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Purpose: To investigate the topological alterations of whole-brain 
white matter structural connectivity in patients with 
different types of amnestic mild cognitive impairment 
(aMCI), including single-domain (SD) and multidomain 
(MD) aMCI, and to explore the relationship of such con-
nectivity with neuropsychologic performance.

Materials and 
Methods:

This study was approved by the institutional review board 
of Imaging Center for Brain Research, Beijing Normal Uni-
versity. Written informed consent was obtained from each 
participant. The present study involved 38 patients with 
aMCI (SD aMCI, n = 18; MD aMCI, n = 20) and 36 age- 
and sex-matched healthy control subjects. White-matter 
connectional architecture in each participant was depict-
ed with diffusion-weighted MR imaging and represented 
in terms of a connectivity matrix by using a deterministic 
tractography method. Graph theory–based analyses were 
then performed to characterize brain network properties.

Results: The global topological organization of white matter net-
works was significantly disrupted in patients with MD 
aMCI (P , .01 for all) but not in those with SD aMCI, as 
compared with control subjects. Connectivity impairment 
in patients with MD aMCI was found in the temporal, 
frontal, and parietal cortices (P , .05, corrected). MD 
aMCI had decreased network efficiency relative to SD 
aMCI (P = .016), with the most pronounced differences 
located in the frontal cortex (P , .01 for all). Strong as-
sociations between cognitive impairments and disrupted 
topological features (global, P , .05; regional, P , .002) 
were identified in patients with aMCI.

Conclusion: The present study suggests early onset disruption of 
whole-brain white matter connectivity in patients with 
aMCI, especially in those with the MD subtype, support-
ing the view that MD aMCI is a more advanced form of 
disease than is SD aMCI. Moreover, cognitive correlations 
with topological network properties suggest their poten-
tial use as markers to assess the risk of Alzheimer disease.
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Center for Brain Research, Beijing 
Normal University. Written informed 
consent was obtained from each 
participant.

Participants
We are conducting a 5-year longitudi-
nal project that was started in October 
2009, the goal of which is to identify 
neuroimaging biomarkers for MCI and 
AD. MR imaging data acquired from 
October 2009 to September 2010 were 
analyzed in the present study. Clinical 
and neuropsychological assessments 
were performed by expert neurologists 
blinded to the results of MR imaging 
(H.L., Z.Z.; 5 and 13 years of experi-
ence, respectively, in clinical neurol-
ogy). Participants were included if they 
met the following criteria: (a) age of 
50–85 years, (b) at least 6 years of ed-
ucation, and (c) a score of 24 or higher 
on the Chinese version of the Mini-Men-
tal Status Examination (MMSE) (22). 
The exclusion criteria were as follow:  
(a) structural abnormalities other 
than cerebrovascular lesions—such as 

been reported (7–11). More wide-
spread impaired gray matter regions 
were involved in the MD group than 
in the SD group, suggesting MD aMCI 
may be more advanced than SD aMCI, 
a fact that is also supported by the find-
ing of a higher risk of conversion to AD 
in patients with MD aMCI than in those 
with SD aMCI (12).

Despite these advances, little is 
known about the alterations in the 
white matter (WM) as a secondary 
degenerative process in these patients 
from a system level. Recent studies 
have suggested that whole-brain WM 
connectivity can be reconstructed 
with diffusion MR imaging tractog-
raphy and modeled by network ap-
proaches (13–15). Graph theoretical 
analysis revealed that WM networks 
exhibit many important topological 
properties, such as small worldness 
(16,17). Relatively recently, several 
studies have examined AD-related 
alterations of the topological organi-
zation in whole-brain networks, im-
plying disrupted integration of the 
system (18–21). To our knowledge, 
only one study examined the topo-
logical properties of the structural 
brain network in patients with MCI; 
in that study, researchers calculated 
cross correlations in gray matter 
thickness derived from structural MR 
imaging (19). However, no studies re-
ported aMCI-related changes in WM 
brain networks or investigated the 
topological differences among aMCI 
subtypes.

In this study, we used diffusion-
tensor imaging and deterministic trac-
tography to construct the WM struc-
tural networks in patients with aMCI 
and healthy control subjects. The pur-
pose of this study was to investigate 
the topological alterations of whole-
brain WM structural connectivity in 
patients with different types of aMCI 
and to explore the relationship of such 
connectivity with neuropsychological 
performance.

