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Graph theoretical analysis of functional
networks and its relationship to cognitive
decline in patients with carotid stenosis
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Abstract

Significant carotid stenosis compromises hemodynamics and impairs cognitive functions. The interplay between

these changes and brain connectivity has rarely been investigated. We aimed to discover the changes of func-

tional connectivity and its relation to cognitive decline in carotid stenosis patients. Twenty-seven patients with unilateral

carotid stenosis (�60%) and 20 age- and sex-matched controls underwent neuropsychological tests and resting-

state functional magnetic resonance imaging. The patients also received perfusion magnetic resonance imaging. The

relationships between cognitive function and functional networks among the patients and controls were evaluated.

Graph theory was applied on resting-state functional magnetic resonance imaging network analysis, which revealed

that the hemispheres ipsilateral to the stenosis were significantly impaired in ‘‘degree’’ and ‘‘global efficiency.’’ The

neuropsychological performances were positively correlated with degree, clustering coefficient, local efficiency,

and global efficiency, and negatively correlated with characteristic path length, modularity, and small-worldness in the

patients, whereas these relationships were not observed in the controls. In this study, we identified the networks that

were impaired in the affected hemispheres in patients with carotid stenosis. Specific indices (global efficiency, charac-

teristic path length, and modularity) were highly correlated with neuropsychological performance in our patients.

Analysis of brain connectivity may help to elucidate the relationship between hemodynamic impairment and cognitive

decline.
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Introduction

Significant carotid stenosis may cause a range of
clinical or subclinical complications. Clinically, ische-
mic stroke or transient ischemic attack may occur
in patients with decompensated hemodynamics.1

Subclinically, poor cerebral vasoreactivity (CVR) may
represent a defective reserve capacity for cerebral per-
fusion.2 In addition to vascular events, cognitive
impairment and white matter lesions (WMLs) are also
thought to be overt in patients with carotid stenosis.3,4

Although cerebral hypoperfusion or silent infarcts may
contribute to these deteriorations,5,6 the mechanisms
of subsequently altered brain function (e.g. cognitive
decline) or micro-structural changes (e.g. WMLs)
have yet to be elucidated.

Functional neuroimaging helps to disclose brain
activities and has become important tool in research
on neurological diseases. While task-specific functional
magnetic resonance imaging (fMRI) detects relative
changes from baseline of blood oxygenation level-
dependent (BOLD) signals when performing a task or
in the response to a stimulus, resting-state fMRI (R-
fMRI) is also a promising tool for understanding func-
tional connectivity of the brain.7 By imaging the brain
during rest, R-fMRI detects large-amplitude spontan-
eous low-frequency fluctuations in BOLD signals that
are temporally correlated across functionally related
areas. From this basis many cerebral networks that
are believed to be functionally correlated during
‘‘resting’’ in the brain have been identified.8 R-fMRI
has also been applied to various clinical conditions,9

including diagnosis (Alzheimer’s disease),10 delineating
pathophysiology (psychiatric diseases),11 or pre-surgical
planning (epilepsy).12

The brain functional connectivity of patients with
carotid stenosis has rarely been studied.13 Previous
research has demonstrated decreased or asymmetrical
functional connectivity of selective networks, including
frontoparietal network, default mode network, dorsal
attention network, and sensorimotor network in
patients with asymptomatic carotid stenosis compared
to normal controls.13,14 However, the impact of unilat-
eral carotid stenosis on the overall functional networks
has not been clearly delineated. With the progression of
proximal arterial stenosis/occlusion, collateral circula-
tions build up to maintain constant perfusion through
complex mechanisms.15,16 Since cerebral hypoperfusion
and impaired hemodynamics may play major roles in
cognitive decline in patients with carotid stenosis,5,17

the disrupted functional networks in this group may
be more complicated and widespread. Hence, in the
current study, we conducted both perfusion MRI and
R-fMRI in patients with significant unilateral carotid
stenosis, and carried on graph theoretical analysis of

global (whole brain) networks.18 We investigated the
differences in functional connectivity between hemi-
spheres and explored specific brain networks that may
be more vulnerable to compromised hemodynamics.
The cognitive status according to extensive neuropsy-
chological tests and its relationship to brain connectiv-
ity were also examined.

