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Background. Oxidative stress has been implicated in the pathogenesis of many diseases, including Parkinson’s disease. Large protein
aggregates may be produced after the breakdown of the proteostasis network due to overt oxidative stress. Meanwhile, brain volume
loss and neuropsychiatric deficits are common comorbidities in Parkinson’s disease patients. In this study, we applied a mediation
model to determine the potential influences of oxidative stress-related plasma abnormal protein aggregate levels on brain volume
and neuropsychiatric consequences in Parkinson’s disease.Method. 31 patients with PD and 24 healthy controls participated in this
study. The PD patients were further grouped according to the presentation of cognitive decline or not. All participants received
complete examinations to determine plasma abnormal protein aggregates levels, brain volume, and neuropsychiatric
performance. The results were collected and analyzed in a single-level three-variable mediation model. Results. Patients with PD
cognitive decline exhibited higher plasma NfL levels, decreased regional brain volume, and poor neuropsychiatric subtest results
compared with PD patients with normal cognition, with several correlations among these clinical presentations. The mediation
model showed that the superior temporal gyrus completely mediated the effects of elevated plasma NfL levels due to the poor
psychiatric performance of picture completion and digit span. Conclusion. This study provides insight into the effects of
oxidative stress-related plasma abnormal protein aggregate levels on regional brain volume and neuropsychiatric consequences
in Parkinson’s disease patients.

1. Introduction

1.1. Oxidative Stress and Misfolding Protein. Oxidative stress
plays a significant role in the pathogenesis of many diseases,
including neurodegenerative diseases [1]. Previous studies
have suggested that the overproduction of reactive oxygen
species and nitrogen species derived from high NADPH oxi-

dase 2 activation could causing oxidative stress [2] and may
play complex roles in facilitating the disease development
[3]. In particular, evidence of increased lipid peroxidation
in the brain of Parkinson’s disease (PD) patients has also
been proposed [4]. The polyunsaturated fatty acids in the
brain, including docosahexaenoic acid and arachidonic acid,
are vulnerable to lipid peroxidation owing to the highly
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unsaturated bonds of their respective structures [5]. The chain
reactions of free radical-mediated injury caused by lipid per-
oxidation could irreversibly oxidize the proteins and influence
the proteostasis network [6]. Finally, the maintenance of pro-
teostasis may deteriorate in association with aging and
repeated oxidative stress attacks, and then, many large protein
aggregates, including neurofilament light chain, Aβ peptide,
T-tau, and α-synuclein, are produced and accumulation
threatens neurons and exacerbates neurodegeneration.

1.2. Advanced Technique for Plasma Misfolding Protein Level
Evaluation. Traditionally, body fluid biomarkers, including
cerebrospinal fluid (CSF), serum, or plasma, have been eval-
uated by immunoassay techniques. However, the accuracy of
the results may be affected owing to the manual protocols
involved, indicating the need for a more objective and precise
method. The immunomagnetic reduction-based immunoas-
say (IMR) was introduced, and the application was validated
to quantitatively measure the plasma Aβ peptide at ultralow
concentrations in Alzheimer’s disease patients [7]. Subse-
quently, the application of IMR for the measurement of
plasma tau and α-synuclein for the investigation of cognitive
impairment in PD patients was reported [8, 9]. More
recently, the discrimination of PD patients from normal con-
trols was performed via measuring the plasma neurofilament
light chain (NfL) by IMR [10]. Owing to the establishment of
IMR sensitivity for the measurement of blood plasma protein
aggregates, more precise results of these abnormal protein
aggregates in plasma could be determined, and possible cor-
relations with clinical data or potential pathophysiology
could be indicated in PD cognitive decline.

1.3. Vulnerable Regional Brain Volume Loss and Cognitive
Decline. Studies have reported alterations of both dopami-
nergic and nondopaminergic transmitter systems in the PD
brain with different degrees of cognitive impairment [11].
Vulnerable brain regions associated with different network
changes affect various types of cognitive decline in PD
patients, while different network connectivity changes result
in various types of cognitive impairment in PD patients
[12, 13]. Progressive cognitive decline in PD is associated
with altered function in multiple brain regions [14] and dis-
ruptions of dopamine-dependent transmitter systems cause
various brain network alterations in PD patients [15]. Fur-
thermore, a previous review study indicated cognitive deficits
associated with temporal lobe atrophy, further damaging the
networks associated with cognitive decline [16]. The results
of these previous studies led us to utilize the voxel-based
morphology (VBM) to bridge the possible relationship
between plasma abnormal protein aggregates levels and
cognitive deficits.

1.4. Mediations. Based on previous reports, the oxidative
stress microenvironment affecting neurons could result in
not only the generation of abnormal protein aggregates but
also deficits in the microstructure of the brain, and possibly
brain volume loss or neuron loss [1, 17]. Additionally, if vul-
nerable brain regions play important roles in cognitive func-
tion, poor performance in neuropsychiatric tasks could be

expected. These clues indicate the possibility of a causal rela-
tionship between alterations of plasma abnormal protein
aggregate levels, regional brain volume loss, and poor neuro-
psychiatric performance. We herein propose that compared
with normal controls or PD patients with normal cognition,
PD patients with cognitive decline exhibit elevated plasma
abnormal protein aggregate levels, lower regional brain vol-
umes, and reduced neuropsychiatric performance. We there-
fore applied a hypothesis-driven mediation model to
determine the possible interactions or casual relationships
among elevated plasma abnormal protein aggregate levels,
lower regional brain volume, and poor neuropsychiatric per-
formance involved in the cognitive decline of PD patients.

