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Abstract

Introduction Previous studies have found that white matter (WM) alterations might be correlated in Parkinson’s disease (PD)
patients with cognitive impairment. This study aimed to investigate WM structural network connectome alterations in PD
patients with mild cognitive impairment (PD-MCI) and assess the relationship between cognitive impairment and structural
topological network changes in PD patients.

Methods All 31 healthy controls (HCs) and 71 PD patients (43 PD-NC and 28 PD-MCI) matched for age, sex and education
underwent 3.0 T MRI and diffusion tensor imaging (DTI) scan. Graph theoretical analyses and network-based statistical
(NBS) analyses were performed to identify the structural WM networks and subnetwork changes in PD-MCI.

Results PD-MCI patients showed significantly decreased global efficiency (E,,) and increased shortest path length (L)
compared with the HC group. Several nodal efficiencies showed significant differences in multiple brain regions among the
three groups. The nodal efficiency of the orbitofrontal part was closely related to the overall cognitive ability and multiple
sub-cognitive domains. Moreover, NBS analyses identified eight one-connect subnetworks, three two-connect subnetworks
and two multi-connect subnetworks with reduced connectivity that characterizes the WM structural organization in PD-MCI
patients. The two multi-connect subnetworks were located on the bilateral lobe, and both were centered on the orbitofrontal
part.

Conclusions This study provided new evidence that PD with cognitive dysfunction is associated with WM structural altera-
tions. The nodal efficiency and sub-network analyses focusing on the orbitofrontal part might provide new ideas to explore
the physiological mechanism of PD-MCI.

Keywords Brain structural network connections - Network - Parkinson’s disease - Mild cognitive dysfunction - Diffusion
tensor imaging - Network-based statistics
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non-motor symptoms such as constipation, depression and
olfactory dysfunction. Cognitive impairment is another
common non-motor symptom in patients with PD, which
gradually deteriorates with the progression of the disease.
Parkinson’s disease with mild cognitive impairment (PD-
MCI) is widely considered to be a risk factor and prodromal
symptom of Parkinson’ disease with dementia (PDD), which
can seriously affect the quality of life, increasing disability
and fatality of PD patients. PD-MCI was classified as differ-
ent subtypes depending on the number of cognitive domains
(language, memory, attention and working memory, execu-
tive function and visuospatial function) impairment. Stud-
ies have shown that different cognitive domain decline of
PD-MCI patients might be associated with different motor
phenotypes, severity and neuropathological alterations,
affecting different quality of life and prognoses [1-4]. Early
identification and detection of alterations in PD-MCI may
prevent PDD in advance.

Previous studies have revealed alterations in white mat-
ter (WM) in PD patients that are correlated with cognitive
impairment [5, 6]. Several other studies have explored the
microstructure of white matter tissue through diffusion ten-
sor imaging (DTI) technology. The results revealed that the
white matter fiber in the frontal, temporal and bilateral cin-
gulated bundles damage PD patients with cognitive impair-
ment [7, 8]. However, these previous studies have focused
only on isolated brain regions. The term “human connec-
tome” was introduced to investigate and fully understand the
complexity of brain structural network connections [8, 9].
Neuroimaging studies by using DTT have showed decreased
whole-brain clustering coefficient and reduced global effi-
ciency in PD patients when compared with healthy controls
(HC) [10, 11]. Aarabi MH et al. by using network-based
statistics (NBS) for the first time have shown significant
reduction in the interconnecting fiber volume or average
tract length in the cingulum, temporal lobe, frontal lobe,
para-hippocampus, hippocampus, olfactory lobe and occipi-
tal lobe in PD patients [12]. According to a study conducted
using NBS, decreased connectivity was observed in the two
subnetworks in PD patients when compared to HCs, which
involved the limbic system, basal ganglia and sensorimo-
tor areas [11]. Disconnection in the above-mentioned areas
might explain the motor (basal ganglia) as well as non-motor
(e.g., limbic, olfactory) symptoms of PD. In summary, stud-
ies on brain structure and functional networks have shown
the prevalence of brain disconnection in PD patients. How-
ever, few studies have analyzed the properties of brain
structure network and subnetwork alterations associated
with cognitive status in PD patients. This study aimed to
identify WM structural network connectome alterations in
PD-MCI patients and assess whether cognitive impairment
is correlated with structural topological network changes in
PD patients.
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Materials and methods
Subject