Materials and methods

Subjects

Twenty-seven patients with significant unilateral inter-
nal carotid artery (ICA) stenosis (�60% according to
the North American Symptomatic Carotid
Endarterectomy Trial NASCET criteria) were pro-
spectively enrolled at Linkou Chang Gung Memorial
Hospital, Taiwan. The exclusion criteria included: (1)
�50% intracranial stenosis or contralateral ICA sten-
osis; (2) stroke within the past 3 weeks; (3) previous
stroke producing �one-third middle cerebral artery
(MCA) territory infarction; (4) functional disability
(modified Rankin Scale� 3); (5) Mini-Mental Status
Examination (MMSE) score< 24;19 (6) co-morbidity
with other neurological degenerative or psychiatric dis-
orders; (7) co-morbidity with severe systemic illnesses
including heart failure, cirrhosis, renal insufficiency, or
malignancy; and (8) allergy to iodinated or gadolinium-
based contrast medium. Twenty age- and sex-matched
subjects without carotid stenosis as screened by carotid
ultrasound were recruited as normal controls.

Ethics statement

Written informed consent was obtained from all sub-
jects. This study was conducted in accordance with the
principles expressed in the Declaration of Helsinki, and
was approved by the Institutional Review Board of
Chang Gung Memorial Hospital.

Neuropsychological assessments

Neuropsychological assessments were performed as
described in our previously published article.20 Briefly,
the neuropsychological tests used in the current study
included: (1) Raven’s Standard Progressive Matrices
(SPM): to test current intellectual ability; (2) the
Chinese Graded Word Reading Test (CGWRT): to
ensure all the subjects had a minimal command of
Chinese reading ability; (3) the California Verbal
Learning Test-II (CVLT-II) and the Brief Visual
Memory Test-Revised (BVMT-R): to assess memory
for verbal and visual materials, respectively; (4) the
Purdue Pegboard Test (PPT): used to test manual dex-
terity of both hands; (5) the Benton 3-Dimensional
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Construction Praxis Test (B3D): to measure construc-
tional praxis;21 and (6) the Category Fluency Test
(CFT) and Design Fluency Test (DFS): to test the
performance of response initiation and the ability to
switch responses according to different instructions,
respectively.

Image acquisition

All MR images were acquired on a 1.5T clinical scanner
(Gyroscan Intera, Philips, Best, the Netherlands) with
the SENSE head coil. The scanning protocols included
T2-weighted fluid attenuated inversion recovery
(FLAIR) scans and R-fMRI for all subjects. In add-
ition, dynamic susceptibility contrast (DSC) perfusion
imaging was performed only for patients. The T2-
weighted FLAIR images (TR/TE/TI¼ 9788ms/90ms/
2300ms, echo train length¼ 13, in-plane matrix¼
256� 256, slice thickness/gap¼ 5mm/1.5mm, total 20
slices) were obtained to examine WMLs and old infarct.
Trained neurologists blinded to the clinical and cogni-
tive conditions performed the qualitative and quantita-
tive measurements of the images. The visual grading
system reported by Fazekas et al.22 in 1987 was used
to assess the severity of the WMLs. Lacunar infarcts
were defined as lesions less than 15mm in diameter with
similar MRI signal characteristics as cerebrospinal fluid
(CSF). The severity of cerebral infarct (infarct score)
was visually rated as follows: 0, no lesion; 1, one
focal lesion (�5mm); 2, more than one focal lesion;
and 3, confluent lesions.23

For the R-fMRI scans, the subjects were asked to
keep their eyes closed, not fall asleep, and think about
nothing in particular. R-fMRI was implemented using
a T2*-weighted single-shot gradient-echo echo-planar
imaging (EPI) sequence (TR/TE/FA¼ 2000ms/50ms/
90�, in-plane matrix¼ 64� 64, slice thickness¼ 5mm).
For each subject, 20 continuous axial slices per volume
and a total of 150 volumes were acquired with a total
time of 5minutes.

For DSC-MRI, a single-shot gradient echo EPI
sequence was applied with the following parameters:
TR/TE/FA¼ 1500ms/40ms/55�, matrix size¼ 112� 84
and FOV¼ 192mm� 192mm. Sixteen milliliters of
gadolinium diethylene-triamine penta-acetic acid (Gd-
DTPA: Magnevist, Schering, Berlin, Germany) was
injected into the patients using a power injector with
an injection rate of 4mL/s.

