rate for both
hemispheres by 10%, 22%, and 19.7% on the average,
respectively; while mean curvature index increased by
18.4% in the left hemisphere versus 11.9% in the right.

Parcellated ROIs of significant asymmetry by ANOVA
and MANCOVA are summarized in Table III. Surface area
and subjacent WM volume identified more ROIs of lateral-
ization in comparison with mean curvature index and
cortical thickness, especially in groups of healthy elderly,
MCI, and AD (Fig. 2). An overall gradual reduction with

regional heterogeneity in hemispheric asymmetry was
observed from healthy young to healthy elderly, MCI, and
AD sequentially.

Hemispheric Asymmetry by ANOVA

For the healthy young group, the inferior parietal lobule
was the only common ROI of significant lateralization by
all variables among the 34 parcellated regions (Fig. 2i, P <
0.05 corrected). The notable rightward asymmetry in cau-
dal anterior cingulate cortex indexed by surface area and
mean curvature reversed to leftward determined by corti-
cal thickness. The entorhinal cortex was observed lateraliz-
ing to the left hemisphere with respect to surface area and
subjacent WM volume, yet contrarily to the right by corti-
cal thickness. No lateralization was identified by any indi-
vidual index in 13 of the 34 ROIs including lateral and
medial-orbito frontal gyri, rostral middle frontal gyrus,
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Figure 2.

Regional asymmetries by ANOVA indexed by surface area (col-
umn a), curvature index (column b), cortical thickness (column
c), subjacent white matter volume (column d), and MANCOVA
(column e) in groups of healthy young (row i), healthy elderly
(row ii), MCI (row iii), and AD (row iv). Heterogeneity and
inconsistency in hemispheric asymmetry was observed by

ANOVA. MANCOVA proved to be more sensitive to detect
more regions with asymmetry. Red-yellow represents leftward
lateralization and blue-cyan represents rightward lateralization.
All P values were corrected to control false discovery rate at a
significance level of 0.05.
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precentral gyrus, postcentral gyrus, precuneus, superior
parietal lobule, supramarginal gyrus, cuneus, lingual
gyrus, fusiform gyrus, inferior temporal gyrus, and para-
hippocampal gyrus.

In healthy elderly, MCI, and AD, no common ROI of
significant asymmetry was found by all variables. Asym-
metries identified in the healthy young group in caudal
middle frontal gyrus, medial-orbito frontal gyrus, parsorbi-
talis, paracentral lobule, inferior parietal lobule, superior
temporal gyrus, and supramarginal gyrus were mostly
preserved in healthy elderly when indexed by surface area
and subjacent WM volume (Fig. 2ii, panels a and d) but
barely retained when determined by mean curvature and
cortical thickness (Fig. 2ii, panels b and c), followed by a
further reduction in MCI and AD groups (Fig. 2iii and 2iv,
panels b and c).

In comparison to healthy young, 16, 16, and 24 of the 34
parcellated regions manifested a lack of lateralization by
individual index in the groups of healthy elderly, MCI,
and AD, respectively.

Substantial intra-group heterogeneity in hemispheric
asymmetry resulted from ANOVA with a relative consis-
tency in ROIs with rightward lateralization in parsorbita-
lis, paracentral lobule, supramarginal gyrus, and leftward
lateralization in transverse temporal gyrus, indexed by
surface area and subjacent WM volume in all groups.

Hemispheric Asymmetry by MANCOVA

A wider range of lateralization was identified in all
groups by MANCOVA (Table III). In the healthy young
group, 15 regions showed hemispheric asymmetry includ-
ing caudal middle frontal gyrus, parsorbitalis, Broca’s area
(parsopercularis and parstriangularis), superior frontal
gyrus, paracentral lobule, inferior parietal lobule, supra-
marginal gyrus, calcarine sulcus, superior and middle tem-
poral gyri, transverse temporal gyrus (Heschl’s gyrus),
entorhinal cortex, parahippocampal gyrus, cingulate gyrus,
and insula cortex, among which lateralization of supra-
marginal and parahippocampal gyri were not picked up
by any individual index in ANOVA.

