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Abstract
Aim: Aberrations	 in	 brain	 connections	 are	 implicated	 in	 the	 pathogenesis	 of	
Parkinson's	disease	(PD).	We	previously	demonstrated	that	Glial	cell-	derived	neuro-
trophic	 factor	 (GDNF)	 reduction	 is	 associated	with	cognition	decline.	Nonetheless,	
it	 is	elusive	 if	 the	pattern	of	brain	topological	connectivity	differed	across	PD	with	
divergent	serum	GDNF	levels,	and	the	accompanying	profile	of	cognitive	deficits	has	
yet to be determined.
Methods: We	collected	data	on	the	participants'	cognition,	demographics,	and	serum	
GDNF	levels.	Participants	underwent	3.0T	magnetic	resonance	imaging,	and	we	as-
sessed the degree centrality, brain network topology, and cortical thickness of the 
healthy	 control	 (HC)	 (n = 25),	 PD-	high-	GDNF	 (n = 19),	 and	 PD-	low-	GDNF	 (n = 19)	
groups	using	graph-	theoretic	measures	of	resting-	state	functional	MRI	to	reveal	how	
much brain connectivity varies and its clinical correlates, as well as to determine fac-
tors	predicting	the	cognitive	status	in	PD.
Results: The results show different network properties between groups. Degree cen-
trality abnormalities were found in the right inferior frontal gyrus and right parietal 
lobe postcentral gyrus, linked with cognition scores. The two aberrant clusters serve 
as	a	potentially	powerful	 signal	 for	determining	whether	 a	patient	has	PD	and	 the	
patient's	cognition	level	after	integrating	with	GDNF,	duration,	and	dopamine	dosage.	
Moreover, we found a significant positive relationship between the thickness of the 
left	caudal	middle	frontal	lobe	and	a	plethora	of	cognitive	domains.	Further	discrimi-
nant	analysis	revealed	that	the	cortical	thickness	of	this	region	could	distinguish	PD	
patients from healthy controls. The mental state evaluation will also be more precise 
when	paired	with	GDNF	and	duration.
Conclusion: Our findings reveal that the topological features of brain networks and 
cortical	thickness	are	altered	in	PD	patients	with	cognitive	deficits.	The	above	change,	
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1  |  INTRODUC TION

Parkinson's	 disease	 (PD)	 is	 a	 multifactorial	 degenerative	 disease	
that	affects	over	6 million	people	worldwide.1,2	Alongside	the	char-
acteristic	 physical	 motor	 symptoms,	 other	 non-	motor	 symptoms,	
such as loss of smell, cognitive dysfunction, constipation, and sleep 
disorders, have gradually been recognized, suggesting that the clin-
ical	presentation	of	PD	is	multifaceted.3	An	increased	emphasis	on	
cognitive impairment has recently appeared in the early stages for 
up	 to	42.5%	of	PD	patients,4 and the diagnostic time point of the 
principal canonical criteria of tremor, rigidity, and bradykinesia has 
brought about significant research progress.5 The main features of 
the	cognitive	dysfunction	of	PD	are	deficits	in	executive	function	and	
visuospatial function.6	 In	addition,	PD	patients	with	early	cognitive	
impairment are at a higher risk of developing dementia in a shorter 
period.7	 Diagnosis	 of	 PD	 with	 early	 cognitive	 decline	 has	 been	
viewed	as	a	substantial	contributor	to	disability	and	poor	quality	of	
life, considerable nursing difficulty, and family and social burden.

Because the pathophysiological process of cognitive impairment 
in	PD	has	not	been	fully	understood,	the	constant	discovery	of	nu-
merous biomarkers deserves to be explored despite a lack of stan-
dard	diagnostic	techniques.8 It is noteworthy that method advances, 
such	as	the	availability	of	neuroimaging	techniques	and	the	applica-
tion of network science, have resulted in a rise in the accuracy and 
confidence of multimodal combination testing.9	Resting-	state	func-
tional MRI has shown the ability to examine spontaneous brain func-
tion.10	As	the	analytical	method	of	fMRI	advances,	newer	and	more	
powerful	algebra-	topological	methods	can	express	changes	in	brain	
network topological features at the system level.11	Several	studies	
have	confirmed	that	PD	with	mild	cognitive	impairment	has	aberrant	
network activation in the default network mode.12

Moreover, combining imaging studies also suggests that ge-
netic	 characteristics,	 brain	 Aβ-	amyloid	 depositions,	 and	 serum	 or	
cerebrospinal fluid biomarkers play a distinct role in cognitive de-
terioration.13,14	 In	other	words,	neuroimaging	 techniques	 could	be	
integrated	into	multi-	aspect	biomarker	exploration	methods	to	 im-
prove the diagnostic sensitivity and specificity of clinical diseases 
or	symptoms,	such	as	PD	with	cognition	impairment	(PD-	CI).	Most	
importantly,	imaging	can	also	provide	unique	ideas	and	insights	into	
the	mechanism	of	PD-	CI	from	the	standpoint	of	a	neural	network.

Glial	cell-	derived	neurotrophic	factor	(GDNF)	potently	promotes	
dopaminergic neuron survival. It presents significantly lower blood 
levels	in	PD	patients.15,16	GDNF	levels,	in	particular,	are	lower	in	PD-	
CI subjects and are correlated with a range of cognitive scales.16,17	As	
a	result	of	autopsy	studies,	there	is	evidence	that	GDNF	is	reduced	

in	the	central	nervous	system	of	PD	patients.18,19 Our team has been 
concerned	about	the	effects	of	GDNF	on	dopaminergic	neuron	(DAN)	
survival and terminal dopamine transmission, and we demonstrated 
that	depletion	of	GDNF	impairs	dopamine	transmission	in	prefrontal	
terminals.20	With	the	recent	advance	 in	single-	cell	RNA	sequencing	
technology,	 it	 has	 been	 found	 that	 DAN	 subpopulations	 exist	 and	
show different brain region connectivity.21 These studies indicate that 
changes	in	GDNF	level	and	brain	region	connectivity	suggest	possible	
involvement	in	regulating	PD	cognition.	Moreover,	circulating	GDNF	
levels,	which	mirror	GDNF	alterations	in	the	brain,	show	great	poten-
tial	as	a	marker	 for	clinical	PD	diagnosis.	Crucially,	previous	studies	
have	left	unresolved	the	issue	of	whether	PD	patients	with	circulat-
ing	GDNF	differences	also	had	changes	in	their	brain	networks	and	
whether	the	two	variables	might	contribute	to	PD-	CI.

Most studies have considered classifying cognitive impairment 
to compare and validate the indicators. In our study, however, we 
looked	 at	 serum	GDNF	 levels	 and	 then	 performed	 a	 cluster	 anal-
ysis	 to	define	PD	participants'	 subtypes	based	on	different	GDNF	
levels. Next, based on the classification, we analyzed the neuroim-
aging data, clinical, and demographic characteristics, and cognitive 
features,	which	might	elucidate	brain	functional	changes	in	PD	with	
various	GDNF	characteristics.	Finally,	we	sought	to	create	a	multi-
modal	 index	that	may	predict	 the	early	cognitive	 impairment	 (pro-
dromal	stage)	of	Parkinson's	disease	more	reliably	and	precisely	by	
using	GDNF	 as	 the	 significant	 factor	 and	 combining	 it	with	 other	
illness-	related	characteristics	and	imaging	data.

2  |  MATERIAL S AND METHODS

2.1  |  Participants and clinical neuropsychological 
assessment

This case– control study was approved by the Ethics Committee 
of	the	Affiliated	Hospital	of	Xuzhou	Medical	University	(approval	
nos.	 XYFY2017-	KL047-	01;	 XYFY2020-	KL023-	01).	 Individuals	
with	 PD	were	 recruited	 from	 the	Neurology	Department	 of	 the	
Affiliated	 Hospital	 of	 Xuzhou	 Medical	 University	 and	 assessed	
in-	house.	Written	 informed	 consent	was	obtained	 from	patients	
or	 a	 proxy	 (if	 necessary)	 for	 clinical	 data	 analysis	 and	 structural	
neuroimaging	studies.	Patients	were	included	if	they	were	fluent	
Chinese	 speakers,	were	 aged	50–	80 years,	were	 able	 to	 give	 in-
formed	 consent,	 had	 a	 diagnosis	 of	 PD	 according	 to	 the	United	
Kingdom-	PD	Society	Brain	Bank	criteria,	had	no	concomitant	neu-
rologic	diseases	affecting	cognition	(stroke,	traumatic	brain	injury,	

accompanied	by	the	serum	GDNF,	may	have	merit	as	a	diagnosis	marker	for	PD	and,	
arguably, cognition status.