Data preprocessing

R-fMRI data preprocessing was conducted using
SPM8 software (Welcome Department of Cognitive
Neurology, Institute of Neurology, London, UK)
and REST software (by SONG Xiaowei, YAN

Chaogan et al., http://restfmri.net/forum/index.php?q
=rest), both implemented in MATLAB (Mathworks,
Natick, MA, USA). All functional datasets underwent
slice timing correction, realignment for head motion
correction, spatial normalization to the Montreal
Neurological Institute template, and re-sampled to
2� 2� 2 mm3. Linear trend was then removed and
the data were band-pass filtered between 0.04 and
0.08Hz. To reduce spurious variations of nuisance sig-
nals, the time course was regressed from the white
matter and CSF signals, and combined with the six–
rigid body realignment parameters.

Functional network analysis

To construct the brain functional networks, the pre-
processed R-fMRI image of each subject’s whole
brain was parcellated by the defined automated ana-
tomical labeling (AAL) atlas24 into 90 regions of inter-
est (ROI) (Supplementary Table 1). The time series of
each region were then obtained by averaging the signal
intensities of the pre-processed R-fMRI images over all
voxels within that ROI. After calculating the Pearson
correlation coefficient (r) between each pair of the 90
ROIs, a 90� 90 correlation matrix was constructed for
each subject. The connections represented undirected
edges between regions if r values exceeded a threshold.
To inspect how degree was affected by the r-threshold,
the correlation matrices were thresholded repeatedly
across a range of r¼ 0.1 to 0.8 at intervals of 0.01.
For other analysis, the r-thresholds were chosen to
match fixed density values (0.1, 0.2, and 0.3). The dens-
ity was defined as the connected edges divided by the
maximum number of possibly connected edges of
the whole brain, and the range of 0.1 to 0.3 was
found to be reliable.25 In addition to the whole brain
network analysis, we divided the brain into two hemi-
spheres and treated them independently. Therefore a
45� 45 correlation matrix was obtained for each hemi-
sphere for each subject.

Graph theory was applied to estimate network par-
ameters using BCT software (https://sites.google.com/
site/bctnet/).26 Four node-based and five global param-
eters were obtained for each network. The node-based
network parameters included degree, clustering coeffi-
cient (C), local efficiency (Eloc), and betweenness cen-
trality (BC), and the global parameters included
characteristic path length (L), global efficiency (Eglob),
modularity (Q), small-worldness (s), and assortativity
coefficient (A). Mathematical definitions of these par-
ameters can be found in the study by Rubinov and
Sporns,26 and the brief descriptions were addressed in
Data Supplement. For the node-based parameters,
mean values were calculated by averaging across each
hemisphere (45� 45 correlation matrix) and across the
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whole brain (90� 90 correlation matrix) for each
subject.

Perfusion analysis

Perfusion images were analyzed using Perfusion
Mismatch Analyzer software (Ver. 3.0.0.0; Acute
Stroke Imaging Standardization Group-Japan; http://
asist.umin.jp/index-e.htm). Arterial input functions
were carefully chosen from the contralateral MCA to
quantify relative cerebral blood flow (CBF) maps
using the block-circulant singular value decomposition
deconvolution algorithm.27 A previously described ROI
template2 was spatially transferred to the image space
of each patient by using SPM8 software to determine
averaged relative CBF values in the relevant regions.
The spatial transformation was performed by using
the normalization procedure with nearest neighbor-
hood interpolation for re-sampling the ROI mask.
The relative CBF values obtained from either side of
MCA territories were then divided by the mean value of
the bilateral occipital white matter ROI,2 with the
ratios represented as normalized CBF (nCBF) values.
Other parameters including time-to-maximum of the
residue function (Tmax), mean transit time (MTT),
and time to peak (TTP) were also obtained.

Statistical analysis

Data were analyzed using the Statistical Package for
Social Sciences (IBM SPSS version 20.0 for
Windows). Paired t-tests were performed to assess the
node-based parameters between two hemispheres. Two-
sample t-tests were used to measure the differences in
whole brain-averaged node-based and global network
parameters between the patients and controls. Pearson
correlation coefficients were calculated to assess correl-
ations between network parameters and neuropsycho-
logical tests. Because cognitive functions are strongly
associated with age28 and recent evidences also
showed that global functional connectivity may be
related to age,29 correlations between connectivity and
cognition could be jointly moderated by age. Hence,
partial correlation coefficients were calculated subse-
quently after controlling for age. For all statistical ana-
lysis, a p value of less than 0.05 was considered to be
statistically significant.