2. Methods

2.1. Participants. A total of 31 patients with no previous
underlying neurological or psychological/psychiatric dis-
eases, taking no neurological or psychotropic medication,
were enrolled at the Neurology Outpatient Department in
Kaohsiung Chang-Gung Memorial Hospital prospectively.
All patients were with no contraindications for receiving
magnetic resonance imaging (MRI) and wrote informed con-
sents prior to participation in this study. All patients diag-
nosed with Parkinson’s disease by experienced neurologists
according to the Parkinson’s Disease Society’s criteria [18]
in the “OFF” state by evaluating the Unified Parkinson Dis-
ease Rating Scale (UPDRS) [19], the Schwab and England
(S&E) scale, and modified Hoehn and Yahr staging (H&Y)
scale [20]. The UPDRS evaluates part I to IV, including the
aspects of mental dysfunction and mood, motor disability,
motor impairment, and treatment-related motor and non-
motor complications via clinical observation and interview.
The PD patients were further grouped into 2 subgroups
according to their cognitive status, including 13 PD with nor-
mal cognition (PDN) (7 males and 6 females; mean age:
60:62 ± 7:33 years), and 18 PD with cognitive dysfunction
(PDCD) (5 males and 13 females; mean age: 62:89 ± 6:04
years) patients, in accordance with the Movement Disorder
Society PD-MCI Task Force diagnostic criteria [21].

An additional 24 age- and gender-matched healthy sub-
jects with no medical history of neurological diseases, brain
trauma, psychiatric illnesses, or substance abuse were also
enrolled in the control group for comparison. The Local
Ethics Committee on Human Research of Kaohsiung Chang
Gung Memorial Hospital in Taiwan approves the protocols
of this study.

2.2. Neuro-Psychological Assessments. All patients received
the Wechsler Adult Intelligence Scale-III (WAIS-III) as the
neuropsychiatric survey, conducted by a clinical psychologist
blinded to the clinical status of each patient, including assess-
ments of attention, executive, speech and language, memory,
and visuospatial functions [22]. The digit span test was used
to evaluate attention function. The digit symbol coding, sim-
ilarity, arithmetic, picture arrangement, and matrix reason-
ing scores were used to evaluate the executive function. The
information subtest evaluates the memory function. The
vocabulary and comprehension scores assess the speech and

2 Oxidative Medicine and Cellular Longevity



language ability of patients, and the picture completion and
block design scores are recorded for visuospatial function
evaluation.

2.3. Plasma Biomarkers. The blood sampling in this study
was applied using a 10-ml K3-EDTA tube during the
period from 10 : 00AM to 2 : 00 PM. The centrifugation
was performed at 1500-2500 g for 15 minutes with a tem-
perature of 15-25°C by using a swing-out (bucket) rotor.
The supernatant from the blood tube was moved to
Eppendorf tubes by transferring every 0.5ml plasma
(supernatant) into a 1.5ml Eppendorf tube. All plasma
samples were frozen at -80°C within 3 hours after sam-
pling. The methodology is detailed in our previous studies
[9, 10, 23–25].

For α-synuclein, Aβ-40, and T-tau measurements, 40μl
plasma was mixed with 80μl reagent. For NfL and Aβ-42
measurement, 60μl plasma was mixed with 60μl reagent.
The IMR analyzer (XacPro-S) was used to detect IMR signals
to estimate the concentrations of biomarkers according to the
concentration-dependent IMR signal. All measurements
were applied in duplicate, and the averaged value of the
duplicated measurements was recorded as the detected con-
centration of the biomarker. The standard deviation of the
averaged value of the duplicated measurements was calcu-
lated and recorded as CV%. The results were accepted only
if the CV% was below 20% for all biomarkers. If the CV%
was higher than 20%, one more measurement was required
if the CV% was higher than 20% and two of the three mea-
surements showing CV% below 20% were recorded as the
concentration.

2.4. MR Image Acquisition and Data Analysis. The MRI scan
protocols and data processing are detailed in our previous
study [26]. A VBM analysis based on Diffeomorphic Ana-
tomical Registration Through Exponentiated Lie Algebra
(DARTEL) was used for preprocessing and subsequent
analyses of T1-weighted structure data. The approach
was analyzed using VBM8 toolbox (http://dbm.neuro.uni-
jena.de) with the Statistical Parametric Mapping software
program (SPM8, Wellcome Institute of Neurology, Univer-
sity College London, UK, http://www.fil.ion.ucl.ac.uk/spm/)
implemented in MATLAB R2010a (Mathworks, Natick,
MA).

2.5. Statistical Analysis

2.5.1. Analysis of Demographic Data, Plasma Abnormal
Protein Aggregate Levels, Regional Brain Volume, and
Neuropsychiatric Subtest Results. All demographic data were
compared among the groups using the univariate analysis
of variance test and reported as the mean ± standard
deviation. Analysis of covariance was used to analyze differ-
ences in plasma abnormal protein aggregate levels with the
subject’s age and gender as covariates. Analysis of covariance
was also used to analyze differences in neuropsychiatric sub-
test results with the participant’s age, gender, and education
as covariates. The statistical significance was set at p value <
.05. All statistical analyses were performed using the SPSS
software, version 17, for Windows (SPSS, Chicago, IL, USA).