Materials and Methods

This study was approved by the insti-
tutional review board of the Imaging 

Mild cognitive impairment (MCI) 
is a diagnosis made in individ-
uals who have cognitive im-

pairments beyond what is expected for 
their age and education but that do not 
substantially interfere with their daily 
activities (1). In particular, amnestic 
MCI (aMCI) is considered a transition 
phase between normal aging and the 
onset of Alzheimer disease (AD) (2). 
According to the number of affected 
cognitive domains, patients with MCI 
can be further categorized as having 
single-domain (SD) or multidomain 
(MD) disease (3). In the context of 
aMCI, the SD aMCI subtype indicates 
a relatively selective episodic memory 
impairment; this is in contrast to the 
MD aMCI subtype, which indicates 
substantial deficits in at least one other 
cognitive domain (3).

In the past decade, magnetic res-
onance (MR) imaging techniques have 
been used to assess brain structural 
and functional alterations in patients 
with aMCI (4–6). For various aMCI 
subtypes, morphologic changes have 

Advances in Knowledge

 n Application of graph theory prin-
ciples to neuroimaging data 
offers a powerful approach with 
which to characterize and quan-
tify large-scale structural and 
functional networks of the brain.

 n Topological organization of white 
matter structural networks was 
significantly disrupted (P , .05) 
in patients with amnestic mild 
cognitive impairment (aMCI), 
especially in those with the mul-
tidomain subtype, representing 
aberrant interconnections 
between pairs of gray matter 
regions.

 n The disrupted network properties 
were correlated with the clinical 
severity and neuropsychological 
performance of aMCI patients (P 
, .05), suggesting that network 
measures may be used as 
markers to assess the risk of 
conversion of MCI to Alzheimer 
disease.
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function, reasoning, and language 
ability, as detailed in Appendix E1 
(online). Neuropsychologic character-
izations for each group are shown in 
Table 1.

MR Imaging Data Acquisition and 
Preprocessing
MR imaging data were acquired with 
a 3-T imager (Trio; Siemens, Erlan-
gen, Gemrany) at the Imaging Center 
for Brain Research, Beijing Normal 
University. In all subjects, we obtained 
T1-weighted MR images (176 sagit-
tal sections; section thickness, 1 mm; 
field of view, 256 3 256 mm; acquisi-
tion matrix, 256 3 256) and diffusion-
weighted MR images (70 axial sections; 
section thickness, 2 mm; no section 
gap; 30 diffusion directions with a b 
value of 1000 sec/mm2 and an addi-
tional image with a b value of 0 sec/
mm2; field of view, 256 3 256 mm; ac-
quisition matrix, 128 3 128; number 
of signals acquired, three). Imaging 
was performed by a physician with 12 
years of experience in the acquisition of 
MR images. All images were reviewed, 

standard deviations below age norms), 
patients were considered to have MD 
aMCI.

A total of 86 participants fulfilled 
the inclusion criteria, including 46 pa-
tients with aMCI and 40 age- and sex-
matched healthy control subjects. Of 
the 46 patients with aMCI, five were 
excluded due to cerebral tumor, cere-
bral infarct, and leukoencephalopathy, 
and three were excluded because of 
poor image quality. Of the 40 healthy 
control subjects, two dropped out 
during MR imaging, and two were ex-
cluded because of poor image quality. 
Finally, 18 patients with SD aMCI, 20 
patients with MD aMCI, and 36 control 
subjects were left for final analyses. 
Demographic information is presented 
in Table 1.