Results

The average stenotic severity of the patients was 79.2%.
There were 12 and 15 patients with left and right
ICA stenosis, respectively. Demographic data of the
patients and controls shows no significant differences
in years of education, diabetes mellitus, hyperlipidemia,

and infarct scores between the two groups. However,
hypertension (76% vs 35%, p¼ 0.005) and the
grading of WMLs (0.96� 0.58 vs. 0.55� 0.51,
p¼ 0.02) were significantly higher in the patients
(Supplementary Table 2).

The detailed results of the neuropsychological tests
and comparisons between the patients and controls are
demonstrated in Table 1. Although the MMSE scores
were quite similar between the two groups, the patients
had significantly worse performance in many aspects of
the neuropsychological tests, especially in current intel-
lectual ability (SPM, p< 0.01), visual memory (BVMT-
R, p< 0.01), manual dexterity (PPT, p< 0.01), and the
ability of problem solving responses (DFS, p< 0.01).

Figure 1(a and b) illustrates the typical brain net-
works derived from R-fMRI of two patients. Sparser
functional connectivity was observed in the hemisphere
of the stenotic side in these patients. To demonstrate
group differences, correlation matrices were averaged
and thresholded for the patients and controls. The cor-
relation matrices of the patients with right-side stenosis
were left-right flipped before averaging with those of
the patients with left-side stenosis. The averaged con-
nectivity map of the patients exhibited pronounced
asymmetry compared to that of the controls
(Figure 1c and d). In addition, the density was lower
in the patients (0.20) than in the controls (0.31) with the
same threshold of the correlation coefficient (r¼ 0.36).

Four node-based network parameters: degree, C,
Eloc, and BC, were averaged across hemispheres and
compared between the ipsilateral and contralateral
side of stenosis in the patients, and also between the
left and right side in the controls (Table 2). In the con-
trols, there were no differences in any of the four con-
nectivity parameters between the two hemispheres,
whereas the patients had significantly less degree and
Eloc in the ipsilateral hemisphere. Figure 2 illustrates
the reduction in degree for the hemisphere ipsilateral
to the stenotic side in the patients, both across a wide
range of the r threshold (a) and at three fixed density
levels (b).

Although many differences in neuropsychological
performance between the patients and controls were
observed, there were non-significant differences in each
global network parameter between the two groups (data
not shown). In the analysis when two hemispheres were
considered separately (by using 45� 45 correlation
matrix) with density controlled (0.1, 0.2, and 0.3), Eglob

was significantly different between the two (affected and
non-affected) hemispheres in the patients (only with
density¼ 0.2), but not in the controls (Figure 3). The
affected (ipsilateral) hemisphere of the patients exhibited
higher hemispheric Eglob at lower threshold for control-
ling the density (mean r-threshold¼ 0.49 in affected
v.s.0.54 in unaffected side).
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To investigate the relationship between the quanti-
fied neuropsychological performance and functional
connectivity, partial correlation (age-controlled) of
the neuropsychological tests and the nine network par-
ameters was subsequently performed in the two groups.
In this part, all network parameters were analyzed at
r-threshold¼ 0.54 under fixed average density¼ 0.2.
In the controls (Supplementary Table 3), only ‘‘imme-
diate recall’’ of the BVMT-R was significantly corre-
lated with several network parameters: positively
correlated with degree, C and Eglob (r¼ 0.46–0.52),
and negatively correlated with BC, L, and s (r¼ –
0.492–0.556). The other neuropsychological results
were not correlated with functional connectivity.
In contrast, in the patients with carotid stenosis
(Table 3), a high correlation of cognitive performance
with functional connectivity was found in many of the
tests. MMSE, reading ability (CGWRT), and verbal
and visual memory ability (CVLT-II and BVMT-R)
were all positively correlated with degree, C, Eloc, and
Eglob, and negatively correlated with L, Q, and s.
Among all the nine network parameters, L, Eglob, and
Q showed the highest correlation with various neuro-
psychological tests.

Considering co-linear relationship may exist among
the network parameters or the neuropsychological
tests, the variance inflation factor (VIF) method was
subsequently used to test collinearity. After VIF test,
C, Q, s, and A showed low collinearity among the net-
work parameters, and there was low collinearity among
16 neuropsychological tests. Then, C, Q, s, and A
along with age, L, and Eglob were taken as variables
for stepwise multiple linear regression to test the
relationship with neuropsychological data (Table 3 and
Supplementary Table 3). In the patients, L, Q, and Eglob

remained significant predictors (negative correlation for
L and Q; positive correlation for Eglob) for CVLT and
BVMT (p< 0.05); in the controls, all network param-
eters showed no significance except for s which was
negatively correlated with BVMT. Figure 4 demon-
strates that BVMT was positively correlated with Eglob

and negatively correlated with Q in the patients.
Perfusion indices derived from DSC-MRI for

each hemisphere of the patients are listed in
Supplementary Table 4. Although in the ipsilateral
hemisphere, Tmax, MTT, and TPP were significantly
longer than in the contralateral hemisphere, nCBF was
similar between two hemispheres.