2.5.2. Voxel-Wise Whole-Brain Gray Matter Volume
Comparison. To detect between-group gray matter volume
differences, a general linear model which was implemented
in SPM8 was used to compare modulated gray matter seg-
ments. The statistics are detailed in our previous study [26],
and the resultant statistical inferences were considered signif-
icant if the cluster level uncorrected p value was <.005, with a
cluster size of at least 100 voxels. The clusters with significant
group main effect were selected for further mediation
analysis.

2.5.3. Correlations among Plasma Abnormal Protein
Aggregate Levels, Brain Regional Volume, and
Neuropsychiatric Subtest Results. Partial correlation analysis
was performed to check the relationships among plasma
abnormal protein aggregate levels, brain regional volume,
and neuropsychiatric subtest results of the PD groups after
controlling for age, gender, and education to minimize the
potential influences.

2.5.4. Mediation Analysis. To investigate the possible relation-
ships among abnormal protein aggregate levels, brain regional
volume, and neuropsychiatric subtest results, a single-level
three-variable mediation model was used with applying the
PROCESS macro. An accelerated bias-corrected bootstrap test
of statistical significance was performed with 5000 bootstrap
samples for SPSS [27]. Mediation analysis is used to validate
if the direct effect of an independent variable on a dependent
variable can be explained by the indirect influence of themedi-
ating variable or not. The statistical significance threshold was
defined once the p value of the Sobel test was lower than 0.05
for all the relevant paths [28].

3. Results

3.1. Demographic Data of Participants and the Disease
Severity of PD Patients. The demographic data of the partic-
ipants are shown in Table 1. There were no significant differ-
ences among the normal control, PDN, and PDCD groups in
terms of age and gender distribution (age: p = :489 and gen-
der: p = :182). Inspecting the medication, the patient in the
PDCD group take medication at high levodopa equivalent
daily doses that the patient in the PDN group, because the
neurologists tend to provide more medication when a patient
showed a cognitive decline. The distribution of the scales in
UPDRS I, UPDRS II, UPDRS III, UPDRS 176, H&Y, and
S&E is all demonstrated. There was a borderline significant
difference in UPDRS II, which primarily involves the motor
experiences of daily living. All the patients denied a smoking
history. Otherwise, no significant differences were noted
among the other scales.

3.2. Between-Group Differences in Plasma Abnormal Protein
Aggregate Levels. The plasma abnormal protein aggregates
levels of the participants are listed in Table 1 and Figure 1.
Compared to normal controls, the two PD patient groups
had significantly increased plasma levels of NfL, T-Tau, and
α-synuclein but reduced levels of AB40. Of note, only the
PDCD group had a significantly increased plasma AB42 level
compared with the normal control group.
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The two PD patient groups demonstrated elevated
plasma NfL levels. More specifically, the PDN patients
showed a significantly higher NfL level than the normal
controls (mean ± standard deviation; 13:85 ± 5:18 vs. 8:23
± 4:15; p = :003). Furthermore, a significantly higher NfL
level was noted in the PDCD group, compared to both
the normal control (mean ± standard deviation; 18:92 ±
7:25 vs. 8:23 ± 4:15; p < 0:001) and the PDN group
(mean ± standard deviation; 18:92 ± 7:25 vs. 13:85 ± 5:18;
p = :048).

3.3. Between-Group Difference in Regional Gray Matter
Volume. The locations and spatial extents of anatomical

regions with significant differences in GMV between the
PDN and PDCD groups are presented in Table 2 and
Figure 2. Compared with PDN patients, PDCD patients
showed significantly smaller GMVs of the bilateral putamen,
right hippocampal complex, right cingulated gyrus, right
middle, and superior temporal gyrus.

3.4. Correlations among the Affected Brain Regions, Plasma
NfL Levels, and the WAIS Subtest Results. The summary of
the correlations with their R values is listed in Table 3.

3.4.1. Correlation between Affected Brain Regions and Plasma
NfL Levels. The plasma NfL level was negatively correlated

Table. 1: Demographic characteristics of PDN patients, PDCD patients, and control subjects.

Normal control PDN PDCD
p value

Total PDN vs. PDCD

Number 24 13 18

Gender (M : F) 6 : 18 7 : 6 5 : 13 0.182 0.131

Age 60:96 ± 5:10 60:62 ± 7:33 62:89 ± 6:04 0.489 0.302

Education (years) 12:25 ± 0:78 11:84 ± 1:07 8:16 ± 0:91 0.003∗ 0.012∗

UPDRS I 3:46 ± 3:46 3:35 ± 2:84 N/A 0.937

UPDRS II 11:31 ± 9:84 9:41 ± 5:50 N/A 0.045∗

UPDRS III 25:92 ± 20:85 22:29 ± 12:84 N/A 0.149

UPDRS 176 40:69 ± 33:24 35:06 ± 19:76 N/A 0.089

Modified Hoehn and Yahr staging 2:15 ± 1:09 1:82 ± 1:02 N/A 0.379

Schwab and England (S&E) scale 79:23 ± 17:06 78:82 ± 23:15 N/A 0.859

Levodopa equivalent daily doses (mg) 257:92 ± 286:40 472:28 ± 250:46 N/A 0.02

Plasma abnormal protein aggregates levels (pg/mL)

NfL 8:23 ± 4:15 13:85 ± 5:18 18:92 ± 7:25 <0.001∗ 0.048∗

T-tau 17:84 ± 9:44 30:88 ± 12:24 27:71 ± 2:20 0.001∗ 0.350

AB42 16:08 ± 4:58 17:20 ± 2:74 22:37 ± 1:64 0.035∗ 0.085

AB40 56:18 ± 13:75 39:23 ± 10:75 39:25 ± 2:91 <0.001∗ 0.083

Alpha Synuclein 0:07 ± 0:07 1:16 ± 1:03 1:85 ± 0:22 <0.001∗ 0.052

Wechsler Adult Intelligence Scale-III (WAIS-III)