K E Y W O R D S
cognitive	dysfunction,	cortical	thickness,	degree	centrality,	fMRI,	GDNF,	Parkinson's	disease
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and	encephalitis),	and	had	not	undergone	deep	brain	stimulation.	
Age-		and	sex-	matched	controls	were	primarily	from	spouses	and	
friends	of	patients:	25	controls	from	Xuzhou	Medical	University	to	
match	with	cases	with	PD.	The	exclusion	criteria	were	as	follows:	
non-	idiopathic	Parkinsonism,	dementia	with	Lewy	bodies,	severe	
brain	 injury,	 serious	 illness	 (e.g.,	heart	 failure,	psychiatric	 illness,	
and	 malignancy),	 and	 cognitive	 impairment	 precluding	 informed	
consent.

Thirty-	eight	cases	with	PD	and	25	controls	were	participants	
in	our	case–	control	study,	 in	which	we	reported	on	the	subjects'	
characteristics20	 (See	Table 1),	 including	 age,	 sex,	 formal	 educa-
tion, physical condition and past living habits, and disease dura-
tion.	The	clinical	variables,	 including	 the	cognitive	questionnaire	
(Mini-	Mental	 State	 Examination,	 Montreal	 Cognitive	 Assess-
ment,	 Clinical	Dementia	 Rating,	 part	 of	 the	Alzheimer's	Disease	
Assessment	 Scale,	 and	 the	 Trail	 Making	 Test-	A),	 Hoehn	 &	 Yahr	
scale,	levodopa	equivalent	daily	dose,	serum	GDNF	level,	were	as-
sessed.	These	variables	were	considered	potential	between-	group	
covariates.

2.2  |  Plasma GDNF sample collecting and 
detection and cluster analysis

Patients	were	asked	to	fast	from	22:00	for	samples	to	be	collected	
the	following	day.	Five	milliliters	of	blood	was	collected	from	each	
participant	between	07:00	and	09:00.	Samples	were	centrifuged	
for	10 min	at	4°C	at	1000g.	Samples	were	kept	at	room	tempera-
ture	 for	up	 to	2 h	before	centrifugation.	To	avoid	destroying	 the	
serum components, samples were immediately dispensed into 
130 μL	Eppendorf	tubes	and	processed	at	−80°C	for	later	assays.	
GDNF	 levels	 were	 determined	 using	 enzyme-	linked	 immuno-
sorbent	 assay	 kits	 (GDNF	 ELISA	Kit	 [human]:	 Cat#	 SEA043	Hu,	
Cloud-	Clone	 Corp)	 in	 strict	 compliance	with	 the	manufacturers'	
instructions.

The	distributions	of	GDNF	were	examined	using	histograms	and	
standardized for analysis using z-	scores.	A	prespecified	primary	clus-
ter	analysis	was	 then	performed	with	 the	GDNF	values	as	contin-
uous	variables	via	the	Ward	minimum	variance	hierarchical	cluster	
analysis	method	with	an	agglomerative	approach	and	Ward	linkage.	
K-	means	 cluster	 analysis	 was	 performed	 with	 the	 two	 distinctive	
clusters identified and also repeated with three and four clusters 
to assess the stability of clusters. Given the sample size, the final 
results	 identified	 two	 clusters	 within	 the	 PD	 group.	 We	 divided	
the	dataset	 (PD	group)	 into	two	clusters	 (PD-	high-	GDNF,	PD-	low-	
GDNF)	according	to	the	K-	means	analysis.20 There was stability for 
two clusters compared with other numbers of clusters.

2.3  |  Magnetic resonance imaging acquisition

All	participants	were	scanned	using	a	GE3.0	Tesla	(T)	MRI	scanner	
with	an	eight-	channel	head	coil	(GE	Medical	Systems,	Signa	HD)	at	

the	imaging	department	of	the	Affiliated	Hospital	of	Xuzhou	Medi-
cal	University.	Participants	were	asked	to	remain	motionless,	keep	
their eyes closed, not think of anything, and not fall asleep during 
the processing. The scanning protocol includes a resting state, 3DT1 
weighted	structure	imaging	(3DT1-	WI),	and	blood-	oxygen-	level	de-
pendent	(BOLD)	imaging.	(1)	T1WI:	repetition	time/	effective	echo	
time	 (TR/TE) = 6.964/2.996 ms,	 T1 = 2400 ms,	 flip	 angle = 12,	 the	
field	 of	 view	 (FOV) = 256 × 256 mm2,	 slice	 thickness = 1,	 1 mm	 iso-
tropic	voxel,	no	 interslice	gap;	192	slices.	 (2)	BOLD:	TR = 2000 ms;	
TE = 30 ms;	 FOV = 220 × 220 mm2;	 slice	 thickness = 3 mm;	 slice	
gap = 3.5 mm,	 36	 slices.	 voxel	 size = 3.5 × 3.5 × 3.5,	 flip	 angle = 90,	
matrix = 64 × 64,	186	volumes.

2.4  |  Preprocessing of MRI data

MRI	data	were	preprocessed	using	the	GRETNA	program	and	Statis-
tical	Parametric	Mapping,	version	12	(SPM12,	http://www.fil.ion.ucl.
ac.uk/spm),	and	the	Resting-	State	fMRI	Data	Analysis	Toolkit	(REST-
plus)	 (http://www.restf mri.net)	 running	 on	 the	MATLAB	 (R2013b,	
MathWorks)	platform	according	 to	 the	standard	procedure.	Struc-
tural	images	were	processed	using	voxel-	based	morphometry	analy-
sis. ①	Briefly,	 the	 first	 five	 time	points	 from	each	 subject's	 series	
were discarded due to the instability of the initial MR signals. ② This 
was	 followed	 by	 slice-	timing	 corrections	 and	③ realigning to the 
first volume for head motion correction. Data were excluded due 
to	 excessive	 head	motion	 (>3 mm	and	3°).	④ Next, the structural 
images were coregistered to the mean functional images after re-
alignment, ⑤ then normalized to the Montreal Neurological Insti-
tute	(MNI)	brain	space	template	(resampled	voxel	size	3 × 3 × 3 mm).	
⑥	All	images	were	smoothed	with	a	4 × 4 × 4 mm3	full-	width	at	half-	
maximum	 (FWHM)	 Gaussian	 kernel	 and	 were	 linearly	 detrended	
and ⑦	bandpass-	filtered	(0.01–	0.08 Hz)	to	enable	reduction	of	the	
high-	frequency	 respiratory	and	cardiac	noise.	⑧	Finally,	 the	white	
matter	signal,	cerebrospinal	fluid	signal,	and	Friston	6	head	motion	
parameters were regressed.

2.5  |  Voxel- wise degree centrality

We	used	a	seed-	based	approach	for	analysis.	Multiple	brain	regions	
were	selected	as	regions	of	interest	(ROIs)	for	target	seeds,	includ-
ing putamen, caudate, globus pallidus, medial frontal gyrus, inferior 
frontal gyrus, inferior temporal lobe gyrus, and inferior parietal lob-
ule. The above ROIs mainly used target areas to focus on the differ-
ence in degree centrality.

The	 degree	 centrality,	 a	 graph	 theory-	based	 approach,	 and	 a	
connectivity measure of a given node in the brain network with 
all	 other	 nodes	 were	 calculated	 using	 DPARSF	 (http://rfmri.org/
dparsf).	The	individual	Pearson's	correlation	coefficients	were	com-
puted	in	a	prior	probability	brain	gray	matter	mask	in	SPM8	between	
the	 time	course	of	 a	 given	voxel	 and	all	 other	whole-	brain	voxels	
within	the	template.	We	studied	each	voxel	of	Pearson's	correlation	

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://www.restfmri.net
http://rfmri.org/dparsf
http://rfmri.org/dparsf
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TA B L E  1 Demographic	characteristics	and	cognition	analysis	of	different	groups.