Compared with the healthy young group, lateralization
of healthy elderly shifted in regions of caudal anterior cin-
gulate, temporal pole, entorhinal and parahippocampal
gyri, in addition to reduction or loss of asymmetry in
regions of superior frontal gyrus, parstriangularis, supra-
marginal gyrus, lateral occipital gyrus, insula, and poste-
rior cingulate gyrus, while MCI and AD groups featured a
marked overall reduced lateralization in entorhinal cortex,
caudal middle frontal gyrus, parstriangularis, middle tem-
poral gyrus, calcarine sulcus, parahippocampal gyrus, tem-
poral pole, and isthmus cingulate. Additionally,
asymmetry increased in isthmus cingulate gyrus, while it
diminished in entorhinal cortex and medial orbital frontal
gyrus in MCL

A further loss of asymmetry from MCI to AD was
observed in regions of caudal middle frontal gyrus, banks
of superior temporal sulcus, calcarine sulcus, and temporal
pole, in addition to parahippocampal gyrus and isthmus
cingulate. Across-group preservation of lateralization was
seen in regions of superior temporal gyrus, transverse tem-
poral gyrus, parstriangularis, parsorbitalis, inferior parietal
lobule, frontal pole, rostral anterior cingulate, and paracen-
tral lobule. Both ANOVA and MANCOVA revealed nine
identical parcellated regions that were nonlateralized in all
groups (lateral orbital frontal, precentral, postcentral, ros-
tral middle frontal, precuneus, cuneus, superior parietal,
lingual, and fusiform) (Table III, Fig. 2).

DISCUSSION

In this work, we investigated the alteration in regional
hemispheric asymmetry in groups of healthy young,
healthy elderly, MCI, and AD by quantifying the morpho-
logical variables of human brain individually and
collectively.

Regional Laterality by ANOVA Versus
MANCOVA

Hemispheric asymmetry based on the individual struc-
tural index manifested substantial intra-group discrepancy
in terms of the number and location of the identified later-
alization, especially in areas of limbic system. For instance,
in the healthy young group sixteen regions were revealed
to be lateralized indexed by surface area, whereas the
count were 6, 8, and 13 by curvature index, cortical thick-
ness and subjacent WM volume, respectively. The calcar-
ine sulcus was detected as a significantly asymmetric
region by surface area but appeared nonlateralized by
other variables; similarly inconsistency was observed in
the superior frontal gyrus by cortical thickness. Lack of
consistency in lateralization by a single morphological
variable may largely be attributed to an overall dispropor-
tionate interaction among the indices during their altera-
tion (Im et al., 2008), by which change of one would alter
others to an indeterminate extent. The intercorrelation
among variables may be overlooked in univariate studies.
Thus, conflicting conclusions on the lateralization could be
drawn for the same cerebral region by different index. The
underlying rationale of the discrepancies reported in pre-
vious studies may lie in the morphological variable used
besides the variety of image processing methodology or
index calculation algorithms (Gannon et al., 2005; Luders
et al.,, 2005; Lyttelton et al., 2009). Alterations in neuron
count, size, or density over the process of healthy aging
and diseased conditions would modify a number of shape
features collectively rather than individually, although the
whole bundle of relevant features may not be significantly
associated with the undermined physical and mental
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MANCOVA results on the four groups. Compared with the
young, the healthy elderly lost asymmetries on the superior frontal
gyrus, the supramarginal gyrus, and the insula cortex. The remark-
ably asymmetric regions were almost matched between the
healthy elderly and the MCI group, except for the entorhinal cor-
tex with early laterality loss. As MCI progresses to AD, further
loss of asymmetry was identified in caudal middle frontal gyrus,

abilities (Bonte et al., 2006; Jack et al., 2002; Schroeter
et al., 2009).

The multivariate analysis proved to be more sensitive in
picking up subtle alterations of hemispheric asymmetries
in this study (for example, the lateralization identification
in the supramarginal and parahippocampal gyri in groups
of healthy young and elderly, respectively). This was con-
sidered to be improved sensitivity with the concern of
overestimation about multivariate analysis allayed by the
detection of the identical nine nonlateralized regions in all
groups by ANOVA and MANCOVA. The laterality of the
somatosensory region (Coghill et al., 2001), temporal gyri,
and anterior cingulate gyri (Albanese et al., 1995) in this
study are consistent with previous reports (Penhune et al.,
1996; Steinmetz, 1996).

calcarine sulcus, middle temporal gyrus, parahippocampal gyrus,
and the temporal pole. Distinctively, healthy elderly featured later-
ality shift in caudal anterior cingulate, temporal pole, entorhinal
and parahippocampal cortices, which is lacked in MCI and AD.
Red-yellow represents leftward lateralization and blue-cyan repre-
sents rightward lateralization. All P values were corrected to con-
trol false discovery rate at a significance level of 0.05.