All participants in this study were recruited from the
Department of Neurology, Guangdong General Hospital
(Guangzhou, China) between August 2014 and Septem-
ber 2017. 71 PD patients [43 PD-NC (normal cognition)
and 28 PD-MCI] were diagnosed as having idiopathic PD
independently by two neurologists according to The UK
Parkinson’s Disease Society Brain Bank Clinical Diagnos-
tic Criteria [13]. Since there was a lack of comprehensive
scales with national norm at the beginning of the study,
28 patients were diagnosed as having PD-MCI according
to the 2012 MDS proposed diagnostic criteria [14] in con-
junction with our existing scales with at least 1.5 standard
deviations (SDs) below normative scores on one or more
cognitive domains. Besides, we recruited 31 healthy vol-
unteers with no history of neurological disorders, or trau-
matic brain injuries in HC group. The age, education and
gender of the HC group were comparable to those of the
PD-NC and PD-MCI groups. This research protocol was
approved by the Medical Ethics Committee of Guangdong
General Hospital and informed consent was obtained from
all participants.

Clinical assessment

The demographic data of all patients including general
information such as age, gender, education level, height,
weight and place of residence were collected. The clinical
data included disease duration of PD, the United Parkin-
son’s Disease Rating Scale-IIT (UPDRS-III) score [15], the
modified Hoehn—Yahr (HY) score [16], and the Hamilton
Anxiety Scale (HAMA) [17], Hamilton Depression Scale
(HAMD) [18] and activities of daily living scale (ADL)
[19].

Overall, the cognitive function status was assessed by
the Mini-Mental State Examination (MMSE) score [20] in
each participant. Montreal Cognitive Assessment (MoCA)
[21] and five cognitive domains were further evaluated in
PD patients. The test to assess five cognitive domains are
as follows:

1. Executive function: verbal fluency test (VFT) [22, 23]
and clock drawing test (CDT) [24].

2. Attention and working memory: symbol digit modalities

test (SDMT) [23, 25] and digit span test (DST) [23].

Visuospatial function: block design test [23].

4. Memory: visual reproduction (VR) and logical memory
[26].
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5. Language: similarities test [23].
Image acquisition

MRI scan of all patients was performed by using a SIGNA
EXCITE 3.0T MRI scanner (General Electric Company,
USA). The specific parameters of the image are as fol-
lows: TIWI: repetition time (TR)=580 ms; echo time
(TE)=18 ms; T2WI: TR =5100 ms; TE =130 ms; FLAIR:
TR =9600 ms; TE=110 ms; matrix 320 % 192, field of view
(FOV)=24 cm X 24 cm, layer thickness 5 mm, layer spacing
1 mm and a total of 25 layers. The DTI scan parameters were
set as follows: TE=76 ms; TR =8000 ms; flip angle =900;
FOV =256 x 256 mm?; slice thickness =2.5 mm; voxel
size=2x2x3 mm?® and NEX = 1. Images of 25 different
nonlinear diffusion-weighted gradient directions (b= 1000 s/
mm?) and non-diffusion-weighted gradient direction (b=0)
were collected, each gradient was scanned for 60 layers and
a total of 1560 files were obtained. All data were saved in
DICOM format.

Image (pre)processing

For image data, preprocessing was done by “Pipeline for
Analyzing briaN Diffusion imAges (PANDA)” software
installed on Linux system and Matlab [27]. The specific
preprocessing steps are as follows: (1) image conversion:
the image data are required to be converted to NIFTI for-
mat before processing; (2) skull removal and cropping the
gap: the brain tissues were extracted during head MRI; (3)
correcting eddy current/motion; (4) calculating fractional
anisotropy (FA) and mean diffusivity (MD); (5) network
node definition: the brain region was divided by Automated
Anatomical Labeling (AAL), which was used as the node
of the network. In this way, the constructed network has 90
nodes. 3DT1-weighted image was registered to bO image of
DTI (non-diffusion-weighted gradient direction), and then
further nonlinearly registered onto the MNI-ICBM 152 tem-
plate. After that, the inverse matrix of the transformed result
was used to convert AAL atlas to DTI maps; (6) network
edge definition: fiber tracking by using fiber assignment
by continuous tracking (FACT) algorithm was performed.
Tracking would be interrupted when the FA value was less
than 0.2 or the tracking angle between two adjacent voxels
was greater than 45°.When there were at least three fiber
bundles between the two adjacent brain regions, it would be
considered a connection (network edge).