GROUP
Healthy 
control (V1)

PD- high- GDNF 
(V2)

PD- low- GDNF 
(V3) Statistic

Significance 
level (pa)

pb

V1:V2 V2:V3 V1:V3

Total no. of subjects 25 19 19 — — — — — 

Plasm	GDNF,	pg/mL

Mean,	SD 517.36(140.72) 395.50(78.77) 175.86(69.12) 56.515 0.000 0.002 0.000 0.000

95%CI 459.27,	575.45 357.53,	433.47 142.54,	209.17

Min, Max 126.05,	757.50 289.67,	575.15 111.10,	397.65

Gender

Male, N	(%) 12	(48.0) 11	(57.9) 7	(36.8) 1.690 0.429 0.515 0.194 0.459

Female,	N	(%) 13	(52.0) 8	(42.1) 12	(63.2)

Age

Mean,	SD 61.32	(5.528) 62.16	(9.714) 65.26	(4.458) 1.912 0.157 0.688 0.166 0.062

95%CI 59.04,	63.6 57.48,	66.84 63.11,	67.41

Min, Max 53,	76 45,	79 54,	73

Education

Mean,	SD 9	(2.872) 7.89	(3.348) 5.68	(4.083) 5.148 0.009* 0.292 0.051 0.002*

95%CI 7.81,	10.19 6.28,	9.51 3.72,	7.65

Min, Max 0,	15 0,	15 0, 12

High	blood	pressure	N	(%) 12	(48) 6	(31.6) 7	(36.8) 3.825 0.148 0.254 0.051 0.336

Diabetes N	(%) 7	(28) 6	(31.6) 6	(31.6) 0.092 0.955 0.797 1 0.797

Smoking	N	(%) 2	(8) 5	(26.3) 5	(26.3) 3.281 0.194 0.100 1 0.100

Alcohol	drinking(%) 6	(24) 3	(15.8) 9	(47.3) 5.067 0.079 0.504 0.036* 0.105

Disease duration, years — 3.421	(1.169) 5.657	(3.077) 55.074 0.000* 0.000* 0.021* 0.000*

Hoehn-	Yahr	(Modified)	Scale

Median	(IQR) — 1.5	(1,	2) 2	(1.5,	3) 2.121 0.034* — 0.034* — 

0 — 

1 — 7 2

1.5 — 3 3

2 — 6 3

2.5 — 1 3

3 — 2 5

4 — 1

5 — 

MoCA

Mean,	SD 27.08	(1.152) 19.95	(4.552) 17.21	(3.750) 52.934 0.000* 0.000* 0.013* 0.000*

95%CI 26.6,	27.56 17.75,	22.14 15.40,	19.02

Min, Max 25,	29 11,	27 10, 24

MMSE

Mean,	SD 28.80	(1.00) 24.26	(3.280) 21.21	(3.441) 44.764 0.000* 0.000* 0.001* 0.000*

95%CI 28.39,	29.21 22.68,	25.84 19.55,	22.87

Min, Max 27,	30 14, 29 13,	27

LEDD	(mg/d)

Median	(IQR) — 200	(200,	225) 250	(200,	300) 100.90 0.000* — 0.004* — 

Mean,	SD — 200,	70.71 263.16,	94.78

95%CI — 165.92,	234.08 217.47,	308.84

Min, Max — 0,	375 50,	500

Note:	Plasm	GDNF,	Age,	Education,	Disease	duration,	MoCA,	MMSE	are	represented	as	mean ± SD	unless	otherwise	specified.	Smoking,	Average	
number	of	cigarettes	per	day,	times	years.	A	number	over	200	is	considered	a	history	of	smoking.	Drinking	generally	refers	to	drinking	42°C	liquor,	
more than a bottle a week. “Bold” means p < 0.05	or	marginal	significance.
Abbreviations:	MMSE,	min-	mental	state	examination;	MoCA,	Montreal	cognitive	assessment;	Pa,	Between	groups,	Kruskal–	Wallis	H	test;	Pb,	Within	
groups;	Chi-	square,	Likelihood	Ratio,	and	Mann–	Whitney	U	test;	PD,	Parkinson's	disease.
*Means significant difference.
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coefficients	after	extracting	the	BOLD	time	course	(defined	as	cor-
relation coefficient r > 0.25)	in	the	entire	brain.	Then	the	binary	DC	
values	of	the	whole-	brain	network	were	obtained.	These	maps	were	
then	z-	transformed	 to	enable	group	comparisons	after	 all	 individ-
ual DC maps were spatially smoothed with a Gaussian smoothing 
kernel.	 DPABI	 4.0	 software	 (Matlab2013b)	 was	 used	 to	 calculate	
the DC value of the brain region of the differential clusters in this 
project.

2.6  |  Cortical thickness and graph theory 
analysis of structural covariation networks

According	 to	 the	 aparc	 template,	 the	 cortex	was	 divided	 into	68	
brain regions, and then the cortex thickness was calculated using 
freesurfer	 (http://surfer.nmr.mgh.harva	rd.edu/fswik	i/Corti	calPa	
rcell ation),	which	 has	 been	 used	widely	 to	 perform	 an	 automatic	
volumetric	 calculation.	 Freesurfer	 is	 an	 automated	 morphology	
program that identifies brain white matter and gray matter, gener-
ating a white/gray matter boundary. The cortical thickness of the 
cortical surface area of interest was calculated using the Euclid-
ean distance between the linked vertices of the inner and outer 
surfaces.

The two fundamental elements of the network are edges and 
nodes, where nodes represent the brain regions and edges depict 
the functional connectivity between two brain regions or nodes. 
Using	 the	 GRETNA	 toolbox,	 a	 68 × 68	 covariant	 functional	 net-
work matrix was constructed to compute a structural correlation 
network for three groups. Next, each network was binarized over 
sparsity	ranges	from	10%	to	40%	at	0.01	intervals.	A	maximum	of	
40%	 and	 a	minimum	 of	 10%	 sparsity	were	 determined	 based	 on	
the	small-	world	property	(sigma),	ensuring	that	the	sigma	values	for	
each	group	of	all	our	subjects	were	 just	above	1.1	 (sigma > 1.1).22 
When	the	sparsity	is	<10%,	the	sigma	value	will	drop	sharply,	and	
the sigma value cannot be guaranteed to be greater than 1.1. Based 
on	this,	we	used	10%–	40%	sparsity	 for	other	network	attributes.	
The	sparsity	ranging	from	10%	to	40%	improved	the	effect	of	neural	
network	topologies	in	our	study.	Finally,	we	compared	the	network	
topologies based on the theory analysis. The global topological 
metrics of the network analysis, including the clustering coefficient 
(Cp),	 characteristic	 pathlength	 (Lp),	 small-	worldness	 (a	 metric	 re-
flecting the degree of network economic optimization and tradi-
tionally	 characterized	by	Cp	and	Lp,	Sigma),	 and	global	efficiency	
(Eglob),	and	local	efficiency	(Eloc),	were	calculated.	Local	network	
graph metrics were calculated and compared among three groups, 
including betweenness, degree centrality, and local efficiency. The 
area	 under	 the	 curve	 (AUC)	 for	 each	 network	metric	 providing	 a	
summarized scalar for topological properties was calculated in this 
study.	A	regression	analysis	corrected	the	effects	of	age,	sex,	and	
education before nonparametric the 1000 permutation tests were 
undertaken.

2.7  |  Statistical analysis

The	demographic	and	clinical	data	were	compared	using	SPSS	22.0	
software,	and	the	Kolmogorov–	Smirnov	test	was	applied	to	assess	
data	 normality.	 Two-	tailed	 independent-	sample	 t-	tests	 and	 analy-
sis	 of	 variance	 (ANOVA)	 were	 used	 for	 the	 normally	 distributed	
variables.	Non-	normally	distributed	data	were	evaluated	using	 the	
Kruskal–	Wallis	H	 test.	The	Chi-	squared	 test	was	used	 to	compare	
the	sex	distribution	between	groups.	We	performed	the	correction	
of multiple comparisons using the Bonferroni correction method. 
The significance level was set as p < 0.05.