Neuropsychologic Testing
All participants underwent a battery of 
eight neuropsychologic tests to assess 
general mental status and other cog-
nitive domains, including processing 
speed, verbal and nonverbal episodic 
memory, working memory, executive 

tumors, subdural hematomas, and con-
tusions due to previous head trauma—
that could impair cognitive function; 
(b) history of addictions, neurologic or 
psychiatric diseases, or treatments that 
would affect cognitive function; (c) large 
vessel disease, such as cortical or subcor-
tical infarcts and watershed infarcts; and  
(d) diseases with WM lesions, such 
as normal pressure hydrocephalus and 
multiple sclerosis. In all subjects with 
aMCI, the diagnosis was made accord-
ing to the criteria of Petersen (23), 
which included subjective memory com-
plaints, cognitive impairments in mem-
ory (1.5 standard deviations below the 
age- and education-adjusted norm on 
the Auditory Verbal Learning Test [or 
AVLT] [24]), normal general cognitive 
function (MMSE score no lower than 
24, except in two patients who scored 
22 and 23), and preserved activities of 
daily living (score of 0 on the Activities 
of Daily Living [or ADL] scale [25]). 
If episodic memory was the only area 
of impairment, patients were consid-
ered to have SD aMCI. If any additional 
cognitive domains were affected (1.5 

Table 1

Characteristics of All Participants and Neuropsychologic Test Results

Characteristic Control Subjects(n = 36) Patients with SD aMCI (n = 18) Patients with MD aMCI (n = 20) F Value P Value

Age (y) 63.1 6 5.3 64.8 6 7.2 65.4 6 7.3 0.97 .38
Education (y) 11.2 6 2.5 11.2 6 3.0 11.6 6 2.8 0.11 .90
Sex (M/F) 17/19 10/8 9/11 0.48 .79*
MMSE score 28.4 6 1.7 26.8 6 1.3 25.6 6 1.7 18.71 ,.001†‡§

Auditory verbal learning test score 6.3 6 2.1 1.8 6 1.6 2.00 6 1.3 52.88 ,.001†‡

Rey-Osterrieth complex figure test
 Copy 33.4 6 4.4 33.9 6 1.8 32.2 6 3.3 1.22 .30
 Recall 15.7 6 7.3 10.7 6 7.1 8.7 6 5.9 7.53 .001†‡

Digit span 12.8 6 2.0 11.3 6 1.9 11.1 6 2.9 5.09 .009†‡

Digit Symbol Coding 36.5 6 9.7 33.8 6 6.8 25.4 6 9.8 9.68 ,.001‡§

Executive function
  Trail-making test A time (sec) 54.8 6 19.6 53.9 6 14.5 81.2 6 35.5 9.02 ,.001‡§

  Trail-making test B time (sec) 155.1 6 54.9 160.3 6 32.4 232.9 6 73.6 13.28 ,.001‡§

Similarities 17.3 6 3.7 15.7 6 3.3 13.0 6 4.6 7.65 .001‡§

Boston naming test 25.1 6 2.8 24.1 6 3.1 21.7 6 3.6 7.75 ,.001‡§

Note.—Unless otherwise indicated, data are mean 6 standard deviation. All patients and control subjects were matched for age, sex, and education. The comparison of characteristics and 
neuorpsychological scores among three groups (patients with SD aMCI, patients with MD aMCI, and control subjects) were performed with separate one-way analysis of variance (ANOVA). Post hoc 
pairwise comparisons were performed by using t tests. P , .05 with Bonferroni correction indicated a significant difference.

* The P value for sex distribution in the three groups was obtained by using a x2 test.
† Post hoc paired comparisons showed significant group differences between control subjects and patients with SD aMCI.
‡ Post hoc paired comparisons showed significant group differences between control subjects and patients with MD aMCI.
§ Post hoc paired comparisons showed significant group differences between patients with SD aMCI and patients with MD aMCI.
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Results

Demographics and Neuropsychologic 
Testing
There were no significant differences in 
age ratio, sex ratio, or years of education  
among the three groups (P . .30). The 
degree of WM hyperintensity in pa-
tients did not differ from that in control 
subjects (data not shown). The MMSE 
scores were significantly higher in con-
trol subjects than in patients with SD (P 
= .002) or MD (P , .001) aMCI; how-
ever, patients with SD aMCI scored bet-
ter than did patients with MD aMCI (P 
= .028). For neuropsychological testing 
scores, the group effects were significant 
for all cognitive domains, with the best 
performance in control subjects, inter-
mediate performance in patients with 
SD aMCI, and worst performance in 
patients with MD aMCI. Comparison of 
neuropsychological test scores between 
the SD and MD aMCI groups revealed 
significant differences in processing 
speed, executive function, and reasoning 
and language ability but no differences 
in episodic or working memory (Table 1;  
Appendix E1 [online]).