Table 1. Neuropsychological test.

Patients (n¼ 27) Controls (n¼ 20) p Value

MMSE 26.11� 3.08 27.60� 1.82 0.061

SPM_T 24.04� 8.84 32.45� 8.23 0.002a

CGWRT 124.08� 30.67 140.15� 18.93 0.047b

California Verbal Learning Test-II

Imm. Recall 32.56� 9.90 39.15� 8.44 0.022b

LDF Recall 5.76� 4.18 8.60� 2.39 0.010b

Recogn. Discr 1.8� 1.00 2.16� 1.01 0.245

Brief Visual Memory Test-Revised

Imm. Recall 12.56� 6.77 18.15� 7.43 0.010b

Delay Recall 4.93� 3.25 8.05� 3.62 0.003a

Recogn. Discr 4.16� 1.62 5.60� 0.75 0.001a

B3D_Total 19.80� 7.55 21.90� 4.23 0.273

Purdue Pegboard Test

Dominant 11.81� 2.14 14.50� 2.30 0.0002a

Non-dominant 10.60� 3.49 13.57� 2.24 0.002a

Category Fluency 35.84� 11.36 38.35� 6.57 0.386

Design Fluency Test

Filled Dot 4.68� 2.25 7.35� 2.96 0.001a

Empty Dot 5.84� 2.66 8.45� 2.58 0.002a

Switch 4.88� 2.74 7.00� 2.88 0.016b

MMSE: Mini Mental Status Examination; SPM_T: Raven’s Standard Progressive Matrices; CGWRT: Chinese Graded Word Reading Test; Imm. Recall:

Immediate Recall; LDF: Long Delay Free Recall; Recogn. Discr: Recognition Discriminability; B3D: Benton 3-Dimensional Construction Praxis Test. a

< 0.01. bp< 0.05.
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Discussion

To the best of our knowledge, this prospective R-fMRI
study is the first to comprehensively analyze whole
brain functional connectivity by graph theory network
analysis in patients with unilateral carotid stenosis. For
node-based network parameters, the analysis was con-
ducted within a single hemisphere and compared

between right and left (in the controls) or ipsilateral
and contralateral (in the patients). As shown in
Table 2, we found that in the controls, four connectivity
parameters (degree, C, Eloc, and BC) were similar, while
in the patients with significant unilateral carotid sten-
osis, the functional connectivity of the ipsilateral hemi-
sphere (stenotic side) was decreased, especially in
degree (p¼ 0.01) and Eloc (p¼ 0.03). Degree is an

Figure 1. (a and b) The connectivity maps of two patients. Patient A had left internal carotid artery (ICA) 90% stenosis (b), and

patient B had right ICA 71% stenosis (b). (Patient A: r threshold¼ 0.60, density¼ 0.20; Patient B: r threshold¼ 0.41, density¼ 0.20); (c

and d): the averaged connectivity maps of patients (c) and controls (d). The connectivity matrices of the patients with right-side

stenosis were left-right flipped before averaging with those with left-side stenosis. (Patients: r-threshold¼ 0.36, density¼ 0.20; Healthy

controls: r-threshold¼ 0.36, density¼ 0.31).

Table 2. Node-based network parameters averaged across hemispheres (r threshold¼ 0.54).

Patients (n¼ 27) Controls (n¼ 20)

Ipsiþ Contraþ P Ipsiþ Contraþ P

Degree 15.67� 14.1 18.46� 15.5 0.008a 18.94� 11.8 19.73� 12.7 0.12

C 0.48� 0.2 0.51� 0.2 0.07 0.54� 0.1 0.54� 0.1 0.58

Eloc 0.57� 0.2 0.62� 0.2 0.03a 0.68� 0.1 0.67� 0.1 0.44

BC 102.84� 42.8 117.59� 49.6 0.09 97.06� 32.6 104.27� 35.9 0.30

þIpsi.: ipsilateral to stenotic side; Contra.: contralateral to stenotic side; C ¼ clustering coefficient; Eloc ¼ local efficiency; BC ¼ Betweenness centrality.
ap< 0.05.
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important marker of network development and resili-
ence,26 and local efficiency measures the ability of a
network to transmit information locally.30 Our results
may indicate that the integrity and efficiency of func-
tional networks are decomposed at the hemodynamic-
ally impaired region (the hemisphere ipsilateral to the
stenosis), as asymmetry of connectivity was clearly
observed in the patients.