Healthy Aging, MCI and AD

Decline of hemispheric asymmetry during healthy aging
and disease progress have been consistently reported in
studies of electroencephalography (EEG) (Bellis et al.,
2000; Deslandes et al., 2008), near-infrared spectroscopy
(Fallgatter et al., 1997; Herrmann et al., 2006), behavioral
(Reuter-Lorenz et al., 1999), and structural and functional
MRI (Cabeza, 2002; Cabeza et al., 2004; Dennis et al., 2007;
Li et al., 2009). Such an observation was also confirmed by
the multiple shape variables analysis of this study (as
shown in Fig. 3). Reduced asymmetry impedes compensa-
tion and interaction between the hemispheres, which
impairs the working efficiency of the brain (Oertel et al.,
2010). Consequently, a wide range of neurofunctional
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decline would become noticeable or even interfere with
daily life.

In this study, healthy elderly lost asymmetries mainly in
the superior frontal, supramarginal gyri, and insula cortex,
which are believed to be involved in the higher cognitive
functions. Loss of laterality in these regions may dampen
the coordination of brain function resulting in common
aging problems such as forgetfulness, slowed reaction
time, and difficulty in learning new tasks.

The intriguing divergence in the evolution of brain later-
ality was observed in healthy elderly as compared with
MCI and AD in this study, that is, lateralization in healthy
elderly featured shifted in the caudal anterior cingulate
cortex, parahippocampal gyrus, and entorhinal cortex,
while the age matched groups of MCI and AD featured a
progressive loss of asymmetry to a greater extent without
the aforementioned laterality shift. This may suggest that
MCI and AD are ruled by mechanisms distinct from
healthy aging in the process of structural alteration and
cognitive decline, although their clinical manifestations
may overlap at certain time window.

As brain asymmetry is believed to be favorable for effi-
cient multitask information processing and survival (Rog-
ers, 2002), the shifted lateralization of healthy elderly in
caudal anterior cingulate, parahippocampal, and entorhi-
nal gyri may be more protective and compensatory than
destructive in the maintenance of the cognitive and emo-
tional homeostasis (Liitcke and Frahm, 2008), probably in
response to the regional atrophy and decreased laterality
during aging (Liu et al., 2010, 2011; Sowell et al., 2003).
Lack of the reversed laterality in these areas may leave the
hemispheres less coordinated in the process of loss of tis-
sue volume and laterality in late life, as presented in the
age-matched MCI and AD in this study.

The underlying rationale of the observed divergence in
the laterality evolution in the limbic system remained puz-
zling to us, but it may be associated with the genetically
regulated tissue atrophy of the brain in which peri-sylvian
temporal areas and limbic cortices were reported to be
under greater genetic control (Posthuma et al, 2002;
Thompson et al., 2001). Failure in the proper genetic regu-
lation may predispose disturbance in laterality modifica-
tion adaptive to a healthy late life in MCI and AD
patients. Lack of shift in laterality in the limbic system
during aging may be a biomarker relating with a distinct
phenotype of AD with specific patterns of brain tissue at-
rophy (van der Flier et al., 2011) and could potentially be
used for differentiating healthy aging from preclinical AD.

Entorhinal cortex was found to first lose asymmetry in
MCIT of this study, along with progressive reduction of lat-
erality starting in the temporal region and limbic cortices,
which was consistent with previous findings of the disease
dynamic of AD (Thompson et al., 2003). The early onset of
asymmetry loss in entorhinal cortex may reflect the genetic
vulnerability (Dickerson, 2007) and could be another bio-
marker potentially helpful in early detection of MCI from
healthy aging, as it was identified to first undergo tissue

loss and neurofibrillary tangle histologically (van der Flier
et al, 2011), along with functional deterioration in MCI
converters and AD patients (Devanand et al., 2007; Sw
et al., in press).