Picture completion 10:20 ± 2:66 10:30 ± 2:21 7:38 ± 2:83 0.002∗ 0.035∗

Vocabulary 11:50 ± 2:76 12:15 ± 2:54 8:55 ± 2:25 <0.001∗ 0.005∗

Digit symbol-coding 11:54 ± 3:07 10:15 ± 3:53 6:23 ± 2:46 <0.001∗ 0.002∗

Similarities 10:16 ± 2:76 10:84 ± 2:03 7:44 ± 2:43 <0.001∗ 0.007∗

Block design 9:58 ± 2:99 9:61 ± 2:66 6:16 ± 2:59 <0.001∗ 0.016∗

Arithmetics 11:46 ± 0:48 10:92 ± 0:63 7:22 ± 0:57 <0.001∗ <0.001∗

Matrix reasoning 9:39 ± 0:64 11:01 ± 0:85 7:74 ± 0:76 0.006∗ 0.008∗

Digitspan 11:34 ± 0:53 11:59 ± 0:71 7:83 ± 0:63 <0.001∗ <0.001∗

Information 10:46 ± 0:36 10:04 ± 0:48 9:06 ± 0:43 <0.001∗ 0.147

Picture arrangement 10:14 ± 0:64 10:08 ± 0:86 8:49 ± 0:84 0.007∗ 0.203

Comprehension 11:75 ± 0:50 11:60 ± 0:67 8:72 ± 0:66 <0.001∗ 0.005∗

Letter-number sequencing 10:37 ± 0:61 11:47 ± 0:84 8:26 ± 0:80 0.037∗ 0.010∗

Age and gender data were compared by ANOVA test. Misfolding protein biomarkers were compared by analysis of covariance (ANCOVA) after controlling for
age and gender.Wechsler Adult Intelligence Scale-IV was compared by analysis of covariance (ANCOVA) after controlling for age, gender, and education. Data
are presented as mean ± standard deviation. ∗p < :05.
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with the GMV in the right superior temporal gyrus
(r = −0:462, p = 0:012).

3.4.2. Correlation between Affected Brain Regions and the
WAIS Subtest Results. The GMV in the left putamen (-32,
-12, -11) correlated with the subtest results of Vocabulary,
Arithmetics, Matrix reasoning, Digit span, and Letter-
number sequencing. The GMV in the right hippocampal
complex (14, -7, -26) correlated with the subtest results of
Vocabulary, Similarity, Arithmetics, Matrix reasoning, Digit
span, Comprehension, and Letter-number sequencing. The
GMV in the right putamen (27, 12, 3) correlated with the
subtest results of Matrix reasoning, Digit span, and Letter-
number sequencing. The GMV in the right superior tempo-
ral gyrus (57, -12, 16) correlated with the subtest results of
Picture completion, Vocabulary, Digit symbol-coding,
Matrix reasoning, and Digit span. The GMV in the right cin-
gulate gyrus (12, -25, 43) correlated with the subtest results of
Vocabulary, Similarity, Block design, Matrix reasoning, Digit
span, and Letter-number sequencing. The GMV in the right
middle temporal gyrus (50, 12, -38) correlated with the sub-
test results of Matrix reasoning, Digit span, and Letter-
number sequencing.

3.5. Mediation Analysis for Plasma NfL Level, Certain
Affected Brain Region Volumes, and Neuropsychiatric
Performance. The primary hypothesis of this analysis was to
determine whether the effect of plasma abnormal protein
aggregates levels, such as plasma NfL level (independent var-
iable) on neuropsychiatric performance (dependent variable)
was explainable directly or indirectly by certain affected brain
region volumes (mediator) with a significant group main
effect. The path model jointly tested three effects of interest,
which are required if the certain affected brain region volume
links the plasma abnormal protein aggregates level with the
neuropsychiatric performance: (a) the effect of the indepen-
dent variable (plasma NfL level) on the mediator (the certain
affected brain region volume) (indirect effect, path a), (b) the
effect of the mediator on the dependent variable (the neuro-
psychiatric performance) by controlling the effect of the cer-

tain affected brain region volume (indirect effect, path b), and
(c) the mediation effect a∗b which is defined as the reduction
of the relationship between the independent and dependent
variables (plasma NfL level—the neuropsychiatric perfor-
mance) (total relationship, path c) by including the mediator
into the model (direct path, path c′).

For simplicity, we report a full list of results from the
present study that fulfill the three criteria cited previously.
Consequently, the mediation statistics were performed
only for the plasma NfL level, the right superior temporal
gyrus volume, and neuropsychiatric subtest, results that
passed the partial correlation. The mediation relationship
models for picture completion and digit span were signif-
icant (p = 0:047 and p = 0:038 in the Sobel test, respec-
tively) after controlling for age, gender, and education
(Figure 3). The two models verifying the poorer neuropsy-
chiatric performances in picture completion and digit span
were caused by the vulnerable brain region loss damaged
by the elevated plasma NfL level via a full mediation
effect.