We	combined	DC	and	target	regions	of	interest	to	evaluate	spe-
cific	regional	differences	in	DC	among	the	HC,	PD-	high-	GDNF,	and	
PD-	low-	GDNF	groups.	The	DC	values	of	voxels	in	the	ROI	clusters	
were	 extracted	 using	 SPM8.	 First,	 the	 Kolmogorov–	Smirnov	 test	
was used to evaluate the typical distribution characteristics of the 
DC	values	of	clusters.	ANOVA	and	post	hoc	two-	sample	t-	tests	 in	
a	pairwise	manner	within	the	areas	identified	by	the	ANOVA	were	
used to identify the differential brain regions among the three 
groups.	 Pearson's	 correlation	 analysis	 estimated	 the	 associations	
between DC values of different brain cluster regions and neuropsy-
chological data. The area under the receiver operating characteristic 
curve	(AUROC)	and	the	Youden-	Index	(Sensitivity	+	specificity)	were	
used to report the threshold probabilities in the predictive values of 
the cognitive dysfunction status. The significance level was set at 
p < 0.05	(two-	tailed).	Cross-	validation	is,	in	this	case	with	small	data-
sets, a typical strategy for estimating the performance. To validate 
our	results,	we	performed	a	cross-	validation	analysis	in	R	software.	
In	the	10-	fold	cross-	validation	analysis,	the	sample	was	randomly	di-
vided into 10 batches. In each run, one batch was used as the testing 
data	 and	 the	 remaining	 nine	 as	 training	 data.	A	 generalized	 linear	
model was applied to each test dataset to obtain prediction accu-
racy. The process was repeated 10 times, with each of the 10 sam-
ples used once as the testing data. Then the testing dataset with the 
maximum accuracy was used to construct the final generalized linear 
model, and the remaining training dataset was used to calculate the 
prediction values of the model and draw the ROC curve.

A	nonparametric	permutation	 test	with	1000	permutations	was	
used to assess the difference between global graph metrics and local 
network metrics. In addition, linear regression models corrected the 
graph metrics and the cortical thickness values for age and sex effects. 
Pearson's	 correlation	 coefficient	was	 used	 to	 correlate	 significantly	
different regional cortical and total cognitive function scores, includ-
ing the subdomain of cognition, which was used to investigate the key 
cortical	 regions	 in	 the	cognitive	 function	of	PD.	The	ultimate	target	
was the core brain region with the most associated cognitive domain 
scores.	 Finally,	AUROC	analyses	were	performed	 to	 investigate	 the	
targeted	cortical	thickness	values	in	our	cohort's	mental	level.

Graphical	 and	 statistical	 analyses	were	 performed	using	MAT-
LAB	 (version	R2013b)	 and	 SPSS	 version	 22.0	 (SPSS	 Inc.,	 Chicago,	
IL,	USA).

http://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation
http://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation
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2.8  |  Study approval

The clinical study was performed following principles of the Decla-
ration	of	Helsinki.	All	 clinical	 samples	 collected	were	approved	by	
the	Ethics	Committee	of	the	Affiliated	Hospital	of	Xuzhou	Medical	
University.	 All	 patients	 provided	written	 informed	 consent	 before	
enrollment in the study.

3  |  RESULTS

3.1  |  Altered global properties of brain network

Based on the clustering analysis, we separated the participants 
into	healthy	controls,	PD-	high-	GDNF,	and	PD-	low-	GDNF.	All	 three	
groups	were	well-	matched.	All	participants'	demographic	and	clinical	
characteristics are shown in Table 1	 (The	data	 in	Table 1 have also 
been published in the journal Neural Regeneration Research.	We	used	
the	same	participants	for	the	imaging	study).	As	theoretical	graph	ap-
proaches have developed, alternative metrics based on brain network 
topology have received growing attention. Group differences were 
explored using the nonparametric permutation test.23 In the current 
covariant structural connection analysis, the correlation matrix of 
the	three	groups	was	obtained	by	constructing	the	68 × 68	Pearson	
correlation	coefficient	of	the	cerebral	cortex	(Figure 1).	The	correla-
tion matrix of each group was converted into a binary network ma-
trix	with	a	fixed	sparsity	threshold	of	10%–	40%.	The	graph	structure	
network was formed, and the topology properties of the network 
were	analyzed.	Over	the	sparsity	range	0.10–	0.40	(step	=0.01),	both	
the	PD-	high-	GDNF	and	PD-	low-	GDNF	groups	exhibited	reduced	Cp	
(p = 0.019)	and	 low-	efficiency	small-	world	 topology	 (sigma = gamma	
(Cp)/	 lambda	 (Lp);	p = 0.008)	 (Figure 2; Table 2).	The	Eglob	value	of	
the	PD-	low-	GDNF	group	was	decreased	compared	to	the	HC	group,	
although	 it	was	statistically	marginal	 significant	 (p = 0.06).	The	Eloc	
value	of	the	three	groups	was	no	different	(p = 0.380).	However,	PD-	
low-	GDNF	 showed	 increases	 in	 the	 characteristic	 path	 length	 and	

Eloc	at	the	partial	sparsity	range	in	the	network's	modularity.	Nota-
bly,	the	PD-	low-	GDNF	group	showed	low	global	efficiencies,	which	
indicates less efficient information transmission over a global net-
work.	It	also	implies	that	subjects	in	the	PD-	low-	GDNF	group	show	a	
poor ability to separate and integrate information.

3.2  |  There are disparities in the degree of 
centrality in the resting state between groups, and the 
correlation with cognitive performance is evident

The	voxel-	based	degree	centrality	analysis	on	pre-	defined	key	brain	
regions shows that two clusters of abnormalities were identified on 
the	brain	map	after	FDR	correction	(Table 3).	Cluster1	of	voxels	within	
the	 right	 cerebrum	 Frontal	 lobe	 Inferior	 Frontal	Gyrus	was	 altered,	
with	a	little	extension	to	the	gyrus	frontalis	mediums	(Brodmann	area	
46,	10,	BA)	(Figure 3A,B).	Compared	with	HC,	PD	individuals	showed	
significantly	enhanced	DC	in	cluster	1.	Notably,	PD	with	high	serum	
GDNF	showed	 increased	DC	for	cluster	1.	 In	contrast,	PD	with	 low	
GDNF	showed	a	remarkable	decrease	(Figure 3C).	Subsequently,	the	
correlation	analysis	between	the	PD	individual	DC	of	cluster1	and	the	
MMSE	(r = 0.408,	p = 0.025),	and	MoCA	(r = 0.359,	p = 0.051)	scores	re-
vealed	a	positive	correlation	(Figure 3D,E).	Cluster	2	was	observed	in	
the	 regions	mainly	 in	 the	Right	Cerebrum	Parietal	 Lobe	Postcentral	
Gyrus	(Brodmann	area	7,	5)	(Figure 4A,B).	Compared	to	HC,	the	PD-	
high-	GDNF	showed	no	change.	In	contrast,	PD-	low-	GDNF	showed	an	
increased	DC	in	cluster2	(Figure 4C).	Interestingly,	scatter	plots	of	the	
correlation between the DC of cluster2 and the cognition scores, other 
than	 cluster1,	 indicated	 a	marked	 negative	 correlation	with	MMSE	
(r = −0.380,	p = 0.005)	and	MoCA	(r = −0.326,	p = 0.014)	(Figure 4D,E).

3.3  |  Analysis of ROC of degree centrality values

Following	 the	 remarkable	 findings	of	 the	correlation	analysis,	we	
hypothesized that the DC discrepancies between clusters 1 and 2 

F I G U R E  1 Brain	inter-	regional	correlation	matrices	for	HC	(A)	and	PD	(B:	PD-	low-	GDNF,	C:	PD-	high-	GDNF)	groups.	The	matrix	(68 × 68)	
shows	the	Pearson	correlation	coefficient	between	any	two	nodes	of	the	network.	The	color	bar	represents	the	absolute	value	of	the	
Pearson	correlation	coefficient,	which	ranges	from	0	(blue)	to	1	(red).
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could	 be	 a	 possible	 diagnostic	 indicator	 in	 detecting	 PD	 and	 dif-
ferent	cognitive	statuses.	As	a	result,	the	receiver	operating	char-
acteristic	(ROC)	curve	approach	was	used	to	assess	the	DC	values	

in clusters 1 and 2. In the ROC analysis, the areas under the ROC 
curve	(AUC)	for	clusters	1	and	2	were	0.615	(95%	CI:	0.461,	0.769,	
p = 0.149),	and	0.676	(95%	CI:	0.533,	0.819,	p = 0.027),	respectively.	

