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Abstract

Neuroimaging studies have demonstrated that patients with Alzheimer’s disease presented
disconnection syndrome. However, little is known about the alterations of interhemispheric
functional interactions and underlying structural connectivity in the AD patients. In this
study, we combined resting-state functional MRI and diffusion tensorimaging (DTI) to inves-
tigate interhemispheric functional and structural connectivity in 16 AD, 16 mild cognitive im-
pairment (MCI), as well as 16 cognitive normal healthy subjects (CN). The pattern of the
resting state interhemispheric functional connectivity was measured with a voxel-mirrored
homotopic connectivity (VMHC) method. Decreased VMHC was observed in AD and MCI
subjects in anterior brain regions including the prefrontal cortices and subcortical regions
with a pattern of AD<MCI<CN. Increased VMHC was observed in MCI subjects in posterior
brain regions with patterns of AD/CN < MCI (sensorimotor cortex) and AD < CN/MCI (occipi-
tal gyrus). DTl analysis showed the most significant difference among the three cohorts was
the fractional anisotropy in the genu of corpus callosum, which was positively associated
with the VMHC of prefrontal and subcortical regions. Across all the three cohorts, the diffu-
sion parameters in the genu of corpus callosum and VMHC in the above brain regions had
significant correlation with the cognitive performance. These results demonstrate that there
are specific patterns of interhemispheric functional connectivity changes in the AD and MCI,
which can be significantly correlated with the integrity changes in the midline white matter
structures. These results suggest that VMHC can be used as a biomarker for the degenera-
tion of the interhemispheric connectivity in AD.
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Introduction

Alzheimer's disease (AD), the most common form of dementia, presents with memory and
cognitive decline. Mild cognitive impairment (MCI) is considered a precursor of AD; people
with MCI are diagnosed with AD at a rate of 10-15% per year [1] compared to 2-3% per year
for the general population of the same age range. It is unclear, however, how the AD pathologi-
cal lesions initiated in the medial temporal lobes lead to prominent functional deficits in
memory and ultimately to dementia. Deciphering such structural-functional relationships
could shed light into the trajectory of the functional pathogenesis of AD and MCI from normal
aging. It has been shown that AD patients can perform normally for some tasks that relied on
intrahemispheric processing but perform poorly for the tasks that required interhemispheric
communication [2], which suggests a plausible hypothesis that AD patients may present a
deficit in the interhemispheric integration of information. This hypothesis is supported by
morphologic MRI findings that the corpus callosum, the most important fiber tract for inter-
hemispheric connectivity, has consistently exhibited marked atrophy in AD and MCI [3, 4].
Diftusion tensor imaging (DTI) studies of the corpus callosum have demonstrated significant
changes in fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (A.) as well as
axial diffusivity () in early AD and MCI [5-7]. Yet, the relationship between these structural
changes and the functional deficits remains to be determined [8].

To begin to address this issue, one must have a quantitative measure for inter-hemispheric
functional connectivity. Recently, resting-state functional connectivity (RSFC) has been ap-
plied to investigate AD and MCI [9-15]. Using regions-of-interest-based functional connectiv-
ity approach, reduced functional connectivity related to the hippocampus [9, 10] and posterior
cingulate cortex (PCC) [11-13] has been observed in AD and MCI patients. By employing the
independent component analysis (ICA) method, researchers have reported widespread disrup-
tions of selective brain networks such as the default mode network (DMN) and attention net-
work in AD and MCI [14,15]. Furthermore, functional connectivity is consistently found
across homotopic sites in the two hemispheres [16, 17]. Strong interhemispheric RSFC is a
common characteristic of the brain’s intrinsic functional networks such as the DMN, memory
and sensorimotor networks [9,18,19]. Thus, the interhemispheric RSFC can be potentially used
for assessing the integration of information from the two hemispheres. At present, interhemi-
spheric functional connectivity in AD and MCI remains barely explored.