Graph theory
All structural network properties were analyzed on the

MATLAB-based GRETNA, a graph theoretical network
analysis toolbox [28]. The global properties of the network,

hubs, and edge connections of the network were highlighted
in this study.

Global properties of network

The global properties of the network included clustering
coefficients (C,), shortest path length (L), global efficiency
(Egiop), local efficiency (E,) and “small worldness™ (6). C,,
of the whole network represents the average clustering coef-
ficients of all nodes, which are important indicators to meas-
ure the level of network interconnectivity. The average of the
shortest path lengths between any two nodes in the network
was defined as L,,. The shortest path length suggests higher
efficiency of network information transmission. £, is also
considered as an important parameter to estimate the global
transmission efficiency of the network. Another important
metric E, . also illustrated the network interconnection
among the nodes. The “small worldness” has high clustering
coefficient and the shortest path length, ensuring transmis-
sion efficiency at both local and global levels. This study
generated 1000 random networks that compared with real
networks to explore “small worldness” in participants. y and
A are separately defined as the ratio of real network’s C,, and
Lp to the random network’s, and o is defined as the ratio of y
toAd. Wheny = Cpopyy + Crpngom > 1andA =L ) + Liyngom = 1
orc =y + A> 1, we believe that the constructed network
has a “small worldness” network.

Nodal efficiency and hubs

Nodal efficiency refers to the shortest path length between
any node in the network and other nodes in the network. By
comparing the differences in 90 nodes efficiency between
groups, brain regions with impaired WM can be explored.
Among these nodes, there are a number of specific nodes
that interact with many other brain regions, which were
defined as hubs. The hub plays an important role in main-
taining network stability.

Two conditions should be met at the same time as a
hub: (1) the degree of node [D,4,] should be greater
than or equal to the average value plus SD of the network
degree [Dpogaii) = Dinean + SD]; and (2) the betweenness
of node [B,,4,;0] should be greater than or equal to the
average value plus the SD of the network betweenness
[Bnodal(i) = Bmean + SD]

Network-based statistical analysis
Network-based statistical analysis was used to analyze the

number of WM fibers between the brain regions to explore
the structural connectivity changes in patients with PD-MCIL.

@ Springer
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Statistical analysis

Statistical analysis of the clinical data was carried out using
IBM SPSS 22. Continuous variables that conformed to the
normal distribution were presented as mean + standard devi-
ation, and the non-normally distributed continuous variables
were expressed as median (interquartile range, IQR). Among
the three groups, qualitative data were assessed by means
of Chi square test based on the distribution, and quantita-
tive variables were analyzed using one-way ANOVA test or
Kruskal-Wallis H test. Significance values were adjusted
by the Bonferroni correction for multiple tests. When com-
paring the PD-NC and PD-MCI groups, variables were
analyzed with two-tailed ¢ test or Mann—Whitney U test.
To test whether cognitive impairment correlates with struc-
tural topological network changes in PD, Pearson correlation
coefficient was performed to explore the correlation between
node efficiency and overall cognitive function and five cog-
nitive sub-domains. Statistical significance of WM fiber bun-
dles connecting the brain regions between the PD-NC and
PD-MCI groups was analyzed in two-sample ¢ test on the
MATLAB-based GRETNA. When the corrected value was
P <0.05, then a statistical difference existed. All the differ-
ences in the connections formed a differential subnetwork.

Result
Patients and clinical features

A total of 102 participants were enrolled (31 HC, 43 PD-NC
and 28 PD-MCI). Demographic and clinical features are
presented in Table 1. The analysis showed no significant
differences among the three groups with respect to age, sex
and education. However, the MMSE of the PD-MCI group
was significantly worse than that of HCs and PD-NC (see
Table 1). When PD-NC was compared with only PD-MCI,
no statistically significant differences in HY stages, dis-
ease duration, UPDRS-III, ADL, HAMD and HAMA were
observed. However, the scores of the five cognitive domains
test in the PD-MCI group were statistically lower than those
in the PD-NC group (see Table 1).

