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Abstract

Amnestic mild cognitive impairment (aMCI) is recognized as the prodromal phase of Alzheimer’s
disease (AD). Evidence showed that patients with multiple-domain (MD) aMCI were at higher
risk of converting to dementia and exhibited more severe gray matter atrophy than single-domain
(SD) aMCI. The investigation of the microstructural abnormalities of white matter (WM) among
different subtypes of aMCI and their relations with cognitive performances can help to understand
the variations among aMCI subtypes and to construct potential imaging based biomarkers to
monitor the progression of aMCI. Diffusion-weighted MRI data were acquired from 40 patients
with aMCI (aMCI-SD: n = 19; aMCI-MD: n= 21) and 37 healthy controls (HC). VVoxel-wise and
atlas-based analyses of whole-brain WM were performed among three groups. The correlations
between the altered diffusion metrics of the WM tracts and the neuropsychological scores in each
subtype of aMCI were assessed. The aMCI-MD patients showed disrupted integrity in multiple
WM tracts across the whole-brain when compared with HCs or with aMCI-SD. In contrast, only
few WM regions with diffusion changes were found in aMCI-SD as compared to HCs and with
less significance. For neuropsychological correlations, only aMCI-MD patients exhibited
significant associations between disrupted WM connectivity (in the body of the corpus callosum
and the right anterior internal capsules) and cognitive impairments (MMSE and Digit Symb-
Coding scores), whereas no such correlations were found in aMCI-SD. These findings indicate
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that the degeneration extensively exists in WM tracts in aMCI-MD that precedes the development
of AD, whereas underlying WM pathology in aMCI-SD is imperceptible. The results are
consistent with the view that aMCI is not a uniform disease entity and presents heterogeneity in
the clinical progression.

Amnestic mild cognitive impairment; diffusion tensor imaging; multiple-domain; single-domain;
TBSS; white matter

INTRODUCTION

Amnestic mild cognitive impairment (aMCI) is considered as a transition between normal
aging and Alzheimer’s disease (AD) [1]. Patients with aMCI are at greater risk for
developing AD and convert at an annual rate of 10% to 15% [2, 3]. According to the number
of affected cognitive domains, aMCI patients can be further categorized as single-domain
(aMCI-SD) or multi-domain (aMCI-MD) aMCI. The aMCI-SD subtype indicates a selective
episodic memory impairment. The aMCI-MD subtype, in contrast, indicates substantial
deficits in at least one other cognitive domain [4]. There is evidence showed that aMCI-MD
subjects were much more likely to convert to dementia (69% conversion) compared with
aMCI-SD (32% conversion) [5]. In addition to the clinical evidence of higher conversion
rates, previous structural magnetic resonance imaging (MRI) studies demonstrated that
patients with aMCI-MD showed more diffuse and extensive gray matter atrophy than aMClI-
SD [6, 7], suggesting aMCI-MD may be further along the path to AD.

It is known that abnormalities related to AD are not only limited to gray matter but also to
white matter (WM). As reported previously using the diffusion tensor imaging (DTI)
technique, abnormal diffusion changes in the WM tracts in patients with AD and aMCI were
reported [8-15]. However, there were only a few investigations of WM disruption in aMClI
subgroups. Recently, Haller and colleagues assessed the DTI based WM differences
between aMCI-MD and aMCI-SD directly without recruiting normal controls [16]. The
group-level analysis revealed that patients with aMCI-MD displayed a more widespread
damage of long interhemispheric pathways, mainly in the right hemisphere compared with
the aMCI-SD subgroup. Such investigation will not only be of research interest for better
understanding the disease process, but more importantly in the search for better imaging-
based biomarkers in the context of prevention and early treatment of AD.

Tract-based spatial statistics (TBSS) is a method for analyzing diffusion MRI data. TBSS
can automatically perform voxel-wise statistics on diffusion measures while simultaneously
minimizing the effects of misalignment [17]. It has been applied to investigate the WM
changes in aMCI patients recently as a single group by different researchers [18-21].
However, the findings are to some extent discrepant, which may be due to different
acquiring parameters and different sample size. Moreover, the heterogeneity in patients with
MCI was also a potentially important reason. This study aimed to use TBSS to explore the
diffusion changes in WM tracts in aMCI subtypes. We hypothesized that aMCI-MD patients
would exhibit more diffuse and extensive WM structural alterations than aMCI-SD subjects.
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Furthermore, we examined the relationship between the altered diffusion measures and
neuropsychological performances in aMCI subtypes, attempting to relate the WM
abnormality with disease severity and cognitive changes.