Recently, a novel voxel-wise image analysis method called voxel-mirrored homotopic con-
nectivity (VMHC) was proposed to assess RSFC between the two hemispheres. VMHC quanti-
fies the RSFC between each voxel in one hemisphere and its mirrored counterpart in the other.
Using this method, interhemispheric RSFC was found to increase in the sensorimotor regions
and decrease in higher-order cognitive regions during normal aging [20]. Clinically, character-
istic patterns of significant VMHC disruptions have been found in autism [21], cocaine addic-
tion [22], schizophrenia [23], multiple sclerosis [24], and depression [25]. These findings
suggested that specific patterns of interhemispheric disconnection could reflect the functional
consequences of pathologic damages in the associated diseases. Thus, a specific pattern of inter-
hemispheric connectivity change is anticipated in MCI and AD when cognitive impairments
are significantly progressed. We hypothesize that there are measureable differences in inter-
hemispheric connectivity in AD and MCI patients compared to the age-matched cognitive nor-
mal (CN) healthy subjects. Furthermore, since there should be strong links between structural
and functional connectivity in the human brain, we speculate that interhemispheric structural
connectivity is disrupted by AD pathology, which will result in the loss of functional connectiv-
ity. Recent studies indicate myelin can be directly damaged by amyloid-f plaques that are an
important early event in the pathogenesis of AD [26]. To test this hypothesis, we examined the
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interhemispheric connectivity in AD and MCI functionally using VMHC and structurally
using DTIL. We aimed to find a progressive VMHC disruption in the specific brain areas that
cognitive and memory functions are depended on.

Materials and Methods

Subjects

Forty-eight right-handed subjects (16 AD, 16 MCI, and 16 age/gender-matched CN) were re-
cruited and participated in the study at the memory clinic of a neurological institute. The study
was approved by local Medical Research Ethics Committee. All subjects provided written in-
formed consent prior to participation, consistent with the Declaration of Helsinki. All the AD
and MCI patients underwent a complete physical and neurological examination standard labo-
ratory tests, and an extensive battery of neuropsychological assessments.

The AD patients were clinically diagnosed by the AD specialists in the memory clinic and
met the criteria for dementia from the Diagnostic and Statistical Manual of Mental Disorders
4th Edition [27], as well the criteria for possible or probable AD from the National Institute of
Neurological and Communicative Disorders and Stroke/Alzheimer Disease and Related Disor-
ders Association (NINCDS-ADRDA) [28].

Participants with MCI had memory impairment but did not meet the criteria for dementia.
The criteria for the identification and classification of subjects with MCI were as follows: (a)
impaired memory performance on a normalized objective verbal memory delayed-recall test;
(b) recent history of symptomatic worsening in memory; (c) normal or near-normal perfor-
mance on cognitive tests, including a Mini-Mental State Examination (MMSE) score >24, as
well as normal activities described in a daily living scale; and (d) global rating of < 0.5 on the
Clinical Dementia Rating (CDR) score [29], with a score of at least 0.5 on the memory domain
[30, 31]. The diagnosis of MCI fulfilled the new criteria of the MCI due to AD recommended
by the National Institute on Aging-Alzheimer‘s Association workgroups [32].

The criteria for CN were as follows: (a) no neurological or psychiatric disorders; (b) no neu-
rological deficiencies; (c) no significant abnormal findings in conventional brain MRI; (d) no
cognitive complaints; (e) MMSE score of 28 or higher; and (f) CDR score of 0.

Data acquisition

MRI data acquisition was performed on a 3-Tesla scanner (Siemens Medical Solutions, Er-
langen, Germany). Foam padding and headphones were used to limit head motion and reduce
scanner noise. The subjects were instructed to hold still, keep their eyes closed, and think of
nothing in particular during resting state fMRI (rs-fMRI) data acquisition. These rs-fMRI im-
ages were acquired using an echo-planar imaging (EPI) sequence with a repetition time (TR)/
echo time (TE)/flip angle (FA) = 2000 ms/40 ms/90°, field of view (FOV) = 256 mm x 256 mm,
acquisition matrix = 64 x 64, 28 axial slices, slice thickness = 4 mm, slice distance = 1 mm,
bandwidth = 2232 Hz/pixel, and number of repetitions = 239. The 3D T1-weighted anatomical
image was acquired with a magnetization-prepared rapid gradient echo (MPRAGE) method
in the following parameters: TR/TE/inversion time (TI) /FA = 1900 ms/2.2 ms/900 ms/9°,
FOV =224 mm x 256 mm x 176 mm, acquisition matrix = 224 x 256 x 176. DTI parameters
were: 12 non-linear directions, b-value = 1000 s/mm?, TR/TE = 6000 ms /85 ms, 30 axial slices,
slice thickness = 5 mm, FOV = 256 mm X 256 mm, acquisition matrix = 128x128, image reso-
lution = 256 x 256, number of averages = 4.
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Resting state fMRI data processing and statistical analysis