Global Topology of the WM Structural 
Networks
Both control subjects and patients 
with aMCI showed small-world organi-
zation of WM networks expressed as 

1γ >  and 1λ ≈  (Fig 1; Table E2 [on-
line]) consistent with previous findings 
(18–20). Significant group effects in 
the network degree (P = .012), global 
efficiency (P = .003), absolute (P = 
.002) and normalized (P = .001) path 
lengths, and normalized clustering (P = 
.026) were observed among the three 
groups, with significant differences 
between patients with MD aMCI and 
control subjects (all P , .01) but not 
between patients with SD aMCI and 
control subjects. Between patients with 
SD aMCI and those with MD aMCI, sig-
nificant differences in global efficiency  
(P = .016) and characteristic path 
length (P = .011) of the WM net-
works were found (Fig 1; Table E2 
[online]). Moreover, a linear trend 
of these altered network metrics 
was significant across three groups 

neighboring nodes. A network is said to 
be small world if it has similar shortest 
path lengths but higher clustering co-
efficients than degree-matched random 
networks. In other words, a small-world 
network has a normalized path length (

real rand
p p/ 1λ = ≈L L ) and normalized clus-

tering ( / 1γ = >real rand
p pC C ), where  Lp-

real and Cp
real are shortest path length 

and clustering coefficient of the real 
network, respectively, and Lp

rand and 
Cp

rand are mean shortest path length 
and clustering coefficient, respectively, 
of 500 matched random networks that 
preserve the same number of nodes, 
edges, and degree distribution as the 
real network. For each node, we exam-
ined its nodal efficiency. For detailed 
definitions of these network measures, 
see Appendix E1 (online).

Statistical Analysis
Statistical analysis was performed by 
two authors (N.S., Y.L.) using software 
(SPSS, version 13.0; SPSS, Chicago, 
Ill). Group differences in age, years 
of education, and neuropsychological 
scores were examined with one-way 
ANOVA. Post hoc pairwise t tests with 
Bonferroni correction for multiple com-
parisons were performed if ANOVA 
yielded significant results (P , .05). 
Sex data were analyzed by using a x2 
test. For group effects in global network 
measures and regional efficiencies, 
comparisons were performed among 
three groups by using one-way ANOVA 
with post hoc pairwise t tests with Bon-
ferroni correction, when needed (P , 
.05). For 90 brain regions, the false 
discovery rate was calculated for multi-
ple comparison correction. To test the 
linear trend of altered global and local 
network metrics among three groups 
(in the order of patients with MD 
aMCI, patients with SD aMCI, and con-
trol subjects), we performed the trend 
ANOVA. Finally, we investigated the 
relationship between network metrics 
and neuropsychological test scores. To 
identify the neuropsychological correla-
tions with specific brain regions, we ex-
amined only the nodes with significant 
group differences. Of note, the corre-
lation analyses were performed sepa-
rately for aMCI and control groups.

and the WM disease was evaluated 
by an experienced neuroradiologist 
(J.Z., 15 years of experience in clini-
cal radiology). Image preprocessing 
comprised the following steps: eddy 
current and motion artifact correction 
of diffusion-tensor imaging data, esti-
mation of diffusion tensor, fractional 
anisotropy calculation, and diffusion 
tensor tractography. Tractography was 
performed in each subject to generate 
three-dimensional curves (streamlines) 
characterizing fiber tract connectivity 
(26) (DTI Studio 3.0; H. Jiang, S. Mori, 
Johns Hopkins University, Baltimore, 
Md) (Appendix E1). MR image analysis 
was performed by an experienced ob-
server (N.S., 7 years of experience in 
MR image analysis).

Network Model and Analysis
WM connectivity was modeled as an 
unweighted network comprising a to-
tal of 90 nodes, defined by automated 
anatomic labeling (27). Each node rep-
resented a distinct gray matter region 
(Table E1 [online]), and pairs of nodes 
were joined by a link if they were in-
terconnected via a sufficient number 
of streamlines. To define the network 
edges, we selected a threshold value, 
T, for the streamline number. More 
specifically, the network edges were de-
fined as 1 if the streamline number be-
tween the two regions was larger than 
the threshold (T = 3 in our study) and 
0 in all other instances, as in several 
previous studies (13,28–30); this is de-
tailed in Appendix E1 (online).