F I G U R E  2 Changes	in	the	global	network	parameters	of	the	structural	covariance	network	as	a	function	of	network	sparsity.	
(A)	Clustering	coefficient,	Cp;	(B)	characteristic	Pathlength,	Lp;	(C)	small-	world	index,	sigma;	(D)	global	efficiency,	Eglob;	(E)	local	efficiency,	
(Eloc)in	healthy	controls	(HCs),	PD-	high-	GDNF,	and	PD-	low-	GDNF	patients.

TA B L E  2 Statistical	comparisons	of	the	global	graph	metrics	of	the	structural	covariance	network.

Global metrics of the structural 
networks

AUC

p value
HC vs 

PD- low- GDNF
HC vs pd- 
high- GDNF

PD- low- GDNF 
vs PD- high- GDNFHC

PD- low- 
GDNF

PD- high- 
GDNF

Cp, clustering coefficient 0.1607 0.1331 0.1374 0.019 0.009 0.014 0.861

Lp, shortest path length 0.5124 0.5793 0.5193 0.104 0.038 0.957 0.079

Eglob, global efficiency 0.1787 0.1617 0.1772 0.075 0.06 0.096 0.849

Eloc, local efficiency 0.2045 0.1957 0.2090 0.380 0.163 0.595 0.404

Gamma 0.4765 0.3287 0.4179 0.047 0.019 0.145 0.324

Lambda 0.3079 0.3095 0.3082 0.970 0.838 0.957 0.79

Sigma,	small	world 0.4618 0.3199 0.4028 0.008 <0.001 0.01 0.008

Note: “Bold” means p < 0.05	or	marginal	significance.

Items Brain regions MNI Location
Peak 
intensity Voxels

Cluster 1 Right	Cerebrum	Frontal	
Lobe	Inferior	Frontal	
Gyrus

45,	39,	12 BA	46,	10 12.3997 20

Cluster 2 Right	Cerebrum	Parietal	
Lobe	Postcentral	
Gyrus

24,	−51,	66 BA	5,	7 17.1576 27

Note:	Significant	thresholds	were	corrected	using	FDR	criterion	and	set	at	p < 0.01.
Abbreviations:	BA,	Brodmann's	area;	MNI,	Montreal	Neurological	Institute.

TA B L E  3 Regions	showing	significant	
differences in degree centrality among 
three groups.
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Next,	we	analyzed	the	correlation	between	GDNF,	DC	value,	and	
cognitive	assessment	score	(Figure S1).	 In	the	PD	group,	Cluster1	
DC	 was	 positively	 correlated	 with	 serum	 GDNF	 levels,	 and	 DC	

was positively correlated with cognitive score. In other words, the 
higher	the	serum	GDNF	in	PD,	the	higher	connectivity	of	cluster1	
and	the	better	the	cognition	status.	Similarly,	serum	GDNF	level	is	

F I G U R E  3 Brain	areas	showing	the	difference	in	the	degree	centrality	of	cluster	1	among	three	groups	and	their	correlations	with	clinical	
cognition	features	in	all	subjects.	(A)	Rendering	views	of	cluster	1	(B)	axial	slice	views.	Color	bars	indicate	F-	value.	The	coordinate	region	
is mainly in the frontal lobe of the right cerebrum. The DC cluster was performed at the threshold of p < 0.05,	and	corrected	for	multiple	
comparisons	via	the	false	discovery	rate	(FDR)	method.	(C)	The	degree	of	centrality	values	of	among-	group	differences	in	cluster1.	*p < 0.05;	
****p < 0.0001.	(D,	E)	The	DC	of	the	cluster	1	scatter	plot	in	all	subjects	and	correlations	with	MMSE	and	MoCA	scores	in	all	PD	subjects.
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negatively correlated with cluster2 DC, and DC is negatively cor-
related	with	cognition	in	PD	population	(Table S1).	In	other	words,	
the	higher	the	serum	GDNF	of	PD	patients,	the	lower	the	cluster2	
connectivity and the better the cognitive evaluation. Given the 

significant	correlation	characteristics	of	the	serum	GDNF	and	DC	
values	within	the	PD	group,	we	speculate	that	combined	detection	
can improve the accuracy of screening for the cognitive impairment 
of	 PD	 patients.	 Indeed,	 the	 AUC	 value	was	 0.956(95%CI:	 0.906,	

F I G U R E  4 Brain	areas	showing	the	difference	in	the	degree	centrality	of	cluster	2	among	three	groups	and	their	correlations	with	
clinical	cognition	features	in	all	subjects.	(A)	Rendering	views	of	cluster	2	(B)	axial	slice	views.	Color	bars	indicate	F-	value.	The	coordinate	
region is mainly in the parietal lobe of the right cerebrum. The DC cluster was performed at the threshold of p < 0.05,	and	corrected	for	
multiple	comparisons	via	the	false	discovery	rate	(FDR)	method.	(C)	The	degree	of	centrality	values	of	among-	groups	differences	in	cluster1.	
*p < 0.05;	****p < 0.0001,	ns,	non-	significant	difference.	(D,	E)	The	DC	of	the	cluster	2	scatter	plot	in	all	subjects	and	significant	correlations	
between	DC	and	cognitive	function	(MMSE,	MoCA)	in	PD	subjects.
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1.00, p = 0.000)	 after	 cluster1,	 cluster2,	 and	 serum	GDNF	mark-
ers	were	combined	(Figure 5A; Table 4),	a	significant	improvement	
over	the	AUC	results	obtained	for	a	single	indicator.	We	conducted	
a	cross-	validation	analysis	and	found	the	results	were	consistently	
significant in the validation tests, indicating the robustness of our 
findings.

Further	ROC	analysis	assessed	the	DC	values	as	the	severity	of	
cognitive	impairment	diagnostic	tool	for	Parkinson's	disease.	Based	
on	MMSE	scores,	the	PD	group	was	classified	into	mild	and	mod-
erate	cognition	impairment	groups.	When	these	two	groups	were	
compared,	 the	AUC	of	combination	 indicator	2	 (DC	of	clusters	1	
and	2,	 serum	GDNF,	duration,	 LEDD)	was	0.808	 (95%	CI:	 0.581,	
1.00, p = 0.032,	Youden's	 index = 56%),	but	the	 independent	 indi-
cators,	that	is,	3-	biomarker	combination	1	(DC	of	cluster	1	and	2,	
serum	GDNF),	could	not	identify	the	cognitive	status	(Figure 5B,C; 
Table 5).	Similarly,	3	biomarker	combination	failed	to	 identify	the	
mental level after the Moca assessment. The optimal diagnostic 
biomarker	 combination-		 2(DC	 of	 clusters	 1	 and	 2,	 serum	GDNF,	
duration,	LEDD)	proved	to	be	the	most	accurate	combination	assay	
for	the	detection	of	cognitive	status	(AUC = 0.795,	95%CI:	0.601,	
0.990, p = 0.015,	 Youden's	 index = 52.3%)	 (Table 6).	 Similarly,	 we	
cross-	validated	the	ROC	of	the	final	combined	variables,	and	the	
model was reliable.

3.4  |  Cortical thickness differences were mainly 
concentrated in the frontal and temporal lobes and 
correlated with the clinical cognition assessment

Cortical thickness was measured to reflect the cortical structural 
morphometry directly. The patterns of brain regions with differ-
ences in cortical thickness between three groups are shown in 
Figure 6A. Mean values of cortical thickness appear to be decreased 
in	 the	 left	Caudal	middle	 frontal	cortex,	 left	Fusiform,	 left	 inferior	
temporal,	 left	 Pars	 triangularis,	 left	 superior	 frontal,	 left	 superior	
temporal,	right	Fusiform,	right	middle	temporal,	and	right	Superior	
temporal	regions	in	the	PD	group	compared	to	HC	group.	More	spe-
cifically,	 the	PD-	low-	GDNF	group	has	 a	 reduced	 thickness	 among	
these	three	groups	(Figure 6B; Table 7).

We	then	undertook	a	correlation	analysis	between	cortical	thick-
ness	 and	 clinical	 cognition	 scores.	 The	 Person	 correlation	 results	
revealed that not all the different brain regions were significantly 
correlated	with	cognitive	scores	from	MMSE	or	MoCA.	Still,	only	six	
cortical areas were positively correlated with the cognitive results 
(Table 8).