The rs-fMRI data were processed using statistical parametric mapping (SPM8) and Data Pro-
cessing Assistant for Resting-State fMRI (DPARSF) toolkits [33]. The first four images of each
rs-fMRI data set were discarded to remove the initial transient signal fluctuations. Subsequent
images were corrected for slice-timing and re-aligned within the session to remove any minor
head movements. The T1-weighted image was co-registered to the mean rs-fMRI image using
rigid-body transformation, and then spatially normalized to the Montreal Neurological Insti-
tute (MNI) space using nonlinear transformation and the SPM8 T1 template. The rs-fMRI
images were spatially normalized in a spatial resolution of 3 x 3 X 3 mm using the same nor-
malization parameters as the T1 image, then smoothed with an 8 x 8 x 8 mm full width at half
maximum (FWHM) Gaussian kernel. Linear detrending and temporal bandpass filtering
(0.01-0.08 Hz) were applied to reduce the effect of low-frequency drifts and high-frequency
physiological noise. Finally, the effects from several nuisance variables including six head mo-
tion parameters, global mean signal, cerebrospinal fluid signal and white matter signal were re-
moved by multiple linear regression analysis.

For VMHC analysis, a left-right hemisphere symmetric brain template was generated from
the 48 subjects to remove the geometric differences between the two hemispheres. First, a
mean T'1 image was generated by averaging the 48 spatially normalized T1 images. Next the
symmetric brain template was obtained by flipping the left and right hemispheres along the
midline of the x-axis and averaged with the original image to create the final template. Then
the T1 image from each individual subject that had been normalized to the MNI space was co-
registered nonlinearly to this group-specific symmetric brain template. The same transforma-
tion was then applied to the rs-fMRI images. Homotopic RSFC between each pair of symmetric
voxels in left-right hemispheres was calculated with a Pearson’s correlation and then Fisher-Z
transformed for further statistical analysis. The connectivity values in each pair of voxels were
the same. For group analysis, the voxels within a range of x = + 4.5 mm from the midline were
excluded from the VMHC maps to reduce the blurring artifacts near the midline. The average
VMHC map from each cohort was evaluated with a voxel-based one-sample t-test [Family-
wise error (FWE) corrected, p < 0.001, extent threshold = 10]. Group comparisons of VMHC
were conducted using a one-way analysis of variance (ANOV A) with age and total grey matter
volume as the nuisance covariates (p < 0.01, corrected using the AFNI AlphaSim program
(http://afninimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf) with a cluster size > 97 voxels,
FWHM = 8 mm, and cluster radius connection = 5). The total grey matter volume that used in
the data analysis was the ratio between the brain grey matter volume and the intracranial vol-
ume from each subject. The brain and intracranial volumes were measured from the segmented
T1 images. The intracranial volume equals the total volume of grey matter, white matter, and
cerebrospinal fluid.

DTI data processing and statistical analysis

The DTI data were processed following standard procedure with DTI-Studio version 3.0.3
(Johns Hopkins University, Baltimore, MD). DTT parametric maps (FA, MD, A and A.) were
estimated from each subject, co-registered to the T1-weighted image with the mean B, image
as the source image by SPM8, normalized to the MNI space with diffeomorphic anatomical
registration using exponential lie algebra (DARTEL) in a spatial resolution of 2 x 2 X 2 mm,
and smoothed with a 10 x 10 x 10 mm FWHM Gaussian kernel. The comparison of each diffu-
sion parameter map among the three study cohorts was made using a voxel-based one-way
ANOVA with intracranial volume correction. The diffusion parameters of the above-threshold
clusters that showing the most significant differences across cohorts were recorded from each
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Table 1. Demographic information and neuropsychological test scores.