To characterize WM structural net-
work, several key measures were used. 
They are degree, global efficiency, local 
efficiency, shortest path length (Lp), 
clustering coefficient (Cp), and small 
worldness (31). The degree of a node 
is the number of edges linking to it. 
The shortest path length between two 
nodes is the minimum number of edges 
along the path that must be traversed 
to establish a connection. Global effi-
ciency is the inverse of path length and 
is associated with how well a network 
supports parallel information transfer. 
Local efficiency and clustering coef-
ficient are measures of the efficiency 
of local information transfer between 



522 radiology.rsna.org n Radiology: Volume 265: Number 2—November 2012

NEURORADIOLOGY: Disrupted Topological Organization Shu et al

Correlations between Network Metrics 
and Neuropsychologic Tests
We examined the relationship between 
network metrics and neuropsychologic 
performance. For nodal characteris-
tics, we examined only the nodes with 
significant group effects (ie, 13 regions 

one temporal region (left ITG), and one 
paralimbic region (right ACG) showed 
reduced efficiencies in patients with MD 
aMCI as compared with those with SD 
aMCI. Note that ANOVA results were at 
the level of P , .05 after false discovery 
rate correction for 90 brain regions.

(all P , .01). At the threshold  
(T = 3), the sparsity of the WM net-
work of each subject was around 10% 
(control subjects, 10.33% 6 0.93; pa-
tients with SD aMCI, 10.25% 6 0.7; 
patients with MD aMCI, 9.53% 6 
1.18).

Group Differences in Regional Efficiency
We further localized regions with re-
duced nodal efficiency in patients (Fig 2;  
Table 2). Regions with the most sig 
nificant decreases were in the left ITG. 
Other disrupted regions were mainly 
distributed in the frontal and parietal 
cortices, including four frontal regions 
(right MFG, right SFGdor, right SFGmed, 
and right supplementary motor area), 
five parietal regions (right supramar-
ginal gyrus, right inferior parietal gyrus, 
right paracentral lobule, right postcen-
tral gyrus, and left superior parietal 
gyrus), two paralimbic regions (bilat-
eral ACG), and one subcortical region 
(left caudate nucleus). Post hoc tests 
revealed that all these regions had re-
duced efficiency in patients with MD 
aMCI versus control subjects. Between 
patients with SD aMCI and control 
subjects, only one region (right para-
central lobule) with reduced efficiency 
in patients was found. Moreover, four 
of these regions, including two frontal 
regions (right MFG and right SFGdor), 

Figure 1

Figure 1: Group differences in global measures of WM structural networks were quantified among three groups. Bars and error bars 
represent mean values and standard deviations, respectively, of network properties in each group. MD = patients with MD aMCI, NC = control 
subjects, SD = patients with SD aMCI. Significant group effects in the network degree, global efficiency, absolute and normalized path lengths, 
and normalized clustering were observed among three groups (all P , .05). Post hoc comparisons showed decreased degree, decreased 
global efficiency, increased absolute and normalized path lengths, and increased normalized clustering in patients with MD aMCI relative to that 
in control subjects. There was no difference in healthy control subjects versus patients with SD aMCI in any of the global network measures. 
Moreover, patients with MD aMCI had significantly decreased global efficiency and increased absolute path length compared with patients with 
SD aMCI. ∗ = Significant group difference at P , .05; ∗∗ = significant group difference at P , .01.

Figure 2

Figure 2: Schematic drawings show brain regions with significant group effects in nodal efficiency among 
three groups at P , .05 (false discovery rate corrected). Node sizes indicate the significance of between-
group differences in regional efficiency. The network shown here was constructed by calculating the average 
of anatomic connection matrices of all healthy control subjects and the threshold with a sparsity of 10%. The 
nodal regions are located according to their centroid stereotaxic coordinates. Post hoc tests showed that all 
of these regions have reduced efficiency in patients with MD aMCI versus control subjects. Only one region 
(right paracentral lobule [PCL]) with reduced efficiency was found in patients with SD aMCI relative to control 
subjects (yellow). Moreover, four of these regions, including two frontal regions (right middle frontal gyrus 
[MFG], right dorsal superior frontal gyrus [SFG