Global properties of network

The global properties of network showed no significant dif-
ferences in C}, and Ej,, but observed in L, and Ej,, among
PD-NC, PD-MCI and HC. When compared with the HC
group, PD-MCI patients displayed significantly decreased
E, o and increased L, in the post hoc analysis. Moreover,

g
the brain networks of the three groups showed a “small
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worldness” attribute (6> 1), which showed a significant
increase in the PD-MCI group when compared to the HC
group in the post hoc analysis (see Table 1).

Nodal efficiency and hubs characteristics
Nodal efficiency

All nodal efficiencies of the WM network of the HC, PD-NC
and PD-MCI groups were analyzed. If statistical differences
among the three groups were observed, then a post hoc test
was performed (see Table 2). The results showed signifi-
cantly decreased nodal efficiency at the bilateral hippocam-
pus, right fusiform gyrus, left caudate, right para-hippocam-
pus, left posterior cingulate gyrus, left superior temporal
gyrus, bilateral temporal pole (middle) and left inferior tem-
poral in PD-NC patients when compared with HCs based on
the AAL-90 atlas, while the brain regions exhibited signifi-
cant reduction of nodal efficiency in the PD-MCI group in
mainly the left rolandic operculum, right olfactory cortex,
left amygdala, left putamen, right anterior cingulate and
paracingulate gyri, left fusiform gyrus, right superior pari-
etal gyrus, right hippocampus, right para-hippocampus, left
posterior cingulate gyrus, left superior temporal gyrus, bilat-
eral temporal pole (middle) and left inferior temporal when
compared with the HC group. However, when compared
with the PD-NC group, PD-MCI patients had significantly
decreased nodal efficiency in the brain regions, which was
distributed only at the left olfactory cortex and left superior
frontal gyrus (medial orbital).

Hubs characteristics

The hubs of the brain network of the three groups were iden-
tified by node degree and node betweenness (HC, 17 hubs;
PD-NC, 17 hubs; and PD-MCI, 19 hubs). Among them, 16
hubs were shared by three groups, mostly distributed in the
bilateral cingulate gyrus (mainly the anterior cingulate and
paracingulate gyri and median cingulate and paracingulate
gyri), postcentral gyrus, precuneus, insula, striatum (cau-
date and putamen), left middle occipital gyrus and right
hippocampus (see Table 3). Compared with the HC group,
both PD-NC and PD-MCI groups had a decreased hub at the
hippocampus on the left side, while one new hub was found
at the angular gyrus in PD-NC and three were found at the
right angular gyrus and bilateral precentral gyrus in PD-MCI
patients (see Table 3, Fig. 1).

Correlation between nodal efficiency and cognitive
function score

Except for visuospatial function, the regions with nodal effi-
ciency showed significant correlation with the other four
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Table 1 Demographical, clinical and neuropsychological characteristics and global properties of the different groups (HCs, PD-NC and PD-
MCI)