In the analysis of the global network parameters, no
significance was shown between the controls and
patients. Only when we processed each hemisphere
independently (by using 45� 45 correlation matrix), a
significant difference was found in the patients in global

efficiency (Figure 3). Global network analysis may not
reflect the subtle changes of connectivity in unilateral
carotid stenosis, although Eglob of the affected hemi-
sphere may be a relatively sensitive index for this spe-
cific patient population. There were two considerations
needed to be noted from the results of Figure 3: 1.
Studies have pointed that measurements in graph the-
oretical analysis would differ if network size (i.e. density
or degree) is changed.31 The significant discrepancy of
hemispheric Eglob between two hemispheres in our
patients was only found under density¼ 0.2. A larger
cohort of patients will be needed to verify the consist-
ency of the alteration of hemispheric global efficiency;
2. In Figure 3 the value of Eglob in patients was higher
than in controls. Because this analysis was under con-
trolled density, the r threshold of patients’ affected side
was lower than the unaffected side. Hence, this result
only indicated the asymmetry of Eglob in unilateral car-
otid stenosis but did not imply that patients could have
higher global efficiency than controls. Whether this
finding was related to mechanisms such as a compen-
satory effect requires further investigation. We specu-
late that functional connectivity was indeed disrupted
in the patients with significant carotid stenosis, not in a
global pattern, but limited to the area influenced by
compromised hemodynamics. Deterioration of hemo-
dynamics not only increases the risk of ischemic
events but also changes the connections of brain
activity.

Figure 2. (a) The relationship between the r threshold and the

mean degree of functional connectivity in either hemisphere of

the patients and normal controls. The solid line represents the

averaged values across subjects, and the light-colored area indi-

cates the range of one standard deviation. (b) The mean degree

of functional connectivity in either hemisphere of the patients

and normal controls at three density levels (0.1, 0.2, and 0.3) by

node-based analysis. The solid line represents the averaged

values across subjects, and the error bar indicates the range of

one standard deviation. The red asterisks represent significant

differences (p< 0.05) from paired t-tests in patients between

ipsi- and contra-lateral hemispheres. (Ipsi: ipsilateral to stenosis;

Contra: contralateral to stenosis; PA: patients; HC: healthy

controls).

Figure 3. Global efficiency of either hemisphere of the patients

and normal controls at three density levels (0.1, 0.2, and 0.3)

based on the analysis with two hemispheres considered as sep-

arate networks. The solid line represents the averaged values

across subjects and the error bar indicates the range of one

standard deviation. The red and purple asterisks represent sig-

nificant (p< 0.05) and marginally significant (p¼ 0.08) differences,

respectively, from paired t-tests in patients between ipsi- and

contra-lateral hemispheres. When density was controlled at 0.2,

the r-threshold of patients’ ipsilateral hemisphere was 0.49; of

patients’ contralateral and controls’ either hemisphere was 0.54.

(Ipsi: ipsilateral to stenosis; Contra: contralateral to stenosis; PA:

patients; HC: healthy controls).
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Table 3. Partial correlation coefficient of neuropsychological data and network parameters in patients (n¼ 27).