The MCI cases recruited in this study were all convert-
ers who developed AD eventually. This may partially
explain that the pattern of laterality evolution between the
two groups were similar with more extensive loss of
asymmetry in AD in areas of caudal middle frontal gyrus,
calcarine sulcus, middle temporal gyrus, parahippocampal
gyrus, and temporal pole. These regions are functionally
associated with writing, visual processing, accessing word
meaning while reading, contemplating distance, recogniz-
ing known face, memory encoding, and retrieval, as well
as social and emotional processing. Asymmetry loss in
these areas may further disturb the performance of cogni-
tive and emotional processing, which may partially
explain the associated worsened clinical manifestations of
AD patient, such as disorientation to time and places, fail-
ure to recognize close family members and withdrawal
from usual interests and activities.

Limitations and Future Work

Gender effect, a critical and controversial issue for
research of AD, was not explored in this study. A variety
of structural (Coffey et al., 1998; Derflinger et al., 2011),
functional (Hugdahl et al., 2006; Tomasi and Volkow, in
press; Voyer, 1996), metabolic (Colla et al., 2003; Ott et al.,
2000), and clinical (Barnes et al., 2005b; Jorm and Jolley,
1998; Letenneur et al., 1999) studies on sex difference in
laterality of AD subjects have yielded contradicting results.
Multiple factors such as sample size and level of sex hor-
mone (Hausmann, 2005) were believed to play a role in
the laterality variation between genders. Heterogeneity in
the neuropsychological (Ripich et al., 1995), behavioral
(Ott et al., 1996), and structural manifestations may sug-
gest that laterality alterations be rather regionally specific
than sexually dimorphic in the progression of MCI and
AD, and gender may be of more importance as a factor
diversifying disease expression.

In addition, cortical variable measurement in this study
was automatically processed using FreeSurfer without
manual intervention, by which accuracy in tissue segmen-
tation may be affected due to the regionally varied con-
trast of the gray/white matter border. Automatic
segmentation is sensitive to the signal-to-noise ratio (SNR)
of the MR images and the software performance.
MPRAGE protocol used to acquire the TIWI in ADNI is a
well-established protocol with standard imaging parame-
ters. The MRI quality control center of ADNI at the Mayo
Clinic selected the MPRAGE series with better images at
each time point based on the centralized and standardized
criteria. If both scans were of equivalent high quality, the
magnitude images were combined to produce a single
image with an improved SNR by approximately /2. The
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improved SNR and contrast to noise ratio with high reso-
lution of MPRAGE images would benefit the segmentation
and parcellation of brain regions with minimized partial
volume effect, which results in realistic and accurate
depictions of anatomic details as evaluated in previous
studies (Fischl, 2012; Zhong et al., 2010).

The segmentation software we adopted, FreeSurfer, has
been validated and widely used in computational neuroi-
maging analysis. Each post-processed image generated by
FreeSurfer is quality checked for global success or failure
(https:/ /surfernmr.mgh.harvard.edu/). However, system-
atic error of automatic segmentation is ineliminable during
image processing. Standard procedures of FreeSurfer were
followed in this study to minimize any fault other than
systematic error. The segmentation and/or parcellation
difference induced in image processing may not over-
whelm the real hemispheric differences with ROI-based
hemispheric asymmetry determined within the individual
group.

Also, only structural MRI was involved in this work.
Combination with functional and quantitative MR techni-
ques is expected to be more capable in differentiating MCI
and AD from other types of dementia with additional in-
formation provided for microstructure integrity, energy
metabolism, and tissue characterization.

CONCLUSIONS

Hemispheric asymmetry alterations in MCI and AD were
region-specific and evolved in a manner distinct from that
of healthy elderly, investigated with MANCOVA. Laterality
shift in the limbic system may be part of the compensatory
and protective mechanism counteracting the age-related at-
rophy as well as the overall laterality reduction during nor-
mal aging. Lack of the shift and early loss of asymmetry in
entorhinal cortex could be biomarkers to differentiate pre-
clinical AD from healthy aging other types of dementia.
Hemispheric asymmetry determined with multivariate
analysis and voxel-based morphometry can provide infor-
mation helpful for monitoring disease dynamic and improv-
ing the management of MCI and AD.
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