Age (years)
Gender (M/F)
Education (years)
CDR

MMSE

MoCA

CDT

ADL

HAMD

HIS

AD (n = 16) MCI (n = 16) CN (n = 16) p-value
71.56 +5.93 70.88 +7.61 69.25 + 7.83 0.648
7/9 7/9 7/9 0.923
9.81+ 3.62 10.25 + 3.92 9.50+ 3.54 0.848
0.84 + 0.51 0.38 +0.22 0+0 <0.001
18.00 + 3.43 26.63 +1.09 28.63 +0.72 <0.001
15.56 + 3.05 24.00 + 1.93 28.56 + 0.81 <0.001
6.06 + 1.39 7.69 £ 0.60 8.63 + 0.50 <0.001
28.63 + 6.27 22.25+1.13 21.25 + 0.86 <0.001
1.19 +1.38 1.06 £1.12 0.44 + 0.63 0.125
2.00 + 0.82 1.88+0.96 1.56 + 0.81 0.346

Data are presented as mean + std. p-value indicates the significance of the difference among the three study cohorts (one-way ANOVA). Abbreviations:
CDR, Clinical Dementia Rating; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; CDT, Clock Drawing Task; ADL, Activity
of Daily Living Scale; HAMD, Hamilton Depression Scale; HIS, Hachinski Ischemic Score.

doi:10.1371/journal.pone.0126310.t001

subject and then used in further post-hoc analysis with IBM SPSS Statistics for Windows Ver-
sion 21. Correlation analyses were conducted among regional diffusion parameters, regional
VMHCs and MMSE scores for all the subjects and for each subject group. Since age is both a
significant risk factor for AD and correlates with diffusion parameters in normal aging [34],
age was used as a confounding factor in the correlation analysis.

Results

Clinical and neuropsychological examination

Clinical and demographic data of the three cohorts were shown in Table 1. The MMSE, CDR,
Montreal Cognitive Assessment (MoCA), Clock Drawing Task (CDT) and Activity of Daily
Living scale (ADL) scores were significantly different among the three groups. No significant
differences were found in gender, age, education, Hamilton Depression Scale (HAMD), or
Hachinski Ischemic Score (HIS) among cohorts.

Interhemispheric functional connectivity in the CN subjects

Fig 1 shows the VMHC map of the CN group representing the interhemispheric connectivity
in the brain. Each pair of voxels symmetrically located on each hemisphere in the VMHC map
represents the correlation coefficient between the time series of the rs-fMRI data from the two
voxels. The VMHC map from CN revealed strong interhemispheric connectivities in the brain
regions known to be important for cognition, including the anterior and posterior cingulate
cortex (ACC and PCC), dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex (OFC),
sensorimotor cortex (SMC), parietal and occipital cortices, hippocampus and various temporal
cortices, insula, basal ganglia, and thalamus. This VMHC map from the CN cohort is consis-
tent with those obtained by a previous study [25].

Differences in interhemispheric functional connectivity among AD, MCI
and CN
Fig 2 and Table 2 show the differences among the three cohorts by voxel-based comparisons of

the VMHC maps. Compared to the CN subjects, the AD patients had significantly weaker
VMHC in the OFC, ACC, nucleus accumbens (NAcc), primary olfactory cortex (POC),
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Fig 1. Normative VMHC map of the CN group (one-sample t-test, family-wise error corrected,
p <0.001, extent threshold = 10).

doi:10.1371/journal.pone.0126310.g001

putamen, caudate, and insula, suggesting a reduction of interhemispheric connectivity in these
structures in AD (Fig 2A). The AD patients also had significantly weaker VMHC than the MCI
subjects in the OFC, putamen, caudate, insula, sensorimotor cortex (SMC), and occipital gyrus
(OcG) (Fig 2B). In contrast, the MCI subjects had significantly stronger VMHC in the SMC
than the CN subjects (Fig 2C).

To further demonstrate the above variations in AD and MCI, we extracted the VMHC from
those regions that showed significant differences among the three cohorts (Fig 2D-2H). The
OFC, ACC and NAcc showed a trend of gradual decreasing VMHC from CN to MCI and then
to AD. However, in the regions of SMC and OcG, VMHC in MClIs appeared significantly
stronger than those in both ADs and CNs.