Degree C Eloc BC L Eglob Q s A

MMSE .46a .46a .49a –.12 –.51a .57b –.59b,c –.53a –.17

SPM_T .14 .22 .27 –.22 –.32 .25 –.29 –.23 –.33

CGWRT .57b .62b .61b –.27 –.56b .63b –.59b –.44a –.24

California Verbal Learning Test-II

Imm. Recall .36 .46a .52a –.15 –.54a,c .53a –.55a –.52a –.20

LDF Recall .27 .36 .44a –.25 –.51a,c .45a –.49a –.52a –.23

Recogn. Discr .23 .25 .33 –.15 –.42 .41 –.47a,c –.40 –.24

Brief Visual Memory Test-Revised

Imm. Recall .38 .31 .34 –.16 –.47a .50a –.62b,c –.50a –.31

Delay Recall .29 .22 .23 –.41 –.37 .34 –.46a –.19 –.35

Recogn. Discr .51a .50a .53a –.24 –.58b .63b,c –.58b –.49a –.41

B3D_Total .42 .36 .37 –.33 –.49a .50a –.51a,c –.37 –.43

Purdue Pegboard Test

Dominant –.01 .06 .12 –.02 –.15 .16 –.24 –.29 .05

Non–dominant .29 .30 .32 –.20 –.39 .48 –.48a –.33 –.15

Category Fluency .34 .40 .44a –.24 –.46a .46a –.36 –.42 –.27

Design Fluency Test

Filled Dot .16 .21 .27 .01 –.30 .30 –.33 –.39 –.03

Empty Dot .33 .39 .41 –.27 –.48a .44a –.49a –.39 –.21

Switch .32 .46a .53a –.29 –.58a,b .53a –.42 –.38 –.31

ap< 0.05 after multiple linear regression analysis. bp< 0.01 after multiple linear regression analysis. cp< 0.05 after multiple linear regression analysis.

MMSE: Mini Mental Status Examination; SPM_T: Raven’s Standard Progressive Matrices; CGWRT: Chinese Graded Word Reading Test; Imm. Recall:

Immediate Recall; LDF: Long Delay Free Recall; Recogn. Discr: Recognition Discriminability; Imm. Recall: Immediate; Recogn. Discr: Recognition

Discriminability; B3D: Benton 3-Dimensional Construction Praxis Test; PPT: Purdue Pegboard Test; C: clustering coefficient; Eloc: local efficiency; BC:

Betweenness centrality; L: characteristic path length; Eglob: global efficiency; Q: modularity; s: small-worldness; A: assortativity. (All network param-

eters were analyzed at r-threshold: 0.54.)

Figure 4. Correlations between BVMT with global efficiency (a) and modularity (b) in the patients and controls. Solid and dashed

lines represent linear regressions for the patients and the controls, respectively. (BVMT-Recogn.Discr: BVMT-Recognition

Discriminability; BVMT-Imm. Recall: BVMT-Immediate Recall) (patients and controls: density¼ 0.2, r-threshold¼ 0.54).
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The assumption that fluctuations in BOLD signals
represent the neural activity is based on the phenom-
enon of neurovascular coupling. One concern of this
study was that our patients were already hemodynam-
ically impaired, and the R-fMRI results might be more
interfered by the compromised hemodynamics than the
neural activity. Most recently, a study demonstrated
that the R-fMRI connectivity of the default mode net-
work could be increased in patients with Moyamoya
disease after considering the time delay during the cor-
relation analysis.32 To test whether such property also
existed in our patients, we implemented the delay-
correction strategy for analyzing our dataset. The
results did not show significant improvement in the
connectivity of the affected side and the R-fMRI find-
ings of this study remained unchanged after the correc-
tion (data not shown). While it is still debatable
whether a simple delay is able to correct for the poten-
tial hemodynamic effects on the R-fMRI analysis,
to the best of our knowledge, no study reported the
evidence of neurovascular uncoupling is a temporal
dynamic fashion in the patients with ICA stenosis and
intact CBF. The correlation between the impaired func-
tional connectivity indices and the cognitive declines in
this study supported that the R-fMRI findings might
truly reflect the alteration in neural activity. A study on
characterizing the temporal dissociations of the BOLD
responses in this patient group is underway.

Our patients had a similar level of education and
average age as the controls. However, they had more
WMLs and worse performance on various neuropsy-
chological tests. It is believed that significant carotid
stenosis is associated with cognitive decline3 and
increased WMLs.4 Studies also reported that in patients
with carotid stenosis, the risk of cognitive regress
increases significantly when hemodynamics are
impaired.5 However, how compromised hemodynamics
trigger cognitive decline remains unclear. In this study,
node-based network parameters including degree and
Eloc were significantly decreased only in the stenotic
hemisphere. Since changes of functional connectivity
are generally considered to be related to dementia or
cognitive decline,33,34 the local disruption of brain con-
nectivity in our patients may be a clue to explain the
mechanisms of impaired cognitive function with com-
promised hemodynamics.