METHODS

Participants

There were 77 participants (19 aMCI-SD, 21 aMCI-MD, and 37 socio-demographically
matched HCs). Participants were recruited from three sources: the Clinic at Neurology
Department of Beijing Hospital, the Clinic at China Academy of Chinese Medical, and the
research center for cognitive aging and brain health at State Key Laboratory of Cognitive
Neuroscience and Learning, Beijing Normal University. They were all right-handed and
native Chinese speakers. All participants (1) were aged 50 to 85 years old; (2) had at least 6
years of education; (3) had no structural abnormalities other than cerebrovascular lesions—
such as tumors, subdural hematomas, and contusions due to previous head trauma—that
could impair cognitive function; (4) had no history of addictions, neurologic or psychiatric
diseases, or treatments known to influence cerebral function including alcoholism, current
depression, Parkinson’s disease, and epilepsy; (5) did not have large vessel disease, such as
cortical or subcortical infarcts and watershed infarcts; and (6) did not have diseases with
WM lesions, such as normal pressure hydrocephalus or multiple sclerosis. All aMCI
subjects were diagnosed according to Petersen et al.’s criteria [3] for amnestic MCI,
including subjective memory complaints, cognitive impairment in memory [scoring more
than 1.5 standard deviations below the age- and education-adjusted norm on the Auditory
Verbal Learning Test (AVLT) [22]], normal general cognitive function [scoring no less than
24 on the Mini-Mental-Status Examination-Chinese version (MMSE) [23], except two
subjects scored 22 and 23], and preserved activities of daily living [scoring 0 on the
Activities of Daily Living (ADL)] [24]. If episodic memory was the only area of
impairment, the subject was considered to be aMCI-SD. If memory plus other cognitive
domains assessed with neuropsychological testing were affected (1.5 standard deviations
below age norms), the subject was considered to be aMCI-MD. The HCs had no evidence of
cognitive deficits on neuropsychological tests. Demographic information of each group and
between-group comparisons are presented in Table 1. The study was approved by the
Institutional Review Board of the Beijing Normal University Imaging Center for Brain
Research. Written informed consent was obtained from each participant. Ethical permission
was obtained from the relevant Research Ethics Committees.

Neuropsychological testing

All participants received 8 neuropsychological tests assessing general mental status and
other cognitive domains such as processing speed, verbal and nonverbal episodic memory,
visual-spatial ability, working memory, executive function, reasoning and language ability.
General mental status was assessed with MMSE. Processing speed was assessed with Digit
Symb-Coding subtest of Wechsler Adults Intelligence Scale-Chinese revision (WAIS-RC)
[25]. Verbal and nonverbal episodic memory tests included AVLT and Recall component of
Rey-Osterrieth Complex Figure Test (ROCF) [26]. Visual-spatial ability was assessed with
Copy component of ROCF [26]. Verbal working memory was assessed with Digit Span
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scores of WAIS-RC. Executive function was assessed with Trail Making Test (TMT) [27].
Verbal reasoning and abstract thinking was assessed with Similarities subtest of WAIS-RC.
Finally, language ability was assessed with Boston Naming Test (BNT) [28].
Neuropsychological characterizations for each group are presented in Table 1.

Image acquisition

MRI data were acquired using a SIEMENS TRIO-3T scanner in the Imaging Center for
Brain Research, Beijing Normal University. Participants lay supine with their head snugly
fixed by straps and foam pads to minimize head movement. Diffusion tensor images were
acquired using a single-shot echoplanar imaging sequence [coverage of the whole brain, 2
mm slice thickness with no interslice gap, 70 axial slices, repetition time = 9500 ms, echo
time = 92 ms, flip angle = 90°, 30 diffusion directions with b = 1000 s/mm?2, and an
additional image without diffusion weighting (i.e., b =0 s/mm?2), acquisition
matrix=128x128, filed of view=256x256 mm?, Averages = 3]. Conventional axial T1-
weighted, T2-weighted, fluid attenuated inversion recovery (FLAIR) were also acquired to
exclude brain pathology and cerebrovascular disease based on the evaluation of WM
hyperintensities.