DTI and volume changes among AD, MCl and CN

Voxel-based analysis detected significant difference in FA between CNs and ADs in the genu
of the corpus callosum (Fig 3A). The reduction of FA in the genu of the corpus callosum pre-
sented a similar trend as seen in VMHG, i.e. AD < MCI < CN (Fig 3B). This trend of degener-
ation of the corpus callosum genu was supported by the significantly increased local MD and
M. (Fig 3C and 3D). There was no significant difference in A among any of the three groups
(Fig 3E). We also found volume loss in the genu of the corpus callosum in the AD patients
compared to CN (one-way ANOVA, t = -2.36, p = 0.02) (Fig 3F).
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Fig 2. Cross-cohort comparisons of VMHC. A: The AD subjects showed significantly decreased VMHC in the OFC, ACC, POC, NAcc, putamen, caudate
and insula compared to CN. B: The AD subjects showed significantly decreased VMHC in the OFC, putamen, caudate, insula, SMC, and OcG compared to
MCI. C: The MCI subjects showed significantly increased VMHC in the SMC compared to CN. D-H show the locations of the five anatomical structures where
the VMHC was significantly different across the three cohorts. The values in the bar graphs are z-scores transformed from the VMHC values. * represents
statistical differences between groups (*, p < 0.05; ***, p < 0.001).

doi:10.1371/journal.pone.0126310.9002

Table 3 shows significant positive correlations between VMHC in the anterior brain regions
(OFC, ACC, and NAcc) and FA value of the genu of the corpus callosum. Additionally, the A
value of the genu was negatively correlated with VMHC in the ACC.

Table 2. VMHC differences between AD, MCl and CN.

Brain Regions Cluster- size Coordinates t-score p-value corrected/ uncorrected
(MNI)
X y z

CN>AD OFC/ ACC/ POC/ NAcc putamen/ caudate/ insula 591 -24 39 -21 4 0.000/0.000
MCI>CN SMC (postcentral/ precentral gyrus) 116 -48 3 54 3.54 0.069/0.001
MCI>AD OFC/ putamen/ caudate/ insula 109 -33 39 -9 3.75 0.091/0.001

OcG (middle/ inferior occipital gyrus) 99 -45 -78 12 3.90 0.137/0.002

SMC (postcentral/ precentral gyrus) 218 -60 -18 39 3.58 0.002/0.000

ANOVA, uncorrected, p < 0.01, extent threshold = 97. Coordinates are given in the left-posterior-inferior system. For the symmetric results, only the left
side structures are listed. Abbreviations: MNI, Montreal Neurological Institute space; X, y, z, coordinates of cluster locations in the MNI space; OFC,
orbitofrontal cortex; ACC, anterior cingulate cortex; NAcc, nucleus accumbens; POC, primary olfactory cortex; SMC, sensorimotor cortex; OcG,
occipital gyrus.

doi:10.1371/journal.pone.0126310.1002
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Fig 3. DTl and volumetric differences among AD, MCI and CN. A: Voxel-based analysis showed significant difference of FA between AD and CN in the
genu of the corpus callosum (family-wise error corrected, p < 0.05, extent threshold = 10). B-F: Group comparisons revealed the patterns of diffusion
parameters and volume changes in the genu of the corpus callosum (FA: AD < MCI < CN; MD: AD > CN/MCI; A.: AD > CN/MCI; A: no difference; Volume:
AD < CN/MCI). * represents statistical differences between groups (*, p < 0.05; ***, p < 0.001)

doi:10.1371/journal.pone.0126310.g003

Table 3. Correlation between diffusion parameters, volume of the genu of corpus callosum, VMHC, and MMSE scores of all the subjects.