dor
]), one temporal region (left inferior temporal gyrus [ITG]), and 

one paralimbic region (right anterior cingulate gyrus [ACG]) showed reduced efficiency in patients with MD 
aMCI compared with that in patients with SD aMCI (red). CAU = caudate nucleus; IPL = inferior parietal, but 
supramarginal and angular gyri; PoCG = postcentral gyrus; SFG

med
 = medial superior frontal gyrus; SMA = 

supplementary motor area; SMG = supramarginal gyrus; SPG = superior parietal gyrus.
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aMCI (9,11). Our study provides evi-
dence that the WM connections with 
ITG are altered in patients with aMCI. 
Although the concurrent abnormalities 
in gray matter (as reported in the lit-
erature) and the WM connections in 
the same brain region cannot be in-
terpreted as the existence of possible 
causal relationships, we believe such 
strong association could generate new 
hypotheses to be examined further. 
More importantly, it raises the ques-
tion of simultaneously considering both 
gray matter loss and disconnection of 
WM fibers to explore their relationship 
or integrate these two features to con-
struct an MR imaging–based biomarker 
with higher sensitivity. While the ITG 
has been implicated in MCI and AD, 
we did not find a difference in the hip-
pocampus or parahippocampal gyrus (a 
structure clearly involved in memory 
in AD and aMCI). A possible reason 
is that it is difficult to accurately re-
construct WM connections of the hip-
pocampus and parahippocampus with 
deterministic tractography because of 
the limited image resolution. Another 
possible reason is that the patients with 
aMCI in this study had a milder stage 

the Bonferroni correction was used for 
P , .05.

Discussion

The present study yielded evidence 
for disrupted topological organization 
of WM networks primarily in patients 
with MD aMCI, representing aberrant 
interconnections between pairs of gray 
matter regions. These impaired regions 
were distributed in the temporal, fron-
tal, and parietal cortices. Importantly, 
the abnormalities were associated with 
the severity of aMCI as measured with 
MMSE and cognitive performances, im-
plicitly suggesting the use of network 
properties as AD risk markers.

The spatial distribution of impaired 
brain regions in patients with MD aMCI 
was similar to the abnormalities in pa-
tients with early AD aMCI (6,32–35). 
The node with the greatest disruption 
was the left ITG, a region implicated 
in the pathophysiology of AD and MCI 
(34,36). Several structural MR imaging 
studies have consistently shown gray 
matter loss focused in the medial and 
inferior temporal lobes both in patients 
with SD aMCI and in patients with MD 

in Table 2). In the control group, no 
correlation between neuropsychologic 
performances and network measures 
was found. In the aMCI group, the 
MMSE scores were negatively cor-
related with normalized clustering (r 
= 20.37, P = .023) and small world-
ness (r = 20.37, P = .021) (Fig 3a). 
The Digit Symbol Coding scores of the 
processing speed tests were correlated 
with degree (r = 0.45, P = .004), abso-
lute path length (r = 20.46, P = .004), 
efficiency metrics (global efficiency: r 
= 0.48, P = .002; local efficiency: r = 
0.32, P = .047) (Fig 3b), and nodal ef-
ficiency of the right SFGmed (r = 0.52, P 
= .0008) and right SFGdor (r = 0.51, P 
= .001) (Fig 4a). Finally, the Trail Mak-
ing Test B time of execution function 
tests was correlated with the degree 
(r = 20.52, P = .0008), absolute path 
length (r = 0.42, P = .008), efficiency 
metrics (global efficiency: r = 20.44, 
P = .006; local efficiency: r = 20.41, 
P = .010) (Fig 3c), nodal efficiency of 
the bilateral ACG (left: r = 20.54, P = 
.0005; right: r = 20.51, P = .001), right 
SFGmed (r = 20.53, P , .0006), and 
right SFGdor (r = 20.48, P = .002) (Fig 
4b). Note that for nodal correlations, 

Table 2

Brain Regions with Significant Group Effects in Nodal Efficiency among Control Subjects, Patients with SD aMCI, and Patients with MD 
aMCI