HCs (n=31) PD-NC (n=43) PD-MCI (n=28) Fly2/t/ZIH P value Posthoc analysis

P P P
HC vs PD-NC HC vs PD-MCI PD-NC
vs PD-
MCI
Age (years) 57.00+10.63 60.19+10.72  63.93+10.88 F=3.065 0.051 / / /
Sex (female/male) 15/16 20/23 15/13 x2=0.345 0.841 / / /
Education (years) 12.00 (7.00)  12.00 (6.00) 9.00 (6.00) H=3531 0.171 / / /
MMSE 28.00 (3.00)  29.00 (2.00) 26.00 (5.00) H=33.14 <0.001* 1.000 0.000 0.000
H-Y stages / 2.00 (1.00) 2.50 (1.00) Z=-1.870 0.061 / / /
Disease duration / 24.0 (24.00) 24.0 (26.00) Z=-0.180 0.857 / / /
(months)
UPDRS-III / 28.58+10.68  30.83+13.83 t=—0.771 0.443 / / /
ADL / 14.00 (3.00) 15.00 (5.00) Z=-1225 0.220 / / /
HAMD / 5.00 (6.00) 9.00 (11.00) Z=-1410 0.159 / / /
HAMA / 4.00 (6.00) 6.00 (8.00) Z=-0.272 0.786 / / /
MoCA / 26.00 (5.00) 18.50 (8.00) Z=-4.650 <0.001* / / /
Executive function
CDT / 3.00 (1.00) 2.00 (2.00) Z=-2.694 0.007*
VFT / 14.53+3.44 12.07+4.00 1=2.765 0.007*  / / /
Attention and working memory
DST / 10.44+2.14 8.68+2.13 1=3.400 0.001* 7/ / /
SDMT / 8.00 (2.00) 5.50 (3.00) Z=-4.222 <0.001* / / /
Visuospatial function
Block design test / 9.00 (3.00) 6.00 (5.00) Z=-4.006 <0.001* / / /
Memory
VR / 10.00 (3.00) 5.00 (5.00) Z=-5.325 <0.001* / / /
Understanding / 5.00 (6.00) 4.00 (3.00) Z=-2.018 0.044* / / /
Language
Similarities / 10.12+2.29 8.43+2.19 t=3.089 0.003*  / / /
Global properties
G 0.526 (0.027) 0.530(0.023)  0.528 (0.023) H=3.087 0.214 / / /
Eo 0.735(0.022) 0.735(0.022)  0.733 (0.022) H=2523 0.283 / / /
L, 2.428 (0.115) 2.427(0.131)  2.504 (0.132) H=9510 0.009*  0.148 0.007 0.509
Eqgiop 0.412 (0.019) 0.405(0.021)  0.399 (0.021) H=9510 0.009*  0.148 0.007 0.509
14 4.569 (0.461) 4.558 (0.515)  4.804 (0.428) H=10.183 0.006*  0.801 0.005 0.067
A 1.194 (0.034) 1.207 (0.039) 1.207 (0.032) H=6432 0.04* 0.099 0.066 1.000
0
c 3.781 (0.311) 3.778 (0.349)  3.944 (0.333) H=6.761 0.034*  1.000 0.035 0.158

HC healthy control group, PD-NC Parkinson’s disease with normal cognation, PD-MCI Parkinson’s disease with mild cognitive impairment,
UPDRS-I1II unified Parkinson’s disease rating scale—third edition, ADL activities of daily living scale, HY stages the modified Hoehn—Yahr
stage, HAMA Hamilton Anxiety Scale, HAMD Hamilton Depression Scale, MoCA Montreal Cognitive Assessment, VFT verbal fluency test,
CDT clock drawing test, SDMT symbol digit modalities test, DST digit span test, VR visuospatial function, C, clustering coefficients, E;, local
efficiency, L, shortest path length, E,,, global efficiency, 7,4, ¢ the “small worldness™ attribute, /" one-way ANOVA test, y2 Chi square test,
two-tailed ¢ test, Z Mann—Whitney U test, H Kruskal-Wallis test. Significant values were adjusted by the Bonferroni correction for multiple tests

*The significance threshold was set at P <0.05

@ Springer
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Table2 Among-group