Although our patients showed lower psychological
functions than controls, there were no differences found
between the patients and controls in global network
parameters. Global network parameters may not be
sensitive enough to detect or to explain the changes in
cognitive performance of the patients. However, many
neuropsychological tests were highly correlated with
some parameters in the patients but not in the controls,
even after multiple linear regression analysis. Overall,

neuropsychological performance was positively corre-
lated with global efficiency and negatively correlated
with characteristic path length and modularity in the
patients. Global efficiency is the ability of a network to
communicate globally.35 Our patients had more pro-
found decreases in global efficiency when scores on
the neuropsychological tests worsened, especially in
visual memory (BVMT-R). Global efficiency may
therefore be a sensitive parameter for the regression
of specific cognitive functions. Characteristic path
length is the average of all shortest paths between
each possible pair in a network36 and may represent
how close the inward connections are. It is reasonable
that a worse neuropsychological performance may be
related to a longer characteristic path length (negatively
correlated). Modularity is the degree to which a net-
work is organized into a ‘‘modular’’ structure, i.e. a
set of nodules with denser links with each other than
with the rest of the network.37 It was also inversely
correlated with neuropsychological functions in our
patients. We assume that a higher value of modularity
may reflect more ‘‘inside’’ links and less ‘‘outside’’ con-
nections around the nodes, and this seemed to be
related to impaired cognitive behavior. Meanwhile, in
control, but not in patients, only small-worldness
showed negative relation to BVMT-R. Small-worldness
network represents high cluster and short path length
topology,36 and the changes of small-worldness con-
nectivity in cognitive decline were not consistent in lit-
erature.38 The existence of negative correlation between
small-worldness and visual memory (BVMT) in healthy
subjects needs to be further studied. A larger sample
size would be needed to clarify whether these param-
eters differ between the patients and controls. In sum-
mary, we suggest that global efficiency, characteristic
path length, and modularity may be highly associated
with neuropsychological performance and serve as
potential predictors of cognitive function deterioration
in patients with carotid stenosis.

It is worth noting that in the current study, although
the average MMSE scores of the patients and
controls were similar, the patients had significantly
lower scores on almost all of the other neuropsycho-
logical tests. This may imply that the decline in cogni-
tive function in patients with carotid stenosis could
be subtle and so cannot be detected by brief mental
tests. In such cases, patients would be identified
as being ‘‘asymptomatic’’. Hence, when evaluating
non-stroke patients with significant carotid stenosis,
the definition of ‘‘asymptomatic’’ may be vague and
difficult to clarify without detailed neuropsychological
assessment.

In perfusion analysis of the patients, the nCBF of
either hemisphere was similar, meaning that the blood
flow of the stenotic hemisphere remained stationary.
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However, there were obvious increases of other param-
eters including Tmax, MTT, and TTP, indicating com-
promised hemodynamics of the stenotic hemisphere in
the patients.

There are several limitations to this study. First, the
sample size was small. Brain networks are complicated
and divergent. To investigate possible differences in
global connectivity between controls and patients,
more subjects would be needed for a comprehensive
analysis. Small sample size also limited the analysis of
the specific neuropsychological tests in right or left sten-
osis, respectively. Specific neuropsychological tests (e.g.
verbal ability, memory, spatial function. . .) may evalu-
ate specific hemispheric dysfunction. However, the
sample size was too small (15 right and 12 left stenosis)
to see the difference or trend in either group. Second,
we did not perform correction for physiological factors
like heart rate or respiration to the BOLD signal time-
course in preprocessing the R-fMRI data. Although
the blood pressure of our subjects was strictly con-
trolled, the BOLD signals might still be interfered
by other physiological conditions due to its hemo-
dynamic nature.39 Third, we only evaluated cerebral
perfusion but not CVR in this study. CVR is a practical
indicator for hemodynamic status and may be hetero-
geneous in patients with carotid stenosis.40 Taking con-
sideration to both CVR changes and R-fMRI, these
two parameters may provide more information on the
implication of R-fMRI findings in such hemodynamic-
ally compromised patients. We are currently conduct-
ing studies to clarify the influence of hemodynamics,
perfusion status and CVR on brain connectivity.
Aside from R-fMRI, electroencephalography or other
electrophysiological tools may be needed to provide
neuronal information. Fourth, although high correl-
ations between neuropsychological performance and
global connectivity in the patients with carotid stenosis
were observed, the detailed relationship of selected
brain connectivity indices and cognitive functions
should be studied further.

Conclusion

Patients with significant unilateral carotid stenosis may
have impaired functional connectivity of the affected
hemisphere, especially in degree and local efficiency.
Compromised hemodynamics may contribute to dis-
ruption of hemispheric connectivity. Among complex
global networks, global efficiency, characteristic path
length, and modularity were highly correlated with
the performance on neuropsychological tests in the
patients. Further investigations are needed to delineate
the relationships between hemodynamic changes, cog-
nitive deteriorations, and functional connectivity
alterations.
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