Region Category F Value of ANOVA

T Value of Post Hoc Test

Control vs SD aMCI Control vs MD aMCI SD aMCI vs MD aMCI

Left ITG Association 7.21 (.001) NS 23.74 (.0004) 22.66 (.012)
Left CAU Subcortical 6.98 (.002) NS 23.73 (.0005) NS
Right MFG Association 6.91 (.002) NS 23.25 (.002) 23.07 (.004)
Right SMG Association 6.36 (.003) NS 23.68 (.0005) NS
Right SFGmed Association 6.23 (.003) NS 23.34 (.002) NS
Right ACG Paralimbic 6.18 (.003) NS 22.84 (.006) 23.15 (.003)
Right IPL Association 5.95 (.004) NS 23.49 (.001) NS
Left ACG Paralimbic 5.88 (.004) NS 23.50 (.0009) NS
Right SFGdor Association 5.77 (.005) NS 22.62 (.011) 22.75 (.009)
Right PCL Association 5.76 (.005) 22.54 (.014) 23.26 (.002) NS
Right PoCG Primary 5.60 (.006) NS 23.28 (.002) NS
Right SMA Association 5.53 (.006) NS 23.17 (.003) NS
Left SPG Association 5.43 (.006) NS 23.39 (.001) NS

Note.—Data in parentheses are P values. The comparisons of nodal efficiency were performed among three groups (patients with SD aMCI, patients with MD aMCI, and control subjects) by using 
one-way ANOVA. Post hoc pairwise comparisons were then performed by using t tests. For ANOVA of 90 brain regions, P , .05 (false discovery rate corrected) was considered indicative of a significant 
difference. For post hoc tests, P , .05 with Bonferroni correction was considered indicative of a significant difference. CAU = caudate nucleus, IPL = inferior parietal, but supramarginal and angular 
gyri, NS = not significant, PCL = paracentral lobule, PoCG = postcentral gyrus, SMA = supplementary motor area, SMG = supramarginal gyrus.
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patients with MD aMCI and those with 
AD was not evaluated quantitatively or 
statistically, the diffused alterations in 
patients with MD aMCI most likely re-
flect the MD cognitive impairment and 
perhaps suggest that patients with MD 
aMCI are at higher risk for conversion 
to AD than are patients with SD aMCI 
(12). This possibility is supported by 
the lower neuropsychologic scores and 
by the increased mortality in patients 
with MD aMCI (48).

In patients with SD aMCI, we iden-
tified only one region (the right para-
central lobule) with reduced efficiency 
as compared with healthy control sub-
jects. Sakamoto et al (49) found that 
patients with AD had a significant de-
crease in regional cerebral blood flow in 
the right paracentral lobule. Moreover, 

with MCI (43,44). In addition, the al-
tered connectivity of frontal regions (ie, 
MFG, SFGdor, and SFGmed) in patients 
with aMCI is also in agreement with the 
findings of a recent WM network study 
of AD (20). Moreover, the gray matter 
nodes with impaired connections in the 
lateral parietal cortex (paracentral lob-
ule, supramarginal gyrus, and inferior 
parietal gyrus) and prefrontal cortex 
(SFGdor, SFGmed, MFG, and ACG) are 
regions of the default mode network 
whose malfunction in patients with AD 
and MCI was discussed in previous re-
ports (45,46). Thus, the current find-
ings provided evidence to support the 
default mode network degeneration 
hypothesis (47) from the perspective 
of structural connectivity. Although the 
similarity of the alterations between 

of cognitive impairment and were youn-
ger than patients with aMCI in previous 
studies (37,38). Thus, a future study 
with an adequate design needs to ad-
dress this issue.