4. Discussion

4.1. Summary. Consistent with previous studies and our
hypothesis, the PDCD group exhibited higher plasma NfL
levels, decreased regional brain volume, and poorer neuro-
psychiatric subtest results compared with the PDN group.
Most of the correlations between these clinical presentations
showed significance. The full mediation models among
plasma NfL level (independent variable), vulnerable regional
brain volume (mediator), and the psychiatric subtest results
of picture completion and digit span (dependent variable)
were revealed. These results indicate that the vulnerable
regional brain volume may be a full mediator in the relation-
ship between plasma abnormal protein aggregate levels and
poor psychiatric subtest results in PD patients.

4.2. The Origin of Plasma Abnormal Protein Aggregate Levels
and Its Source and Influence. Oxidative stress could cause the
vulnerable proteostasis network to malfunction, while aging
could exacerbate the situation [6]. Once the systemic balance
is broken down, the aggregation of abnormal protein frag-
ments accelerates and may be distributed throughout the
body, including in blood plasma. Consistent with this, our
results demonstrate that plasma abnormal protein aggregate
levels can be precisely detected by IMR. It has been reported
that higher oxidative stress biomarkers in PD patients are
associated with brain microstructure damage and even auto-
nomic dysfunction [17]. The results herein demonstrate that
PD patients have higher plasma abnormal protein aggregate
levels than normal controls; in addition, PD patients exhibit
regional brain atrophy and poor neuropsychiatric scores.
The multiple correlations among plasma abnormal protein
aggregates, regional brain atrophy, and poor neuropsychiat-
ric performance identified in this study indicate that they
are tightly linked, suggesting not only the oxidative stress sta-
tus of PD patients but also an increased risk of comorbidity
or disability.
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Figure 1: The plasma abnormal protein aggregate levels (pg/mL) of
the participants showed that the two PD patient groups had
significantly increased plasma levels of NfL, T-Tau, and α-
synuclein but reduced levels of AB40 compared to normal
controls. Furthermore, a significantly higher NfL level was noted
in the PDCD group, as compared to both the normal control and
the PDN group. ∗p < :05, ∗∗p < :001.
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4.3. Correlation of Vulnerable Regional Brain Volume with
Plasma Abnormal Protein Aggregate Levels and Psychiatric
Subtest Results. This study demonstrates the correlation of
the right superior temporal gyrus volume with poor picture
completion performance in PD patients. Picture completion
ability is associated with visuospatial function, while spatial
awareness and spatial neglect associated with the superior
temporal gyrus have been shown by studying patients with
pure spatial neglect and right brain damage [29]. The supe-
rior temporal gyrus is a convergent site of the “what” and
“where” aspects of vision, acting as a higher-order area that
integrates polymodal sensory inputs. There are multiple con-
nections between the superior temporal gyrus and bilateral
frontal lobe regions which affect the planning of purposeful
eye and limb movements [30]. This may explain why correla-
tions would exist between the superior temporal gyrus and
neuropsychiatric performance, including picture completion,
vocabulary, digit symbol encoding, matric reasoning, and
digit span. The mediation model of this study indicates not
only the picture completion ability of the visuospatial func-
tion but also the digit span of the attention function. Taken
together, these findings reinforce the key role of the superior
temporal gyrus in attention and visuospatial functions.

4.4. The Possible Pathophysiology of the Mediation Model.
Beyond these associations demonstrated in this study, the
establishment of mediation models could provide further sta-
tistical evidence to verify and further elucidate the causal
relationship [27]. According to our results, a possible patho-
physiology might be concluded.

First, as a process of oxidative stress [1], axonal injury,
and neuron death in patients with PD, the release of NfL into
the surrounding extracellular fluid may reflect the initial
damage to the brain microstructure [31]. Subsequently, the
released NfL into the microenvironment could lead to ongo-
ing neurodegeneration and neuro-axonal loss in later stages
of PD, resulting in brain atrophy [32].

Second, mounting evidence indicates that CSF or plasma
NfL levels correlate with brain volume, white matter integrity,
or even white matter hyperintensity lesions [31, 33, 34].
Among the whole brain regions, NfL levels could be an inde-
pendent predictor for hippocampal atrophy [35]. Consistent
with previous studies, our results indicate that higher plasma
NfL levels correlate with decreased volumes of the hippocam-
pal complex, superior and middle temporal gyri, cingulate,
and putamen nuclei in PD patients. Among these regions,
interactions between the hippocampal complex and the tem-
poral lobe are of particular interest. Physiologically, it has been
proposed that the potential molecular mechanism involved in
the hippocampus and temporal cortex is based on proteomics
and potentially linked to cognitive status or disorder [36].

Third, from a pathophysiological point of view, oxidative
stress could contribute to mesial temporal degeneration [37]
and the superior temporal gyrus correlated with the cognitive
performance [38]. Our study demonstrates that the volume
of the superior temporal gyrus is associated with cognitive
performance. More specifically, the vulnerable brain regions
affected by oxidative stress experience neuron loss and a ten-
dency to a status of malfunction to dysfunction, thus result-
ing in poor neuropsychiatric performance.

Table 2: Regions showing gray matter volume differences between PD patients with normal cognition (PDN) and cognitive decline (PDCD).

MNI atlas coordinates
Voxel size Gray matter BA

GMV (mm3)
tmaxX Y Z PDN PDCD

-32 -12 -11 753 Putamen, L — 0:610 ± 0:12 0:483 ± 0:10 4.18

14 -7 -26 108 Hippocampal complex, R 34 0:671 ± 0:12 0:581 ± 0:09 3.56

27 12 3 388 Putamen, R — 0:721 ± 0:17 0:545 ± 0:15 3.47

57 -12 16 187 Superior temporal gyrus, R 41 0:642 ± 0:16 0:480 ± 0:12 3.43

12 -25 43 178 Cingulate gyrus, R 31 0:856 ± 0:06 0:752 ± 0:11 3.2

50 12 -38 187 Middle temporal gyrus, R 38 0:832 ± 0:11 0:651 ± 0:19 3.16

Abbreviations: MNI: Montreal Neurological Institute; BA: Brodmann area; GMV: gray matter volume; R: right side; L: left side. The statistical criteria were set at
joint voxel height uncorrected p < :005 and voxel size >100.