Imaging preprocessing

Preprocessing of imaging data consisted of three steps. First, eddy current distortions and
motion artifacts were corrected by applying affine alignment of each diffusion-weighted
image to the b = 0 image using FMRIB’s Diffusion Toolbox (FDT) (FSL 4.1.4; http://
www.fmrib.ox.ac.uk/fsl). The first volume of the diffusion data without a gradient applied
(i.e., the b = 0 image) was then used to generate a binary brain mask using the Brain
Extraction Tool. Finally, DTIfit was used to independently fit diffusion tensor to each voxel.
The output of DTIfit yielded voxelwise maps of fractional anisotropy, radial diffusivity,
axial diffusivity and mean diffusivity.

Tract-Based Spatial Statistics (TBSS)

TBSS of fractional anisotropy, radial diffusivity, axial diffusivity, and mean diffusivity
images were carried out using TBSS in the FMRIB software library (FSL 4.1.4; http://
www.fmrib.ox.ac.uk/fsl for a detailed description of the methods, see [17]). Briefly, the
TBSS analyses are comprised of the following steps: 1) Each subject’s fractional anisotropy
image was aligned to a pre-defined target fractional anisotropy image (FMRIB58 FA) by
non-linear registrations; 2)All the aligned fractional anisotropy images were transformed
into the MNI1152 template (1 mm x 1 mm x 1 mm) by affine registrations; 3) The mean
fractional anisotropy image and its skeleton were created from all subjects; 4) Individual
subjects’ fractional anisotropy images were projected onto the skeleton; and 5) Voxel-wise
statistics were performed over the common skeleton.

Then, data for radial diffusivity, axial diffusivity, and mean diffusivity were generated by
applying the above fractional anisotropy transformations to the diffusivity maps and
projecting them onto the skeleton using identical projection vectors to those inferred from
the original fractional anisotropy data.
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Atlas-based quantification at the tract level

To investigate the diffusion changes in several specific tracts, we used the digital WM atlas
JHU ICBM-DTI-81 (http://cmrm.med.jhmi.edu/), a probabilistic atlas generated by mapping
DTI data of 81 subjects to a template image. As shown in Fig. 2A, the JHU-WM atlas was
overlaid on the WM skeleton of each subject in the ICBM-DTI-81 space, such that each
skeleton voxel could be categorized into one of the major tracts. Then fractional anisotropy,
radial diffusivity, axial diffusivity, and mean diffusivity at the skeleton voxels within each
tract can be calculated. We examined the following tracts: the genu, body and splenium of
the corpus callosum (CC), the bilateral cingulum bundles (CG), fornices (FN), hippocampus
(HIP), anterior (ICA) and posterior (ICP) internal capsules, superior (SLF) and inferior
(ILF) longitudinal fascicule, and taptum (TAP).

Statistical analysis

RESULTS

Group differences in age, education, and neuropsychological scores were examined by one-
way analysis of variance (ANOVA). Post-hoc pair-wise t-tests were performed if ANOVA
is significant (p < 0.05). Gender data were analyzed using a Chi-square test. Voxelwise
TBSS were carried out using a permutation-based inference tool for nonparametric statistical
thresholding (“randomize”, part of FSL [17]). In this study, voxel-wise group comparisons
were performed using non-parametric, two-sample t-tests in: aMCI-SD versus HC, aMClI-
MD versus HC, and aMCI-MD versus aMCI-SD. The mean fractional anisotropy skeleton
was used as a mask (thresholded at a mean fractional anisotropy value of 0.2), and the
number of permutations was set to 5,000. The significance threshold for between-group
differences was set at p < 0.05 [family-wise error (FWE) correction for multiple
comparisons] using the threshold-free cluster enhancement (TFCE) option in the
“randomize” permutation-testing tool in FSL [29]. Third, for the diffusion alterations in the
atlas-based tract regions of interest (ROIs), we performed one-way ANOVA to compare
fractional anisotropy, radial diffusivity, axial diffusivity, and mean diffusivity among three
groups for each ROI. Tukey’s post hoc test was performed if ANOVA is significant (p <
0.05). To adjust for possible spurious findings due to multiple testing, Bonferroni correction
was conducted. These analyses included 19 comparisons of tract ROIs, thus p value of <
0.0026 (0.05/19) was considered statistically significant for these comparisons. Once
significant between-group differences were observed in any diffusion metric of the atlas-
based ROIs (p < 0.05 after Bonferroni correction), we assessed the relationship between the
altered diffusion metrics of the tract ROIs and the neuropsychological scores in each subtype
of aMCl, performed by Pearson’s correlation analysis.