VMHC(OFC)/p-value VMHC(ACC)/p-value VMHC(NAcc)/p-value MMSE /p-value
FA 0.404/0.005** 0.417/0.004** 0.45/0.002** 0.488/0.001***
MD -0.155/0.299 -0.221/0.135 -0.108/0.470 -0.313/0.032*
Al 0.112/0.452 0.042/0.778 0.204/0.169 -0.110/0.943
Ao -0.288/0.124 -0.292/0.047* -0.193/0.195 -0.382/0.008**
Volume 0.216/0.145 0.052/0.727 0.178/0.232 0.339/0.002*
VMHC(OFC) - 0.447/0.002**
VMHC(ACC) 0.57/0.000%*** - 0.442/0.002**
VMHC(NAcc) 0.613/0.000*** 0.488/0.001*** - 0.418/0.003**
VMHC(SMC) 0.124/0.408 0.236/0.110 0.21/0.157 0.039/0.795
VMHC(OcG) 0.077/0.609 0.475/0.001*** 0.245/0.097 0.388/0.007**

The values in the table are the correlation coefficients and corresponding p-values (partial correlation with age effect corrected).

* p <0.05;

**¥ p <0.01;

¥*¥ p <0.001.

Abbreviations: FA, fractional anisotropy; MD, mean diffusivity (x10-3 mm2/s); A||, axial diffusivity (x10-3 mm2/s); A, radial diffusion (x10-3 mm2/s);
VMHC, voxel mirror homotopic connectivity; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex; NAcc, nucleus accumbens; SMC, sensorimotor
cortex; OcG, occipital gyrus.

doi:10.1371/journal.pone.0126310.t003

PLOS ONE | DOI:10.1371/journal.pone.0126310 May 4, 2015 8/16



@’PLOS ‘ ONE

Interhemispheric Disconnection in AD

Relationship between interhemispheric connectivity and cognitive
performance

There was no significant correlation between either VMHC or the diffusion parameters in the
genu of corpus callosum and MMSE within each subject group (r < 0.451, p > 0.080). For all
the subjects, the DTI parameters including FA, MD, L. and volume in the genu of the corpus
callosum were closely associated with MMSE scores (Table 3). The values of FA and volume in
the genu of the corpus callosum were positively correlated with MMSE, while the values of MD
and A were negatively correlated with MMSE scores. Consistent with the structural connectiv-
ity, the VMHC:s in the brain regions of OFC, ACC, NAcc and OcG were positively correlated
with MMSE scores.

Discussion

Major findings

By measuring the VMHC of rs-fMRI signals, we observed decreased VMHC in AD and MCI
subjects in anterior brain regions including the prefrontal cortices and subcortical regions with
a pattern of AD<MCI<CN. Increased VMHC was observed in the MCI in posterior brain re-
gions with patterns of AD/CN < MCI (in SMC) and AD < CN/MCI (in OcG). In addition,
DTTI analysis among the three cohorts demonstrated that the most significant white matter
change located in the genu of corpus callosum, which was revealed by the decreased FA and in-
creased MD values in AD and MCI. Further analysis demonstrated that the VMHCs in the pre-
frontal cortices and subcortical regions were positively associated with the diffusion
parameters in the genu of corpus callosum which demonstrated the association between struc-
tural and functional connectivity. Finally, the VMHCs in the above regions and diffusion pa-
rameters in the genu of corpus callosum showed significant correlations with the cognitive
performance measured by the MMSE.

Resting-state interhemispheric functional connectivity

The AD and MCI subjects showed decreased VMHC in the prefrontal brain regions (OFC,
ACC and POC), subcortical regions (NAcc, putamen, and caudate nucleus) and insula com-
pared with the CNs (Fig 2A and Table 2). The significant trend of gradually decreased VMHC,
i.e. AD < MCI < CN, indicates a progressive deterioration in interhemispheric connection
from MCI to AD.