differences in the nodal Nodes Post hoc test (P value) Nodal efficiency difference
efficiency in post hoc analysis HCs vs PD-CN  HCs vs PD-MCI  PD-CN vs PD-MCI
HIP_L 0.008* 0.073* 0.499* HC>PD-CN
FFG_R 0.015* 0.074* 0.640* HC>PD-CN
CAU_L 0.010* 0.087* 0.502%* HC>PD-CN
ROL_L 0.170* 0.005%* 0.085* HC > PD-MCI
OLF_R 0.187* 0.004* 0.062* HC > PD-MCI
AMYG_L 0.051%* 0.002* 0.157* HC>PD-MCI
PUT_L 0.089* 0.003* 0.115* HC>PD-MCI
ACG_R 0.076%* 0.005%%* 0.689%* HC>PD-MCI
FFG_L 0.045%%* 0.019%* 1.000%* HC>PD-MCI
SPG_R 0.309%* 0.026%* 0.6547%* HC > PD-MCI
HIP_R 0.014* 0.025* 0.995* HC > PD-CN, PD-MCI
PHG_R 0.038* 0.022* 0.646* HC > PD-CN, PD-MCI
PCG_L 0.011* 0.017* 0.926* HC > PD-CN, PD-MCI
STG_L 0.025* 0.002* 0.202* HC > PD-CN, PD-MCI
TPOmid_L 0.021* 0.045* 0.930* HC > PD-CN, PD-MCI
ITG_L 0.023* 0.021* 0.796* HC > PD-CN, PD-MCI
TPOmid _R 0.037%* 0.024%* 1.000%* HC > PD-CN, PD-MCI
OLF _L 1.000%* 0.015%%* 0.026%** HC, PD-CN > PD-MCI
ORBMed _L.  0.647* 0.014* 0.026* HC, PD-CN > PD-MCI
SFG_R 1.000%* 0.053%%* 0.108%** NS
SPG_L 1.000%* 0.050%* 0.123%* NS
PUT_R 0.210%* 0.052%%* 1.000%** NS
STG_R 0.086%** 0.083%%* 1.000%* NS
MTG_L 0.158%* 0.056%* 1.000%* NS

The abbreviations of the 90 brain regions are given in supplementary materials (Online Resource). The sig-
nificance threshold was set at P <0.05. R (L) right (left) hemisphere

*Least significant difference (LSD) test, **post hoc Bonferroni test

cognitive function domains, as shown in Table 4 for detailed
statistics.

Network-based statistical analysis

The results revealed that PD-MCI patients showed signifi-
cant reduction of WM connectivity between several brain
regions when compared with PD-NC patients. These differ-
ential connections constituted an aberrant subnetwork. Thus,
eight one-connect subnetworks (Fig. 2a), three two-connect
subnetworks (Fig. 2b) and two multi-connect subnetwork
(Fig. 2c) were found to differ in comparison between PD-
MCI and PD-NC patients.

Discussion

The purpose of our study is early detection of neuroim-
aging alterations in patients with PD-MCI. The global
properties of the structural network showed significant

decrease of Ej, and increase of L, in PD-MCI patients.

@ Springer

Also, all patients in the three groups had “small world-
ness” attribute. In nodal efficiency analyses, compared
with the HC group, the brain regions of the PD-NC and
PD-MCI group with significantly reduced nodal efficiency
were widely distributed, mainly in the hippocampus, para-
hippocampus, cingulate gyrus, temporal lobe, fusiform
gyrus and amygdala. However, reduced nodal efficiency
was distributed only at the left olfactory cortex and left
superior frontal gyrus, and medial orbital in the PD-MCI
group compared with PD-NC group. The correlation
between nodal efficiency and cognitive function of PD
patients was further analyzed. We found that the nodal
efficiency in different brain regions was significantly asso-
ciated with the different cognitive domains scores.

In the present study, differences in the two important
multi-connect subnetworks were identified in the PD-MCI
group when compared with PD-NC. Also, difference in the
two important multi-connect subnetworks showed associa-
tion with cognition. These two subnetworks are located on
the bilateral lobe and both are centered on the orbitofrontal
part.
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Table 3 Hubs characteristic of the HC, PD-NC and PD-MCI groups

Group Region Degree Betweenness Group  Region Degree Betweenness Group Region Degree  Betweenness

HCs INS_L 19 235.33 PD-NC INS_L 18 254.10 PD-MCI PreCG_L 13 107.81
ACG_L 12 295.04 ACG_L 12 416.20 INS_L 17 250.15
MCG_L 12 181.47 MCG_L 12 259.53 ACG_L 11 369.15

HIP_L 12 231.65 MOG_L 13 143.83 MCG_L 12 278.68
MOG_L 13 140.92 PoCG_L 13 154.64 MOG_L 12 146.58
PoCG_L 13 124.33 PCUN_L 12 462.66 PoCG_L 13 134.68
PCUN_L 12 468.70 CAU_L 11 192.61 PCUN_L 12 449.87