Demographics and neuropsychological testing

There were no significant differences in age, gender, or education among the three groups (p
> 0.30, Table 1). As expected, the MMSE scores were significantly higher in HCs compared
to aMCI-SD and aMCI-MD patients, although aMCI-SD patients performed better than
aMCI-MD patients. For neuropsychological scores, the group effects were significant for all
the cognitive domains except visual-spatial ability (p = 0.266), with the best performance in
HCs, intermediate in aMCI-SD patients, and the worst in aMCI-MD patients. Comparing the
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neuropsychological test scores between the aMCI-SD and aMCI-MD groups revealed
significant differences in the processing speed, executive function, reasoning, and language
ability, but no differences in episodic or working memory.

Whole-brain voxelwise TBSS comparisons

Group comparisons of diffusion metrics between aMCI-SD and HCs—Direct
comparison between aMCI-SD patients and HCs did not reveal any significant difference in
diffusion metrics after multiple comparison corrections. However, at p< 0.05 (uncorrected),
aMCI-SD patients showed increased mean diffusivity in the WM of bilateral
parahippocampus and right insula as compared to HCs (Fig. 1A).

Group comparisons of diffusion metrics between aMCI-MD and HCs—
Compared to the HCs, aMCI-MD patients showed reduced fractional anisotropy in
distributed WM regions (Fig. 1B), including the right inferior, middle and superior temporal
gyrus, the right medial temporal lobe, the right supramarginal gyrus and angular gyrus, the
bilateral precentral and postcentral gyrus, the right insula and precuneus, the bilateral
posterior cingulate cortex, superior parietal lobe, medial and orbital frontal gyrus, as well as
the whole CC, SLF, inferior fronto-occipital fasciculus, internal capsule, external capsule,
and corticospinal tract. For aMCI-MD patients, mean diffusivity increases were also
widespread (Fig. 1B), overlapping with the regions showing decreased fractional anisotropy.
Additionally, increased mean diffusivity were also found in the bilateral superior and
inferior frontal gyrus, lateral occipital lobe, frontal pole and thalamus, the left supramarginal
gyrus, angular gyrus, insula, precuneus, and cerebellum. The similar patterns were observed
when studying radial and axial diffusivity indices (Fig. 1B).

Group comparisons of diffusion metrics between aMCI-SD and aMCI-MD—
Compared to aMCI-SD, aMCI-MD patients showed significantly reduced fractional
anisotropy across several WM regions (Fig. 1C), including the left medial and superior
frontal gyrus, the right triangle part of inferior frontal gyrus, the bilateral superior temporal
gyrus, the left middle and medial temporal lobe, the right angular gyrus, supramarginal
gyrus, precuneus, the right lateral occipital lobe and postcentral gyrus, the bilateral insula,
precentral gyrus, posterior cingulate cortex, and the whole CC. Increased mean diffusivity,
radial diffusivity, and axial diffusivity in aMCI-MD patients were also identified in almost
all WM tracts across the brain (Fig. 1C).

Group comparisons of atlas-based tract ROIs—Among three groups, significant
differences in fractional anisotropy were found in the body of CC, the bilateral FN and ICA,
as well as the right ICP and TAP (Fig. 2B). Post hoc analyses found that patients with
aMCI-MD had significantly lower fractional anisotropy in these fibers than HCs. The
regions showing fractional anisotropy decreases among aMCI-MD patients showed
corresponding increases in radial diffusivity. They also had additional increments of radial
diffusivity than HCs in the right CG, the bilateral ICP, the right SLF, and the left TAP.
Compared with aMCI-SD, aMCI-MD had higher radial diffusivity in the body of CC and the
ICP (Fig. 2B). In addition, significant changes in axial diffusivity for aMCI-MD were found
in the body, genu, splenium of CC, the left ICA, and TAP as well as the bilateral SLF (Fig.
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2B). In general, mean diffusivity changes in aMCI-MD were widespread, including the
regions exhibiting radial diffusivity increases in aMCI-MD as well as the genu and splenium
of CC (Fig. 2B). No significant differences in any tract were found between aMCI-SD and
HCs (all p > 0.1). Group differences in mean diffusivity of the body of CC as well as
fractional anisotropy and radial diffusivity of the right ICA remained significant after
Bonferroni correction made for multiple comparisons (p < 0.05) (Table 2).