The prefrontal brain regions are known to be involved in functional deficits at a very early
stage of AD. For example, the OFC is involved in AD cognitive functional deficits (spatial con-
struction, decision-making, and working memory) [35], and grey matter atrophy in the OFC
has frequently been reported in AD patients [36-38]. The ACC plays a key role in cognitive
control and emotion [39], which often present dysfunction in AD patients [40, 41]. The POC is
the key structure for olfaction and also the early site of AD pathology. Olfactory deficits in
odor detection, identification, and discrimination are prevalent in the early-stage of AD [42-
44]. A recent study found that a combined olfactory test for odor detection, identification, and
discrimination functions had a higher specificity than the hippocampal volume loss in the de-
tection of AD [45]. Besides the above prefrontal regions, AD patients also presented decreased
VMHC in the subcortical regions (NAcc, putamen, and caudate nucleus) and insula. These
brain structures also play important roles in memory and learning processes [46-48]. Although
the functions of these regions have been less investigated in AD, their structural abnormalities
have been consistently reported in AD studies [49-52].
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The hallmark AD pathology, neurofibrillary tangle and amyloid-B plaque deposition have
been found in the OFC [53, 54], ACC [55], POC [56, 57], insula [58] and subcortical regions
[59] at early stages of the disease. This suggests that these regions are preferentially vulnerable
to the early attack from the disease, which is consistent with AD pathologic progression pat-
terns [60]. Our results extended the findings in previous studies and provided new evidence
that VMHC could be a sensitive measure for the interhemispheric functional connectivity for
AD studies.

The MCI subjects had significantly stronger VMHC in the SMC than the CN subjects (Fig
2B and 2C and Table 2). The VMHC increase in the SMC of the MCI group may reflect a possi-
ble recruitment in hemispheric cooperation as a compensatory mechanism [20,60,61]. It has
been shown that older adults commonly recruit more sensorimotor regions to counteract the
neurobiological changes due to aging [62]. One previous fMRI study using the VMHC method
has demonstrated an increased interhemispheric connectivity in sensorimotor regions during
aging [20]. Previous studies have shown that bimanual motor coordination in older adults is
associated with increased functional brain connectivity [61-63]. One magnetoencephalography
study also showed higher interhemispheric synchronization in MCI subjects than in healthy
controls [64]. Our results are in agreement with the literature. Taking together such studies
with different modalities, we hypothesize that MCI subjects, challenged by the pathological de-
generations in the prefrontal brain areas, would strengthen interhemispheric cooperation of
SMC regions to resist the cognitive decline. It may be a similar mechanism happens in the
OcG. Before developing to AD, the MCI subjects might be able to recruit additional neural re-
sources in the posterior region of OcG that are unaffected or less-affected by the disease, to
compensate for interhemispheric disconnections in the disease-affected frontal brain regions.
In addition, according to the Table 3, the interhemispheric RSFCs of the OcG were positively
correlated with the cognitive performance as measured by MMSE, which suggested that stron-
ger inter-hemispheric connectivity of the OcG contributed to the better cognitive performance,
supporting the compensatory mechanism. In the study, we didn’t find the significant correla-
tion between the SMC regions and the MMSE, we speculated that the sample size may be too
small to find a robust association, In the future, to further study the underlying mechanism for
this increased VMHC in the MCI, we will perform a longitudinal study of large sample of MCI
subjects to provide the more valuable information to further confirm the compensatory mecha-
nism in these regions.

It is known that the earliest regions of AD pathology are located in the medial temporal and
parietal cortexes, which are involved in the default mode network. It is worthy to mention that
the analytic approaches (i.e., VMHC) used in the current study are very different from those
previously applied. Previous fMRI studies in AD consistently discussed brain functional con-
nectivity (i.e., default mode network) based on whole brain connectivity, i.e., all voxels are cor-
related with each other. However, in the current study, we focused on the interhemispheric
functional connectivity by measuring the voxel-mirrored homotopic connectivity. For the first
time, we applied this method to AD study and provided the spatial pattern of the intrinsic in-
terhemispheric connectivity changes across AD, MCI, and CN.

Corpus callosum degeneration and its correlation with VMHC changes

The pathological mechanisms underlying the VMHC deficits could be related to widespread
white matter integrity abnormalities observed in AD patients. We found the most significant
white matter degeneration was located in the genu of the corpus callosum (Fig 3). Significant
corpus callosum atrophy has been reported in AD and MCI [3, 4, 65]. Myelin breakdown is re-
garded as the primary process of leading to white matter damage in AD [66]. Recent data
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indicate myelin can be directly damaged by oligomerized amyloid-p plaques that are an impor-
tant early event in the pathogenesis of AD. Furthermore, homeostatic responses to this myelin
breakdown increase intracortical toxicity, which might explain the progressive neuronal dam-
age in AD [26, 66, 67]. The distribution of myelin breakdown is not global. Rather, the regions
that are most susceptible to pathological changes in AD are the late myelinated regions, which
have fewer oligodendrocytes supporting a greater numbers of axons [26, 68, 69]. The myelin
breakdown process in AD affects the late-myelinated anterior callosal subregions, resulting in a
significant atrophy of the genu of the corpus callosum in AD patients [5, 70]. Our findings of
FA, MD and L. abnormalities in the genu of the corpus callosum in AD support the myelin
breakdown retrogenesis hypothesis.