Spearman	 correlation	 analysis	was	 performed	 to	 clarify	which	
cortex region was most closely relevant to a subdomain of cogni-
tion. The results showed that the thickness of the left caudal middle 

F I G U R E  5 Receiver	operating	characteristic	(ROC)	curves	of	degree	centrality	single	indicator	and	composite	index	obtained	when	
predicting	Parkinson's	disease	and	varying	degrees	of	cognitive	impairment	based	on	the	judgment	of	MMSE	and	MoCA.	(A)	Validation	of	
ROC	curves	for	Parkinson's	disease	diagnosis.	(B)	In	the	PD	subgroup,	validation	ROC	curves	for	moderate	cognition	impairment	are	based	
on	the	MMSE	score.	(C)	In	the	PD	subgroup,	validation	ROC	curves	for	mild	cognitive	impairment	are	based	on	the	MoCA	score.	Cluster	1:	
blue	line;	cluster	2:	green	line;	Combination	1	(brown	line):	DC	of	clusters	1	and	2,	serum	GDNF;	combination	2	(red	line):	duration,	LEDD,	
serum	GDNF,	and	DC	of	clusters	1	and	2.

TA B L E  4 The	results	of	ROC	analysis	for	judging	Parkinson	disease.

Variable AUC (95% CI)
Standard 
error

Optimal 
cut- off

Sensitivity 
(%)

Specificity 
(%)

Youden's index 
(%)

Asymptotic 
significance

Cluster 1 0.615	(0.461,	0.769) 0.079 0.2983 50.0 83.3 33.3 0.149

Cluster 2 0.676	(0.533,	0.819) 0.073 0.7857 50.0 87.5 37.5 0.027

Combination 1 0.956	(0.906,	1.000) 0.025 0.5358 93.3 87.5 80.8 0.000

Note: “Bold” means p < 0.05	or	marginal	significance.
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frontal was positively correlated with orientation, memory, atten-
tion,	and	executive	function	(Table 9).	Further,	there	was	a	marginal	
statistical difference in the Correlation with the naming function 
(p = 0.051).	In	addition,	the	superior	frontal,	superior	temporal,	and	
fusiform regions demonstrated significant correlations between cor-
tical	thickness	and	a	small	part	of	the	sub-	domain	scores	(Table 9).	
Within	the	six	regions,	the	left	caudal	middle	frontal	region	was	as-
sociated with multiple cognitive domains, which indicated that pa-
tients with a thicker cortex in the left caudal middle frontal region 
performed better in cognition behavior, especially in respect of ex-
ecutive function.

3.5  |  ROC analysis of left caudal middle frontal 
thickness for altered cognition levels

Considering the importance of the left middle frontal gyrus and its 
significant correlations with cognition, we used ROC analysis to eval-
uate whether the biomarker could be more sensitive in predicting 
the	disease	or	the	severity	of	cognition	 impairment	 in	Parkinson's.	
The	results	showed	that	the	AUC	was	0.745	(95%	CI:	0.586,	0.905)	
(Figure 7A),	with	a	specific	value	of	50%	and	a	sensitivity	of	100%	
in	discriminating	PD	patients	from	non-	PD	patients.	It	did	not,	how-
ever, predict the degree of cognition impairment using only the left 
caudal	middle	frontal	thickness.	Based	on	the	MMSE	assessment	cri-
teria	for	cognition,	the	AUC	increased	from	0.647	(left	caudal	middle	
frontal	thickness	only)	to	0.843	(left	caudal	middle	frontal	thickness	
variable	plus	GDNF)	and	0.902	(p = 0.030,	left	caudal	middle	frontal	
thickness	variable	plus	GDNF,	duration,	and	education)	(Figure 7B).	
Sensitivity	and	specificity	were	both	100%	and	70.6%,	respectively.	
Using	the	MoCA	assessment	criteria	for	cognition,	we	incorporated	
left	caudal	middle	frontal	thickness	and	serum	GDNF	duration	into	
a	multivariable	prediction	model,	and	the	AUC	rose	 from	0.719	to	
0.938	(p = 0.008)	(Figure 7C).	Sensitivity	and	specificity	increased	to	
100%	and	87.5%,	respectively.	Likewise,	the	ROC	model	of	the	final	

combined	variables	was	cross-	validated,	and	we	found	that	the	re-
sults were consistently significant in the validation tests, indicating 
the robustness of our models.

4  |  DISCUSSION

To the best of our knowledge, this is the first study to use fMRI scans 
to investigate the brain network topological properties and cortical 
thickness	in	Parkinson's	disease	patients	with	varying	GDNF	levels,	
and to discover that the observed aberrations in globe/regional net-
work properties, degree centrality, and thickness difference are re-
lated	to	serum	GDNF	and	cognition	status.

Algebraic	 topology	 has	 been	 applied	 to	 elucidate	 the	 function	
of neural systems.11 In our structural covariant network analysis 
based on voxels, we observed that the global statistics of the net-
work	show	a	change	in	small-	world	parameters	(Cp,	Lp,	γ, σ).	In	the	
PD-	low-	GDNF	group,	the	results	show	brain	networks	with	reduced	
levels	of	small-	worldness.	Cp	was	significantly	lower	than	in	the	HC	
group, and Lp was increased, which signifies insufficient informa-
tion /integration processing because of the decline in combining 
technical information from different brain regions or functional in-
tegration.24 The Eglob was also used to reflect the efficiency of data 
exchange.21	Eg	was	significantly	lower	than	in	the	HC	group	due	to	
its susceptibility to longer Lp, which suggests more difficult informa-
tion integration across the brain. Nodal metrics showed abnormal 
connection alterations in the inferior parietal lobule and transverse 
temporal gyrus, which suggests the two regions could be regarded 
as	sensitive	observation	areas	for	nodal	topological	attributes	in	PD	
patients	with	high/low	GDNF	levels.	In	relation	to	the	cognitive	per-
formance of the patients included in this study and their relationship 
between	GDNF	and	 cognition,	 it	 can	be	 concluded	 that	 the	 alter-
ations in brain topological attributes, especially in connectivity attri-
butes,	in	PD	with	low	serum	GDNF	may	be	related	to	the	occurrence	
of cognitive decline.

TA B L E  5 The	results	of	ROC	analysis	for	cognition	status	judged	by	MMSE	in	PD.

Variable AUC (95% CI)
Standard 
error

Optimal 
cut- off

Sensitivity 
(%)

Specificity 
(%)

Youden's 
index (%)

Asymptotic 
significance

Combination 1 0.760	(0.571,	0.949) 0.096 0.2202 80.0 76.0 56.0 0.071

Combination 2 0.808	(0.581,	1.000) 0.116 0.1705 80.0 76.0 56.0 0.032

Note:	Combination	1:	DC	of	clusters	1	and	2,	serum	GDNF.	Combination	2:	Duration,	LEDD,	serum	GDNF,	and	DC	of	clusters	1	and	2.	“Bold”	means	
p < 0.05	or	marginal	significance.

TA B L E  6 The	results	of	ROC	analysis	for	cognition	status	judged	by	MoCA	in	PD.