As the TAP is located adjacent to the lateral ventricle, we confirmed that the results by
“deprojecting” all voxels in the TAP from the WM skeleton-space back into each subject’s
native diffusion space. Same results of the diffusion changes in TAP among three groups
were found (data not shown). This confirmed that the tract difference identified on the
skeletonized maps corresponded well to WM disruption in TAP.

Relationship between diffusion metrics and neuropsychological scores

Then, the relationship between regional diffusion metrics of ROIs with significant group
effects (p < 0.05 after Bonferroni correction) and neuropsychological scores was examined.
For aMCI-MD group, mean diffusivity of the body of CC was negatively correlated with
MMSE (r = —0.45, p = 0.041) and Digit Symb-Coding scores (r = —0.46, p = 0.038) (Fig. 3).
Fractional anisotropy of the right ICA was positively correlated with Digit Symb-Coding
scores (r = 0.44, p = 0.046). No significant correlation was found in aMCI-SD (all p> 0.1).

DISCUSSION

This DTI study investigated the WM alteration patterns in patients with different subtypes of
aMCI. We found that aMCI-MD patients showed reduced fractional anisotropy and
increased axial diffusivity, radial diffusivity, and mean diffusivity in multiple WM tracts
across the whole-brain compared to HCs or to aMCI-SD. In contrast, only a few WM
regions showed diffusion changes in aMCI-SD as compared to HCs and with reduced
statistical significances. These findings indicate that the degeneration extensively exists in
WM tracts in aMCI-MD that precedes the development of AD. The results are consistent
with the view that aMCI is not a uniform disease entity and presents heterogeneity in the
clinical progression.

In addition to the demonstrated susceptibility of the medial temporal lobe structures,
posterior cingulate, and CC to the MCI syndrome, our aMCI-MD subjects also showed
abnormality in frontal, temporal, parietal, and occipital WM, together with several
commissural, association and projection fibers. The characteristics of the WM pathological
changes in aMCI-MD are more “AD-like” [30-32]. The anatomical locations of WM
abnormalities are mostly consistent with a number of previous DTI studies in AD and MCI
patients [8-10, 12, 15, 21, 31, 33-38]. In addition, patients with aMCI-MD showed changes
in the integrity of the corticospinal tract. This result was somewhat unexpected. The
corticospinal tract is a bundle of motor neurons that extend from the cerebral cortex of the
brain and the spinal cord. Although it is widely accepted that disability in motor function is a
late symptom in AD, the presence of motor dysfunction in mildly AD [39] and even MCI
[40] has been reported. It is possible the disruption of the corticospinal tract is responsible
for the motor impairment. Some other DTI studies also reported microstructural abnormality
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in the corticospinal tract in patients with AD[31], MCI, and aMCI-MD [19]. Furthermore,
the DTI indices of the callosal body and the ICA remained significant after Bonferroni
correction in atlas-based analyses. For aMCI-MD, mean diffusivity is higher in the body of
the CC when compared with healthy elders. This finding was consistent with a recent report
reporting mean diffusivity increases in aMCI using whole-brain TBSS analyses [32], as well
as previous findings in MCI and AD [37, 41, 42]. However, some other studies found no
microstructural abnormality in the callosal body in patients with aMCI [12, 43]. The
discrepancy might be due to the heterogeneity in aMCI group and the fact that those
investigations did not distinguish single-domain and multi-domain aMCI. In this regard, it is
also interesting to note that the aMCI-MD subjects, not the aMCI-SD subjects, exhibited
reduced WM integrity in the ICA. Finally, our current findings of ICA fiber disruption was
also demonstrated in MCI and AD patients in several previous DTI investigations [9, 44].