CAU_L 12 280.72 PUT_L 20 365.98 CAU_L 12 342.70

PUT_L 21 417.41 INS_R 19 340.35 PUT_L 18 324.88

INS_R 20 314.56 ACG_R 11 215.09 PreCG_L 13 103.89
ACG_R 12 236.34 MCG_R 11 191.30 INS_R 18 310.59
MCG_R 12 204.83 HIP_R 11 146.01 ACG_R 11 198.83

HIP_R 12 213.80 PoCG_R 12 115.09 MCG_R 12 286.50
PoCG_R 13 113.03 ANG_R 11 106.97 HIP_R 11 169.70
PCUN_R 14 484.07 PCUN_R 14 513.54 PoCG_R 13 126.34
CAU_R 12 252.36 CAU_R 12 278.40 ANG_R 11 107.23

PUT_R 20 292.26 PUT_R 18 279.25 PCUN_R 13 427.63

CAU_R 12 406.92

PUT_R 18 281.74

The abbreviations of the 90 brain regions are given in supplementary materials (Online Resource)

HCs healthy control group, PD-NC Parkinson’s disease with normal cognation, PD-MCI Parkinson’s disease with mild cognitive impairment

Fig. 1 Distribution differences

of hubs in the HCs, PD-NC,
PD-MCI groups. The abbre-

viations of the 90 brain regions

are given in supplementary
materials (Online Resource).

The red dot represents the hub
in the former group but not in
the latter, and the blue node is
the opposite. L left hemisphere,

R right hemisphere

The above findings provide evidence that the efficiency
of network information transmission was decreased with
the decline of cognitive function of PD patients, which was

HB.L

Pree%I.L

PreCG.L

HlPl.b
éNG.R
I
Pl'ecﬁl-h‘ areCG.R
éNG.R
||
Preca‘ "eCG,R

ANG.R

ANG.RPreCG.R

PreCG.R

HC VS PD-NC

HC VS PD-MCI

PD-NC VS PD-MCI

in line with the previous studies related to PD and Alzhei-
mer’s disease (AD) [33-35]. Previous studies exploring
brain structural networks in PD with DTI combined with

@ Springer
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Table 4 Correlation between nodal efficiency and cognitive function
status

Cognitive domains Nodes rvalue P value
Overall cognitive function status ORBMed_L 0.326 0.01
ORBMed_R 0.302 0.01
PUT_L 0.353 0.00
Executive function ORBMed_L 0.304 0.01
Attention and working memory ORBMed_L 0.304 0.01
ORBMed_R 0.304 0.01
ORBsup_R 0.304 0.01
ORBmid_R_- 0.334 0.00
ORBinf_L 0.304 0.01
OLF_L 0.304 0.01
OLF_R 0.304 0.01
REC_L 0.252 0.03
ACG_L gyrus  0.429 0.00
ACG_R 0.336 0.00
AMYG_L 0.323 0.00
MOG_L 0.333 0.01
PUT_L_L 0.320 0.01
PUT_R 0.259 0.03
Memory ORBMed_L 0.307 0.01
ORBMed_R 0.259 0.03
PUT_L 0.242 0.04
PUT_R —-0.254 0.03
Language ROL_L 0.244 0.04

The abbreviations of the 90 brain regions are given in supplementary
materials (Online Resource)

graph theory technology also have shown “small worldness”
attribute in both the PD and HC groups [11, 36, 37], but
none of them found a difference between groups. However,
when compared with the HC group, the “small worldness”
attribute was significantly increased in PD-MCI patients. A
similar trend was observed in the structural and functional
network studies [30, 33]. The explanations for these might
be that low clustering coefficients in random networks were
generated by the PD-MCI group, which in turn resulted in
a larger y value. Another reason might be that it was related
to compensatory changes in the brain structure network in
the PD-MCI group.