Variable AUC (95% CI)
Standard 
error

Optimal 
cut- off

Sensitivity 
(%)

Specificity 
(%)

Youden's 
index (%)

Asymptotic 
significance

Combination 1 0.580	(0.372,	0.788) 0.106 0.2082 100.0 36.4 36.4 0.511

Combination 2 0.795	(0.601,	0.990) 0.099 0.3398 75.0 77.3 52.3 0.015

Note:	Combination	1:	DC	of	clusters	1	and	2,	serum	GDNF.	Combination	2:	Duration,	LEDD,	serum	GDNF,	and	DC	of	clusters	1	and	2.	“Bold”	means	
p < 0.05	or	marginal	significance.
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The neural function operates at multiple scales, from individual 
cell connections to local anatomical areas and larger brain regions 
connected through neural pathways. Network connectome analysis 
allows us to measure cognitive processes in the brain. By examin-
ing changes in local properties, we can analyze the degree centrality 

of	a	specific	region	of	interest.	The	whole-	brain	network	centrality	
analysis	revealed	significantly	different	DC	in	our	groups'	BA	46,	10	
(cluster1)	and	BA	7,	5	(cluster2)	regions.	The	post	hoc	pairwise	study	
showed that cluster 1 exhibited significantly lower DC values in 
the	PD-	low-	GDNF	patients	than	in	the	HC	group,	while	there	were	

F I G U R E  6 Group	cortical	thickness	differences.	(A)	Cortical	structures,	where	statistically	significant	changes	are	marked	in	different	
colors	to	distinguish	each	cortical	region's	thickness.	Results	from	the	analysis	of	cortical	thickness	showing	cortical	thinning	in	PD	patients	
(PD-	high-	GDNF	and	PD-	low-	GDNF)	compared	with	healthy	controls	are	displayed	in	significantly	different	regions	of	a	standardized	brain	
(averaged	over	all	subjects).	In	particular,	the	cortical	thickness	of	the	nine	brain	areas	is	decreased	considerably	in	the	PD-	low-	GDNF	group.	
(B)	The	statistical	comparisons	were	analyzed,	and	the	nine	regions	listed	were	all	statistically	different	based	on	the	one-	way	ANOVA	
method, p < 0.05.
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higher	DC	values	in	the	PD-	high-	GDNF	group	than	in	the	HC	group.	
Interestingly, the cluster1 DC values of the participants and cogni-
tion	scores	presented	an	inverted	U-	shaped	relationship.	BA46	and	
BA10,	part	of	the	frontal	cortex,	roughly	correspond	with	the	dor-
solateral	prefrontal	cortex	(DLPFC).	Studies	have	shown	that	lesions	
in	the	DLPFC	contribute	to	delayed–	responses	in	tasks	with	spatial	
auditory cues.25

Additionally,	 some	 studies	 have	 demonstrated	 the	 critical	 role	
of	 the	DLPFC	 in	verbal	 and	nonverbal	 semantic	 cognition.26	After	
reviewing	the	cognitive	status,	we	found	that	PD-	high-	GDNF	sub-
jects tended to have mild cognitive impairment. In contrast, patients 
with	PD-	low-	GDNF	tended	to	have	moderate	cognitive	impairment.	
Therefore, we speculated that the DC value of cluster1 represented 
a slight increase in initial MCI patients and a severe decline with 
the aggravation of cognitive impairment. The increased DC seen in 
the	DLPFC	of	MCI	may	represent	a	compensatory	mechanism	that	
enables patients to perform generally according to their cognitive 
subdomain	testing.	Gigi	et	al.	also	confirmed	the	over-	activity	in	the	
DLPFC	of	MCI	with	average	semantic	memory	performance.27 Com-
paring	cognitive	subdomains	between	PD-	high-	GDNF	and	PD-	low-	
GDNF,	disturbances	in	language	and	executive	function	modulated	
by	 the	DLPFC	 in	 the	 semantic	network	on	working	memory	were	
found.26	 In	 one	quantitative	 electroencephalography	of	 PD	 study,	
it was also found that the electrical activity of the frontal lobe was 

abnormal,28	which	suggests	cortical	synaptic	 injury	or	 loss	 in	PFC.	
Through our analysis, we have more confidence in believing the role 
of the DC value of cluster1 in the modulation of the whole cognition 
level, specifically language and executive function. The findings in 
this study support the contention that frontal lobe damage is a com-
mon	pathology	in	PD	with	cognitive	dysfunction.29

Cluster	 2	was	 located	 in	 the	 right	 cerebrum	 parietal	 lobe	 (PL)	
postcentral	gyrus	(Brodmann's	area	7,	5).	BA	7	is	involved	in	finding	
objects in space and serves as a point of convergence between vi-
sion and proprioception to determine where things are in relation to 
parts of the body.30	BA5,	a	subdivision	of	the	parietal	lobe,	is	impli-
cated	in	humans'	sensorimotor	control	of	hand	movement.31 Under 
BA7	and	BA5's	extensive	connectivity,	these	regions	participate	in	
multiple cognitive processes, such as spatial attention and naviga-
tion,	 decision-	making,	 and	working	memory.32,33 In our study, the 
DC	 value	 of	 cluster2	 in	 PD	 patients	was	 increased,	 specifically	 in	
PD-	low-	GDNF	subjects.	The	value	was	negatively	 correlated	with	
the assessment of cognitive function. It represented an ‘excessive 
connection’	 in	 the	 parietal	 lobule	 in	 PD-	low-	GDNF	 patients	 with	
worse	cognitive	performance.	Given	the	cluster	1	decrease	 in	PD-	
low-	GDNF	patients,	we	speculated	that	the	functional	connectivity	
of	 the	frontal	 lobe	was	significantly	decompensated	 (the	PD-	high-	
GDNF	 group	 could	 be	 fully	 compensated),	 which	 was	 probably	
caused by the loss of structural synaptic connections.

TA B L E  7 Group	cortical	thickness	differences	and	comparison.

Thickness (mean ± SD)

F statistic p value

Multiple comparisons- LSD

HC
PD- high- 
GDNF

PD- low- 
GDNF

HC vs 
PD- high- 
GDNF

HC vs PD- 
low- GDNF

PD- low- 
GDNF vs PD- 
high- GDNF

Left Caudal middle 
frontal

2.50 ± 0.09 2.42 ± 0.09 2.35 ± 0.11 5.855 0.007 0.045 0.002 0.117

Pars	triangularis 2.42 ± 0.09 2.35 ± 0.07 2.3 ± 0.063 4.001 0.028 0.053 0.013 0.332

Superior	frontal 2.66 ± 0.10 2.60 ± 0.09 2.54 ± 0.05 3.978 0.028 0.133 0.009 0.140

Fusiform 2.86 ± 0.11 2.75 ± 0.10 2.74 ± 0.07 5.375 0.010 0.007 0.014 0.795

Inferior temporal 2.86 ± 0.14 2.76 ± 0.13 2.71 ± 0.15 3.347 0.047 0.059 0.027 0.475

Superior	temporal 2.70 ± 0.10 2.61 ± 0.12 2.57 ± 0.08 4.550 0.018 0.025 0.012 0.458

Right Fusiform 2.88 ± 0.12 2.80 ± 0.14 2.75 ± 0.11 3.664 0.037 0.055 0.019 0.376

Middle temporal 2.98 ± 0.12 2.89 ± 0.09 2.81 ± 0.08 6.620 0.004 0.046 0.001 0.072

Superior	temporal 2.83 ± 0.11 2.73 ± 0.12 2.66 ± 0.09 5.699 0.007 0.037 0.003 0.156

TA B L E  8 Person	Correlation	between	cognitive	function	score	and	cortical	thickness.

L_caudal 
middle frontal L_fusiform

L_inferior 
temporal

L_pars 
triangularis

L_superior 
frontal

L_superior 
temporal R_fusiform

R_
middle 
temporal

R_superior 
temporal

mmse r 0.250 0.191 0.129 0.248 0.166 0.240 0.260* 0.164 0.174

p 0.040 0.116 0.289 0.042 0.173 0.049 0.033 0.177 0.152

moca r 0.278 0.160 0.086 0.228 0.239 0.150 0.219 0.251 0.058

p 0.022 0.187 0.475 0.060 0.048 0.216 0.070 0.038 0.630

Note: L, Left hemisphere; R, Right hemisphere; r,	Pearson's	correlation	coefficient;	“Bold”	means	p < 0.05.



14 of 17  |     TANG et al.

In addition, with the decrease in the global network connectiv-
ity, the ectopic local module interconnection increases according 
to higher Eloc. Therefore, we hypothesized that increased connec-
tivity	(cluster2)	might	be	a	pathological	response	to	the	long-	range	
connectivity	deficit	due	to	short-	range	regional	module	compen-
sation.34 In other words, this phenomenon occurs when patients 
with poor executive function need to increase their abnormal 
regional connection to contend with cognition deficits. Critically, 
one study regarding attention deficits reported increased central-
ity	of	the	PL	in	attention-	deficit/hyperactivity	disorder	patients.35 
In	a	PD	patients	walking	 research,	 it	also	showed	that	 increased	
effective	connectivity	of	 the	parietal	 lobe	of	PD	patients	played	
a compensatory role.36	 Yet,	whether	 the	 IPL	exists	 as	 an	 abnor-
mal	 functional	 connection	 in	 PD-	low-	GDNF	 subjects	 remains	
unknown.	 One	 possibility	 is	 that	 an	 improperly	 connected	 IPL	
hub disrupts neural systems during task performance in real life, 
thereby causing impairments in executive functioning, including 
attention and working memory. These results suggested that the 
alterations	of	PFC	and	PL	might	be	involved	in	the	pathogenesis	in	
patients with cognitive dysfunction.