The present study demonstrated that there were distributed WM tracts that exhibited
differences between aMCI-MD and aMCI-SD, similar to the regional differences between a
MCI-MD and HCs. Most previous DTI studies of MCI patients did not compare WM
integrity patterns between aMCI subtypes except one recent study [16]. Similar to the
findings in our study, Haller et al. reported that, compared with aMCI-SD, aMCI-MD had
significantly reduced fractional anisotropy in a bilateral, right-dominant network, including
right uncinate fasciculus, forceps minor, and internal capsule as well as bilateral inferior
fronto-occipital fasciculus, anterior thalamic radiation, SLF, ILF, and corticospinal tract.
Our findings in the current study, on the large part, reconfirmed theirs, probably the first
study of this type. We noted that our study also enrolled normal controls and explored the
differences of each of the aMCI sub-types to them. In addition, besides the fractional
anisotropy changes, in the present study we also identified the widespread alterations of
mean diffusivity in aMCI-MD compared with HCs and aMCI-SD. The findings of our study
are also consistent with previous ones regarding grey matter loss in these two aMClI
subgroups: patients with aMCI-MD/MCI-MD showed more diffuse and extensive pattern of
brain atrophy compared with aMCI-SD/MCI-SD [7, 45, 46]. Given the more severe and
more widespread damage within brain tissues and the cognitive impairment in multiple
domains, the aMCI-MD patients are likely “closer” to clinical AD. In this regard, some
researchers viewed aMCI-MD as transitional between aMCI-SD and AD [47]. Furthermore,
our results support the notion that aMCI subtyping is meaningful and more informative to
analyze the changes of WM fiber tracts. A careful distinction among MCI subtypes may be
important for our understanding of the neuropathological states of the disease.

Our current study found that aMCI-SD patients showed disrupted WM in the bilateral
parahippocampus and right insula (p < 0.05, uncorrected), which are vulnerable to AD and
aMCI [30, 31, 34]. As episodic memory is selectively impaired in aMCI-SD, it is not
surprising that WM disruption occurred in the medial temporal. However the differences
were not significant after multiple comparison corrections. We have found no prior reports
about the abnormality in WM integrity in aMCI-SD as compared to HCs partly due to the
fact that most of the previous studies did not consider the aMCI subtypes. We cannot
exclude the possibility that the sensitivity of whole-brain voxelwise TBSS analysis might be
limited in particular brain regions (such as HIP).
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When examining the relationship of WM alterations with the clinical and cognitive
performances in each subgroup of aMCI, mean diffusivity of the body of the CC was found
to be associated with MMSE and Digit Symb-Coding scores only in aMCI-MD. The
significant correlation between the DTI indices of the splenium of CC and the MMSE scores
in AD and MCI have been previously published [48, 50], whereas in those studies the body
of CC was not selected to research on the relationship with cognitive function. It is well
known that the CC links the cerebral cortices of the left and right hemispheres and is the
largest fiber pathway in the brain. The anterior part of the body of the CC is responsible for
the interhemispheric connection between the prefrontal association cortices and premotor
cortical connections are located in the mid body region [43, 51]. Although there is no direct
evidence supporting the association of the cognitive dysfunction with reduced integrity of
WM tracts in the body of the CC, the anatomical connection is nevertheless supportive for
the correlation results. In the current study, we also found fractional anisotropy of the right
ICA was correlated with Digit Symb-Coding score which was a measure of information
processing speed in aMCI-MD. The anterior limb of internal capsule contains the anterior
thalamic peduncle, which connects the dorsomedial and anterior thalamic nuclei with the
prefrontal cortex and the cingulate gyrus [52, 53]. A similar finding was reported in another
study that the best predictor of reaction time in a visual target detection task for older adults
was FA in the anterior limb of the internal capsule [54]. Furthermore, we did not find any
relationship between DTI indices and cognitive performance in the aMCI-SD group. It
might be due to the fact that WM pathology in aMCI-SD was mild and the cognitive
function was relatively intact except memory.

Mean diffusivity is the average amount of water diffusion and fractional anisotropy refers to
the coherence of the orientation of water diffusion. Related to the neurodegeneration in AD,
several pieces of evidence are implicative about the effects of the mean diffusivity and
fractional anisotropy variation, such as axonal damage related to Wallerian degeneration
[15, 32, 55], myelin breakdown [32, 56], and other neuropathologic processes. Recent DTI
studies have also employed axial diffusivity and radial diffusivity to reveal the normal and
pathological changes of WM [31, 32, 57]. Axial and radial diffusivity provide information
on magnitude of water diffusion either parallel or perpendicular to the principal direction of
the tensor [58]. They could reflect the degree of myelin breakdown or axonal damage
selectively [32, 57]. With all of the arguments supportive to the simultaneous use of multi-
indices, research using them together is still at an early stage. Further studies are needed to
reveal the mechanisms underlying these diffusion indices.