It is also interesting to note gray 
matter atrophy in the subcortical struc-
ture caudate nucleus reported for both 
MCI and AD (39–41). Discussions ex-
isted on the possible relationship be-
tween the impaired WM connections to 
this subcortical gray matter region with 
either vascular disease or cholinergic 
fiber degenerations (6). Another region 
with important findings is the anterior 
cingulate gyrus, which was shown to 
have a metabolic decrease in patients 
with MCI (42) and disruptions related 
to WM tract–cingulum bundles both 
in patients with AD and in patients 

Figure 3

Figure 3: Plots show correlation between global network measures and neuropsychological scores in patients with aMCI. (a) Significant decreases of the 
normalized clustering and small worldness of the network with MMSE scores. (b) Significant increases of degree and global and local efficiencies and decreases 
of absolute path length of the network with Digit Symbol Coding scores of processing speed tests. (c) Significant decreases of degree and global and local 
efficiencies and increases of absolute path length of the network with the trail-making test B (TMT-B) time of execution function tests. Cp = clustering coefficient, 
Lp = shortest path length.
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and diffusion abnormalities in the an-
terior cingulum in older adults without 
dementia has been reported recently 
(54). Our findings show that the aberrant 
structural connectivity of these regions is 
related to the cognitive impairments of 
patients with aMCI from the brain con-
nectome perspective. It is worth noting 
that our correlation results are also in 
line with the findings of a recent WM 
network study on aging, reporting asso-
ciation of the processing speed and exec-
utive functions with the efficiency of the 
WM network in elderly subjects (55). 
However, we did not find a neuropsycho-
logical correlation with global network 
measures for each aMCI subtype group, 
which may be due to a small sample size 
of the subgroups.

We are aware of several methodo-
logic limitations of our study. First, we 
used deterministic tractography to 
define the WM network edges. This 
method has been used in several diffu-
sion-tensor imaging studies (13,28–30). 
However, because of the fiber crossing 
problem and limitations of adequately 
tracking long-distance fibers (56), it 
might result in the loss of tracing existing 
fibers. There are different tractography 
methods (14) and advanced diffusion 

the diffused cognitive dysfunction. In 
addition to the disrupted frontal region 
connections, the nodal efficiency of the 
disrupted parietal region was found to 
be monotonically associated with the 
disease severity (nodal efficiency in pa-
tients with MD aMCI was less than that 
in patients with SD aMCI, which in turn 
was less than that in control subjects) 
with trend ANOVA.

We first note that the MMSE score 
negatively correlated with small world-
ness and network clustering in patients 
with aMCI. The small-world model re-
flects an optimal balance between local 
specialization and global integration. The 
clustering and small-worldness changes 
indicate a possible disruption of WM 
connections in patients with increased 
disease severity. We also found signif-
icant correlations of processing speed 
and executive function with decreased 
network efficiencies. Specifically, several 
frontal cortical areas (SFGmed and SFGdor) 
with reduced efficiency showed strong 
correlations with the deficits in pro-
cessing speed; several disrupted frontal 
and paralimbic regions (SFGmed, SFGdor, 
and ACG) were significantly correlated 
with the impaired executive function. 
Correlation between executive function 

the resting glucose metabolism in the 
right paracentral lobule was positively 
correlated with MMSE scores in pa-
tients with AD (50). However, mor-
phologic studies showed gray matter 
loss focused in the medial temporal 
areas in patients with SD aMCI (9,11). 
Findings reported in the literature for 
fluorodeoxyglucose positron emission 
tomography (PET), amyloid PET (Pitts-
burgh compound B or florbetapir), 
and volumetric MR imaging pointed to 
brain regions differently dependent on 
whether it is functional, pathologic, or 
structural. There have been discussions 
about the relationships between differ-
ent findings (32,51). The discrepancy 
might reflect the fact that our analysis 
indexed a distinct aspect of neuropa-
thology—WM connectivity as opposed 
to gray matter volume.

The differences between patients 
with SD aMCI and those with MD aMCI 
were mainly located in the frontal cor-
tex, with the most pronounced changes 
in the right ACG, MFG, and SFGdor. 
These frontal regions are reportedly 
involved in emotional, memory, and 
executive functions (52,53). The more 
severe disruption of the frontal regions 
in patients with MD may be related to 

Figure 4

Figure 4: Plots show correlation between regional nodal efficiency and neuropsychological scores in patients with aMCI. (a) Significant increases of nodal efficiency 
in right SFG

med
 and right SFG

dor
 with Digit Symbol Coding scores of processing speed tests. (b) Significant decreases of nodal efficiency in the bilateral ACG, right 

SFG
med

, and right SFG
dor

 with the trail-making test B (TMT-B) time of execution function tests. For the abbreviations of nodes, see Table E1 (online).
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