Serum	GDNF	has	been	regarded	as	the	main	factor	in	this	study.	
We	 combined	 DC	 values	 and	 other	 variables	 and	 confirmed	 the	
practical	utility	of	the	MMSE/	MoCA-	based	cognition	classifier.	The	
three factors will accurately predict whether or not a patient has 
PD.	Surprisingly,	we	further	found	that	three	elements	added	to	the	
duration and LED variables had a higher discriminative ability in clas-
sifying	the	cognitive	status	in	PD	groups,	which	implied	that	these	
factors might contribute substantially to the prediction of cognitive 
deterioration.	 The	 above	 prediction	 models	 were	 cross-	validated	
using the same dataset divided into two sets: training and testing. 
After	 the	 assessment,	 the	 model	 performance	 was	 proved	 to	 be	
robust.	We	established	an	ROC	model	to	classify	PD	and	cognitive	
status	employing	the	serum	GDNF	and	degree	centrality	of	frontal	
and parietal lobes that exhibited the performance of features that 
had an acceptable accuracy. The degree centrality combined with 
serum	GDNF	ROC	model	based	on	voxels	features	might	promote	
the	individualized	diagnosis	of	PD	and	cognition	dysfunction.

Brain	networks	are	fundamental	for	cognitive	function.	Previous	
research has indicated that functional properties can be exerted 
by brain regions without the need for direct physical or structural 
connections.	Furthermore,	dynamic	changes	in	functional	networks	
can lead to a reshaping of the physical structure of brain networks 
through	plasticity.	This	raises	the	question	of	how	changes	in	con-
nectivity	 at	 the	 biological	 or	 anatomical	 level.	 Specifically,	 can	
changes in the connectivity of regional structures be reflected at 
the	anatomical	level	through	the	plasticity	of	cortical	thickness?	We	
aim to investigate whether changes in the connectivity of the fron-
tal and parietal lobes correspond to changes in cortical thickness. 
Therefore, we further characterized cortical thickness to determine 
changes in the whole brain structure in our participants according 
to the above analysis regarding the degree of centrality difference. 
As	a	whole,	in	the	PD	group,	there	was	a	significant	thinning	of	the	
cortical thickness involving frontal and temporal regions. Our results TA
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are supported by previous studies that found a frontal and tempo-
ral	cortical	thickness	reduction	or	atrophy	in	PD	patients	with	mild	
cognitive impairment.37,38	Furthermore,	 correlation	analysis	of	 the	
cognitive results and cortical thickness subdomain showed that the 
left medial frontal gyrus thickness involves multiple cognitive func-
tions, including orientation, memory, attention, and execution. The 
middle frontal gyrus has been reported as the cortical focus for both 
the storage of semantic memory and the processing components of 
working memory in the human brain.39,40	BA46,	also	included	in	this	
area, is primarily involved in the sustained mnemonic response.39 
We	suggest	that	their	reduced	connectivity	and	decreased	thickness	
indicate a decline in cognition, particularly in respect of spatial loca-
tions, memory, and language.39,41

Additionally,	activation	in	the	left	middle	frontal	cortex	(L-	MFC)	
is	involved	in	a	task	that	requires	executive	attention.	The	thickness	
of	the	L-	MFC	has	shown	a	statistically	significant	positive	correlation	
with organizational attention performance.42 Indeed, other studies 
have	clarified	that	structural	deficits	in	the	MFC,	such	as	thickness	
reduction, could lead to multiple abnormalities in regulating emo-
tion	and	cognition	in	PD.43	Therefore,	L-	MFC	thickness	evaluation	is	
significant in respect of the judgment of disease and the severity of 
cognitive	impairment.	As	a	result,	we	propose	that	the	reduction	in	
L-	MFC	thickness	alone	could	be	a	marker	to	diagnose	PD.	Combining	
serum	GDNF	levels,	PD	duration,	and	education	levels	could	be	used	
to distinguish the degree of cognitive impairment.

The	current	study	has	some	limitations.	First,	the	numbers	of	pa-
tients	were	relatively	small.	However,	despite	the	small	sample	size,	
we were able to identify the brain network connectivity and cortical 
thickness alterations due to the minimum sample size we forecast 
at	 G-	power	 is	 guaranteed.	 Second,	 all	 PD	 participants	 undertook	
an	 fMRI	 scan	with	 no	 suspension	 of	 their	 daily	medication.	 Some	
studies have emphasized that in subjects in the dopamine medica-
tion “off” state, global and local efficiency are decreased in the brain 

network topology properties.44,45	A	broader	patient	sample	should	
be	used,	particularly	in	respect	of	drug-	naive	individuals.	However,	
medicine was examined as a covariable factor in our study. The asso-
ciation between treatment and alterations in imaging should also be 
focused on and explored in future research. Third, another limitation 
of	the	study	is	its	cross-	sectional	design.	According	to	our	findings,	
it is possible to assume a gradual decrease in cortical thickness, but 
given that the decrease in cortical thickness increases with the du-
ration	 and	 severity	 of	 the	 disease,	 this	 requires	 confirmation	 of	 a	
longitudinal	 sample.	Fourth,	 in	 the	absence	of	pathological	 confir-
mation	and	extra	follow-	up	datasets,	the	current	data	cannot	estab-
lish the pathological mechanism of early cognitive decline in brain 
abnormalities of some regions and cortical thickness. In the future, it 
is still necessary to verify the ROC classification model through mul-
tiple	datasets	and	establish	a	dynamic	relationship	between	GDNF	
levels and cognition status. Last, multiple algorithmic segmentation 
models are deserved to be investigated in the future to clarify the 
specificity and accuracy of different algorithms in revealing certain 
aspects of neuroimaging.

On	the	whole,	we	found	that	PD	patients	with	different	GDNF	
level not only have abnormal cerebral cortical morphological 
changes, but also have abnormal topological properties changes at 
the	 level	of	 large-	scale	structural	networks.	Besides,	cognitive	ab-
normalities	in	PD	were	associated	with	degree	centrality	and	cortical	
thickness alterations. These changes may be the potential patho-
physiological	mechanism	of	PD	clinical	manifestations.	It	has	certain	
guiding	significance	 for	PD	clinical	diagnosis,	 individual	 treatment,	
and	rehabilitation	exercise.	Combining	serum	GDNF	with	these	im-
aging	indicators	(such	as	the	degree	centrality	of	cluster1	and	clus-
ter2,	 and	 the	 cortical	 thickness	 of	 the	 left	 middle	 frontal	 cortex)	
may achieve higher sensitivity and specificity or be more accurate 
for disease or cognitive dysfunction diagnosis compared to a single 
indicator.	Although	our	results	need	confirmation	in	further	studies,	

F I G U R E  7 Receiver	operating	characteristic	(ROC)	curves	of	L_	caudal	middle	frontal	thickness	single	indicator	and	composite	index	
obtained	when	predicting	Parkinson's	disease	and	varying	degrees	of	cognitive	impairment	based	on	the	judgment	of	MMSE	and	MoCA.	
(A)	Validation	of	ROC	curves	for	Parkinson's	disease	diagnosis	according	to	L_	caudal	middle	frontal	thickness.	(B)	In	the	PD	subgroup,	
validation	ROC	curves	for	moderate	cognition	impairment	are	based	on	the	MMSE	score.	(C)	In	the	PD	subgroup,	validation	ROC	curves	
for	moderate	cognitive	impairment	are	based	on	the	MoCA	score.	L_	Caudal	middle	frontal	thickness:	blue	line;	L_	caudal	middle	frontal	
thickness	and	serum	GDNF:	green	line;	L_	caudal	middle	frontal	thickness,	serum	GDNF,	and	duration:	yellow	line;	L_	caudal	middle	frontal	
thickness,	serum	GDNF,	duration,	and	education:	red	line.
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they show that a simple algorithm combining age, education, as well 
as	serum	GDNF	and	imaging	parameters	can	classify	cognitive	sta-
tus, in the appropriate clinical context, clinicians and researchers can 
use the proposed method to evaluate the degree of cognition objec-
tively and calculate risk of cognitive decline for individuals with early 
Parkinson's	disease.
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