We are aware of several methodological limitations in our current study. First, we examined
the WM alterations in aMCI patients cross-sectionally and with unknown rates of
conversion to AD. Thus, the assertion that aMCI-MD patients had a higher risk of
converting AD is primarily based on reported findings in the literature [2] and the
correlation with neuropsychological and clinical tests. Longitudinal studies are needed to
confirm these findings and to assess longitudinal changes. Second, the automated TBSS
methodology is subject to bias, especially in areas of tract junctions or crossing fibers, such
as the SLF and ILF. Therefore, the interpretations of the diffusion changes in these regions
must be with caution. Third, we only focused on the WM changes in aMCI patients in this
study. The relationship of these structural changes to the functional ones, however, is still
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unclear. Finally, the exact histopathological processes leading to changes in diffusion
measures are complex, and appropriate animal models where MRI DTI assessments can be
directly correlated with morphometric histology will be very useful.

In conclusion, our study illustrated aMCI heterogeneity. For aMCI-MD, WM abnormality
was more anatomically widespread. The altered diffusion measures were related to
neuropsychological changes in aMCI-MD patients. TBSS analysis of WM integrity can
serve as a potential biomarker of aMCI subtypes. Longitudinal studies are needed to
investigate the conversions of aMCI subtypes and to evaluate the clinical values of DTI
technique to predict clinical progression.
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Fig. 1.
TBSS results of the diffusion metrics between the aMCI-SD versus HC, aMCI-MD versus

HC, and aMCI-MD versus aMCI-SD groups. Green represents the mean white matter
skeleton of all subjects. A) Red-yellow voxels (thickened for better visibility) represent the
white matter regions with increased mean diffusivity in the aMCI-SD patients compared
with HCs (p < 0.05, uncorrected). B) Red-yellow voxels represent the WM regions with
reduced fractional anisotropy (FA, first row), increased mean diffusivity (MD, second row),
increased axial diffusivity (L1, third row), and increased radial diffusivity (L23, fourth row)
in the aMCI-MD patients compared with HCs (p < 0.05, FWE corrected). C) Red-yellow
voxels represent the WM regions with reduced FA (first row), increased MD (second row),
increased L1 (third row), and increased L23 (fourth row) in the aMCI-MD patients
compared with aMCI-SD patients (p < 0.05, FWE corrected).
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Fig. 2.

Mean diffusion metrics of the atlas-based tracts in the aMCI-SD, aMCI-MD, and control
groups. A) The JHU-white matter atlas was overlaid on the mean WM skeleton in the
ICBM-DTI-81 space. Colored regions indicate major WM tracts. The skeleton from
averaged fractional anisotropy maps is shown as green solid curve. FA, fractional
anisotropy; MD, mean diffusivity; L1, axial diffusivity; L23, radial diffusivity; gCC, genu of
corpus callosum; bCC, body of corpus callosum; sCC, splenium of corpus callosum; CG,
cingulum bundle at cingulate gyrus; FN: fornix; HIP: hippocampus; ICA: anterior internal
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capsule; ICP: posterior internal capsule; SLF: superior longitudinal fasciculus; ILF: inferior
longitudinal fasciculus; TAP: taptum. B) Group differences of the mean diffusion metrics of
the atlas-based tracts among the aMCI-SD, aMCI-MD, and HC groups. *p < 0.05; **p <
0.01; ***p < 0.05 after Bonferroni correction.
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L 2R 4

The correlations between the diffusion metrics of atlas-based ROIs and neuropsychological
scores in aMCI-SD and aMCI-MD. A) Plots showing the significant decrease of mean
diffusivity in the body of CC with MMSE scores in aMCI-MD (in red), whereas no
significant correlation was found in aMCI-SD (in blue). B) Plots showing the significant
decrease of mean diffusivity in the body of CC with the Digit Symb-Coding score in aMClI-
MD (in red), whereas no significant correlation was found in aMCI-SD (in blue). C) Plots
showing the significant increase of FA in the right ICA with the Digit Symb-Coding score in
aMCI-MD (in red), whereas no significant correlation was found in aMCI-SD (in blue).
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