Rt. Lt.

4.542 3

T score

Z = –38 –26 –8 4 16 44

PutamenHippocampal complex
Cingulate

gyrus

Sup. temporal
gyrus

Mid. temporal
gyrus

Figure 2: The locations and spatial extents of anatomical regions with significant differences in GMV between the PDN and PDCD groups
included bilateral putamen, right hippocampal complex, cingulated gyrus, right superior, and middle temporal gyri.
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Finally, as a result of passing the Sobel test in the full-
mediation model, it has been suggested that vulnerable
regional brain volumes may act as a full mediator in the rela-
tionship between plasma abnormal protein aggregate levels
and poor psychiatric subtest results in PD patients. There-
fore, there would be no direct correlation between plasma
abnormal protein aggregate levels and poor psychiatric sub-
test results if the effects of the vulnerable regional brain vol-
umes were removed. The mediation model investigated in
this study indicates that elevated plasma NfL levels caused
by oxidative stress and neuro-axonal loss could exacerbate
multiple regional brain atrophy and further affect cognitive
performance.

5. Limitations

Although this study presents a considerable body of evi-
dence, the interpretation of these results should be
approached with caution. First, oxidative stress is one cause
of plasma abnormal protein aggregate formation; however,
there are also influences affecting plasma abnormal protein
aggregate levels. Further studies with more oxidative stress
biomarkers, like NADPH oxidase 2, hydrogen peroxide,
and 8-iso-PGF2α, could be conducted to provide more direct
evidence of possible pathophysiology. Second, the WAIS-III
subtests were used to represent the domains of neuropsychi-
atric status of PD patients, although this is not the only way
to assess cognitive decline in PD patients. Conducting a
future study with more neuropsychiatric examinations or
specific PD-oriented neuropsychiatric tests could provide
more insight. Third, the details related to pathophysiology
are extremely complicated, involving temporal relationships
and the influence of disease progression, especially given
the relatively small sample size of this study. The results of
this study provide us with insight into a possible pathophys-
iology, but not the sole pathogenesis of PD cognitive decline.
Finally, unlike a de nova or longitudinal study, confounding

factors such as medication, physical status, or comorbidities
that may influence the cognitive performance of PD patients
cannot be totally ruled out in an observational study.

6. Conclusion

This study demonstrates the association between poor neu-
ropsychiatric subtest results, higher plasma abnormal protein
aggregate levels, and decreased regional brain volume in PD
patients. Our mediation model indicates the possible patho-
physiological importance of vulnerable regional brain vol-
umes in the coexistence of plasma abnormal protein
aggregates and poor neuropsychiatric subtest performance.
This offers valuable insight into the intricate relationship
between poor neuropsychiatric subtest performance, elevated
plasma abnormal protein aggregate levels, and decreased
regional brain volume in PD patients to further clarify the
pathogenesis of PD cognitive decline.

Data Availability

The data that support the findings of this study are available
on request from the corresponding author, Meng-Hsiang
Chen. The data are not publicly available due to their con-
taining information that could compromise the privacy of
research participants.

Conflicts of Interest

The authors declare no conflict of interest concerning the
research related to the manuscript.

Acknowledgments

We thankMrs. Yi-Wen Chen andMrs. Yi-HuiWu for taking
responsibility for the integrity of the data and the accuracy of
the data analysis. This work was supported by funds from the

VBM: superior
temporal gyrus

Path (a)

Plasm NfL level

p = 0.047 in sobel test after controlling age, gender, and education

WAIS-III:
picture completion

Path (b)
p = 0.003

p = 0.012

p(c) = 0.201

p(c’) = 0.902

(a)

VBM: superior
temporal gyrus

Path (a)

Plasm NfL level

p = 0.038 in sobel test after controlling age, gender, and education

WAIS-III:
digit span

Path (b)

1
23

p = 0.019
p = 0.012

p(c) = 0.207

p(c’) = 0.794

(b)

Figure 3: The statistics for mediation models were performed only for the plasma NfL level, the right superior temporal gyrus volume, and
the neuropsychiatric subtest results that pass the partial correlation. The mediation relationship models for the plasma NfL level, the right
superior temporal gyrus volume, (a) picture completion, and (b) digit span after controlling for age, gender, and education. The two
models verifying the poorer neuropsychiatric performances in picture completion and digit span were caused by the vulnerable brain
regions loss damaged by the elevated plasma NfL level via a full mediation effect.

8 Oxidative Medicine and Cellular Longevity



National Science Council (CMRPG8K0221 and
CORPG8L0191 to Wei-Che Lin), MOST (108-2314-B-
182A-017 to Meng-Hsiang Chen), and Chang Gung Memo-
rial Hospital (CORPG8K0221 and CMRPG8E0621 to Meng-
Hsiang Chen).

References

[1] A. Hohn, A. Tramutola, and R. Cascella, “Proteostasis failure
in neurodegenerative diseases: focus on oxidative stress,” Oxi-
dative Medicine and Cellular Longevity, vol. 2020, Article ID
5497046, 21 pages, 2020.