Previous DTI studies found WM integrity abnormalities
in the corpus callosum, capsule, fornix, hippocampus and
temporal, parietal and occipital cortices that might be spe-
cifically linked to the presence of cognitive impairment in
PD [29, 38-41]. In the study conducted by Bledsoe et al.,
the anteriorly located DTI abnormalities were associated
with the deficits of attention/working memory and executive
function, while that of posteriorly located DTI abnormalities
were associated with memory, visuospatial and executive
function cognitive domains [29]. Another study showed that

@ Springer

WM integrity damages in the prefrontal areas were associ-
ated with executive function in PD patients [38]. According
to the study by Zheng et al., the executive, language and
attention functions were correlated with WM tracts in the
frontal regions, while WM integrity in the anterior limb of
the internal capsule and genu of the corpus callosum showed
more correlation with executive function [39]. WM tract
damages are widely distributed in association with decreased
attention function [39]. The results of these studies are par-
tially consistent with the findings of our study. For example,
the regions with nodal efficiency were significantly corre-
lated with attention and working memory scores that are
widely distributed in the bilateral anterior cingulate, orbital
part, olfactory cortex, basal ganglia and occipital gyrus,
while no significant correlation was found between the visu-
ospatial function and nodal efficiency. These findings further
indicated that the limbic system damage may contribute to
PD-MCI. Of note, in our study, the nodal efficiency in the
orbitofrontal part showed a close relationship with the over-
all cognitive function and multiple sub-cognitive domains in
our study, which was in line with the previous studies [38,
42]. These results suggested that WM in this part may act
as a potential biomarker for structural changes in PD-MCI.
Also, in hubs analysis, there are almost similar hub organi-
zations in the three groups, but still there are differences in
the distribution of hubs among the three groups at the left
hippocampus, right angular gyrus and bilateral precentral
gyrus. This subsequently explains that PD cognitive dys-
function might disrupt the structural network and reorganize
the network’s hubs.

Burks et al. believed the orbitofrontal to be an important
center for processing visual, spatial and emotional informa-
tion because they identified three major connections of the
orbitofrontal cortex [43]. They identified three major con-
nections of the orbitofrontal cortex: a bundle to the thala-
mus and anterior cingulate gyrus that passes inferior to the
caudate and medial to the vertical fibers of the thalamic
projections; a bundle to the brainstem that travels from the
lateral to the caudate and medial to the internal capsule;
and radiations to the parietal and occipital lobes that travel
with the inferior fronto-occipital fasciculus. As mentioned
earlier, the orbitofrontal part showed a close relationship
not only with the overall cognitive function, but also with
multiple sub-cognitive domains. We therefore considered
WM damages in the orbitofrontal domain linked to other
brain regions showed close relation with the decline of PD
cognitive function, and likely becomes a potential marker
for early diagnosis of PD cognitive dysfunction in future.

However, our study has few limitations that can be
explained from the following aspects. Firstly, our study
diagnosed PD-MCI according to 2012 MDS proposed diag-
nostic criteria [14] combined with our existing scales. The
main reason was that the Chinese version of the assessments
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Fig.2 Connection difference
between the PD-MCI and
PD-NC patients. The abbre-
viations of the 90 brain regions
are given in supplementary
materials (Online Resource).
Green dots represent different
brain regions; red lines indicate 4
differential connections (edges).

L left hemisphere, R right

hemisphere TG,

PCUN,

recommended by 2012 MDS-proposed diagnostic criteria
had not been widely used in China, lacking norm compari-
son. Instead, we used the block design test, which is not
very suitable since it requires motor responses. It may lead
us to a negative result in studying the correlation between
visuospatial function and nodal efficiency. Secondly, deter-
ministic fiber tracking was performed to build a brain net-
work, but there are two disadvantages. On one hand, DTI
computation cannot judge the direction of multiple fibers
when the fibers are crossing. The image collected from DTI
only contains a part of the information about the dynamic
process of diffusion of water molecules. Therefore, this can-
not indicate inhomogeneity of a single voxel that contains
multiple regions. Secondly, only damage of WM fibers con-
nected between the brain regions can be inferred in NBS
analysis, and the damage of WM in the brain region cannot
be analyzed. This meant that we failed to understand WM
damages in specific brain areas. In response to these defi-
ciencies, future researches using some more detailed brain
region atlas, such as the Human Brainnetome Atlas [44] and
other finer divided multi-modal parcellation atlas should be
conducted [45].

IFGtri.

In conclusion, with the development of imaging tech-
nologies and the application of new analytical methods,
the physiological mechanisms of cognitive impairment in
PD patients can not only be understood, but also help to
achieve early artificial intelligence diagnosis of PD cogni-
tive dysfunction.
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