It is interesting that the VMHC:s in the prefrontal (OFC, ACC) and subcortical regions
(NAcc) were positively correlated with the FA values of the genu of the corpus callosum
(Table 3). Since the prefrontal regions between the two hemispheres communicate through the
genu of the corpus callosum [71], it was not an accident that white matter integrity was im-
paired in this region of AD patients, which could disrupt the functional connectivities between
prefrontal homotopic regions. Previous studies had provided significant evidence of the robust
links between structural and functional connectivity in the human brain [72-74]. A previous
study demonstrated a prominent loss of interhemispheric BOLD correlations after complete
sectioning of the corpus callosum [75]. Another study confirmed that lack of normal callosal
development can lead to deficits in functional connectivity related to cognitive impairments
[76]. It is plausible to use the white matter integrity abnormalities in the genu of the corpus cal-
losum to explain the reduction of VMHC in the prefrontal regions of AD and MCI. This direct
correlation obtained by the two entirely different imaging modalities provided a mutual sup-
port of the findings in the functional and structural alterations in AD.

Relationship between interhemispheric connectivity and cognitive
performance

The correlation analysis of all the subjects demonstrated that the interhemispheric RSFCs in
specific brain regions and DTI parameters in the genu of corpus callosum were positively cor-
related with the cognitive performance as measured by the MMSE. Since we did not observe
significant correlation in each subject group, the observed correlation of all the subjects may be
dominated by the group differences. Thus the correlation of reduced interhemispheric func-
tional and structural connectivity with the cognitive decline in AD needs to be further studied.
The brain relies on interhemispheric information transfer for mediating cognition function,
which is subserved by the corpus callosum [77]. Previous studies have shown that even subtle
degradation of the corpus callosum in neurologically impaired patients can be related to defi-
cits in the transfer of information between the hemispheres [78]. Based on the above statement,
the bilateral prefrontal regions (OFC and ACC), which are connected by the genu of corpus
callosum, played a pivotal role in integrating information and mediating cognitive functions.

Further consideration

There are several technical issues need to be addressed. First, we could not exclude the interfer-
ence of some potential confounding factors, such as respiratory and cardiac cycle artifacts, and
slow sampling rates. It is known that slow sampling rates (as in this study TR = 2 s), noise from
the cardiac and respiratory cycle can alias into the resting-state low frequency ranges. Second,
the DTT acquisition and post-processing methods can be improved in the future. For example,
the spatial resolution, partial-volume effects, noises/artifacts, and uncorrected distortions may
influence the result. In addition, this is a first exploration to see if there is any association
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between reduced white matter integrity & VMHC. Our findings revealed the close relationship
between diffusion changes in the genu of corpus callosum and VMHC changes in the MCI and
AD. It would be better to analyze the anatomical connectivity between homotopic voxels to
clarify the direct link between VMHC and DTI abnormalities. Future research will further in-
vestigate the relationship between these modalities. Finally, the sample size is small and the
findings may be altered in large populations. Thus a longitudinal study of large sample of MCI
subjects will be beneficial to elucidate the impact of the disease on interhemispheric connectivi-
ty, which may in turn provide a valuable imaging marker for the diagnosis of AD.

Conclusions

In this study we demonstrated significant changes of interhemispheric functional connectivity
in the AD and MCI using VMHC analysis. The interhemispheric functional connectivity de-
cline in the OFC, ACC, and NAcc was significantly correlated with the structural degeneration
in the genu of the corpus callosum. These results suggest that VMHC can be used as a biomark-
er for the degeneration of the interhemispheric connectivity in AD.
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