[2] L. Loffredo, E. Ettorre, A. M. Zicari et al., “Oxidative stress and
gut-derived lipopolysaccharides in neurodegenerative disease:
role of NOX2,” Oxidative Medicine and Cellular Longevity,
vol. 2020, Article ID 8630275, 7 pages, 2020.

[3] J. N. Cobley, M. L. Fiorello, and D. M. Bailey, “13 reasons why
the brain is susceptible to oxidative stress,” Redox Biology,
vol. 15, pp. 490–503, 2018.

[4] D. A. Butterfield, T. Reed, M. Perluigi et al., “Elevated protein-
bound levels of the lipid peroxidation product, 4-hydroxy-2-
nonenal, in brain from persons with mild cognitive impair-
ment,” Neuroscience Letters, vol. 397, no. 3, pp. 170–173, 2006.

[5] T. J. Montine, M. D. Neely, J. F. Quinn et al., “Lipid peroxida-
tion in aging brain and Alzheimer's disease1, 2,” Free Radical
Biology & Medicine, vol. 33, no. 5, pp. 620–626, 2002.

[6] A. Tramutola, C. Lanzillotta, M. Perluigi, and D. A. Butterfield,
“Oxidative stress, protein modification and Alzheimer dis-
ease,” Brain Research Bulletin, vol. 133, pp. 88–96, 2017.

[7] C. C. Yang, S. Y. Yang, J. J. Chieh et al., “Biofunctionalized
magnetic nanoparticles for specifically detecting biomarkers
of Alzheimer’s disease in vitro,” ACS Chemical Neuroscience,
vol. 2, no. 9, pp. 500–505, 2011.

[8] M. J. Chiu, Y. F. Chen, T. F. Chen et al., “Plasma tau as a win-
dow to the brain-negative associations with brain volume and
memory function in mild cognitive impairment and early Alz-
heimer’s disease,” Human Brain Mapping, vol. 35, no. 7,
pp. 3132–3142, 2014.

[9] C. H. Lin, S. Y. Yang, H. E. Horng et al., “Plasma α-synuclein
predicts cognitive decline in Parkinson’s disease,” Journal of
Neurology, Neurosurgery, and Psychiatry, vol. 88, no. 10,
pp. 818–824, 2017.

[10] W. C. Lin, C. H. Lu, P. Y. Chiu, and S. Y. Yang, “Plasma total
alpha-synuclein and neurofilament light chain: clinical valida-
tion for discriminating Parkinson’s disease from normal con-
trol,” Dementia and Geriatric Cognitive Disorders, vol. 49,
no. 4, pp. 401–409, 2021.

[11] J. Gratwicke, M. Jahanshahi, and T. Foltynie, “Parkinson’s dis-
ease dementia: a neural networks perspective,” Brain : a jour-
nal of neurology, vol. 138, no. 6, pp. 1454–1476, 2015.

[12] D. Putcha, R. S. Ross, A. Cronin-Golomb, A. C. Janes, and
C. E. Stern, “Altered intrinsic functional coupling between
core neurocognitive networks in Parkinson's disease,” Neuro-
Image Clinical, vol. 7, pp. 449–455, 2015.

[13] H. C. Baggio, B. Segura, R. Sala-Llonch et al., “Cognitive
impairment and resting-state network connectivity in Parkin-
son’s disease,” Human Brain Mapping, vol. 36, no. 1, pp. 199–
212, 2015.

[14] R. Lopes, C. Delmaire, L. Defebvre et al., “Cognitive pheno-
types in parkinson’s disease differ in terms of brain-network

organization and connectivity,” Human Brain Mapping,
vol. 38, no. 3, pp. 1604–1621, 2017.

[15] H. C. Baggio, B. Segura, and C. Junque, “Resting-state func-
tional brain networks in Parkinson’s disease,” CNS Neurosci-
ence & Therapeutics, vol. 21, no. 10, pp. 793–801, 2015.

[16] H. Jahn, “Memory loss in Alzheimer’s disease,” Dialogues in
Clinical Neuroscience, vol. 15, no. 4, pp. 445–454, 2013.

[17] M. H. Chen, P. C. Chen, C. H. Lu et al., “Plasma DNAmediate
autonomic dysfunctions and white matter injuries in patients
with Parkinson’s disease,” Oxidative Medicine and Cellular
Longevity, vol. 2017, Article ID 7371403, 10 pages, 2017.

[18] A. J. Hughes, S. E. Daniel, L. Kilford, and A. J. Lees, “Accu-
racy of clinical diagnosis of idiopathic Parkinson’s disease: a
clinico-pathological study of 100 cases,” Journal of Neurol-
ogy, Neurosurgery, and Psychiatry, vol. 55, no. 3, pp. 181–
184, 1992.

[19] T. Gasser, S. Bressman, A. Durr, J. Higgins, T. Klockgether,
and R. H. Myers, “State of the art review: molecular diagnosis
of inherited movement disorders. Movement Disorders Soci-
ety task force on molecular diagnosis,” Movement disorders :
official journal of the Movement Disorder Society, vol. 18,
no. 1, pp. 3–18, 2003.

[20] C. G. Goetz, W. Poewe, O. Rascol et al., “Movement Disorder
Society Task Force report on the Hoehn and Yahr staging
scale: status and recommendations,”Movement disorders : offi-
cial journal of the Movement Disorder Society, vol. 19, no. 9,
pp. 1020–1028, 2004.

[21] I. Litvan, J. G. Goldman, A. I. Tröster et al., “Diagnostic criteria
for mild cognitive impairment in Parkinson’s disease: Move-
ment Disorder Society Task Force guidelines,” Movement dis-
orders : official journal of the Movement Disorder Society,
vol. 27, no. 3, pp. 349–356, 2012.

[22] Y. S. Chen, M. H. Chen, C. H. Lu et al., “Associations among
cognitive functions, plasma DNA, and white matter integrity
in patients with early-onset Parkinson’s disease,” Frontiers in
Neuroscience, vol. 11, p. 9, 2017.

[23] S. Y. Yang, M. J. Chiu, C. H. Lin et al., “Development of an
ultra-high sensitive immunoassay with plasma biomarker for
differentiating Parkinson disease dementia from Parkinson
disease using antibody functionalized magnetic nanoparti-
cles,” Journal of Nanobiotechnology, vol. 14, no. 1, p. 41, 2016.

[24] S. Y. Yang, M. J. Chiu, T. F. Chen et al., “Analytical perfor-
mance of reagent for assaying tau protein in human plasma
and feasibility study screening neurodegenerative diseases,”
Scientific Reports, vol. 7, no. 1, p. 9304, 2017.

[25] C. C. Yang, M. J. Chiu, T. F. Chen, H. L. Chang, B. H. Liu, and
S. Y. Yang, “Assay of plasma phosphorylated tau protein (thre-
onine 181) and total tau protein in early-stage Alzheimer’s dis-
ease,” Journal of Alzheimer's disease : JAD, vol. 61, no. 4,
pp. 1323–1332, 2018.

[26] M. H. Chen, C. H. Lu, P. C. Chen et al., “Association between
autonomic impairment and structural deficit in Parkinson dis-
ease,” Medicine, vol. 95, no. 11, article e3086, 2016.

[27] A. F. Hayes and K. J. Preacher, “Statistical mediation analysis
with a multicategorical independent variable,” The British
Journal of Mathematical and Statistical Psychology, vol. 67,
no. 3, pp. 451–470, 2014.

[28] T. D. Wager, M. L. Davidson, B. L. Hughes, M. A. Lindquist,
and K. N. Ochsner, “Prefrontal-subcortical pathways mediat-
ing successful emotion regulation,” Neuron, vol. 59, no. 6,
pp. 1037–1050, 2008.

9Oxidative Medicine and Cellular Longevity



[29] H. O. Karnath, S. Ferber, and M. Himmelbach, “Spatial aware-
ness is a function of the temporal not the posterior parietal
lobe,” Nature, vol. 411, no. 6840, pp. 950–953, 2001.

[30] G. Di Pellegrino, “Superior temporal gyrus: a neglected cortical
area?,” Trends in Cognitive Sciences, vol. 5, no. 8, p. 330, 2001.

[31] S. A. Schultz, J. F. Strain, A. Adedokun et al., “Serum neurofil-
ament light chain levels are associated with white matter integ-
rity in autosomal dominant Alzheimer's disease,”
Neurobiology of Disease, vol. 142, p. 104960, 2020.

[32] A. Petzold, M. M. Tisdall, A. R. Girbes et al., “In vivo monitor-
ing of neuronal loss in traumatic brain injury: a microdialysis
study,” Brain : a journal of neurology, vol. 134, no. 2,
pp. 464–483, 2011.

[33] M. Khalil, L. Pirpamer, E. Hofer et al., “Serum neurofilament
light levels in normal aging and their association with morpho-
logic brain changes,” Nature Communications, vol. 11, no. 1,
p. 812, 2020.

[34] I. Hakansson, A. Tisell, P. Cassel et al., “Neurofilament levels,
disease activity and brain volume during follow-up in multiple
sclerosis,” Journal of Neuroinflammation, vol. 15, no. 1, p. 209,
2018.

[35] A. V. Idland, R. Sala-Llonch, T. Borza et al., “CSF neurofila-
ment light levels predict hippocampal atrophy in cognitively
healthy older adults,” Neurobiology of Aging, vol. 49,
pp. 138–144, 2017.

[36] X. Liu, Z. Guo, W. Liu, W. Sun, and C. Ma, “Differential pro-
teome analysis of hippocampus and temporal cortex using
label- free based 2D-LC-MS/MS,” Journal of Proteomics,
vol. 165, pp. 26–34, 2017.

[37] P. L. Chiang, H. L. Chen, C. H. Lu et al., “Interaction of sys-
temic oxidative stress and mesial temporal network degenera-
tion in Parkinson’s disease with and without cognitive
impairment,” Journal of Neuroinflammation, vol. 15, no. 1,
p. 281, 2018.

[38] A. Achiron, J. Chapman, S. Tal, E. Bercovich, H. Gil, and
A. Achiron, “Superior temporal gyrus thickness correlates with
cognitive performance in multiple sclerosis,” Brain Structure
& Function, vol. 218, no. 4, pp. 943–950, 2013.

10 Oxidative Medicine and Cellular Longevity


	The Potential Effects of Oxidative Stress-Related Plasma Abnormal Protein Aggregate Levels on Brain Volume and Its Neuropsychiatric Consequences in Parkinson’s Disease
	1. Introduction
	1.1. Oxidative Stress and Misfolding Protein
	1.2. Advanced Technique for Plasma Misfolding Protein Level Evaluation
	1.3. Vulnerable Regional Brain Volume Loss and Cognitive Decline
	1.4. Mediations

	2. Methods
	2.1. Participants
	2.2. Neuro-Psychological Assessments
	2.3. Plasma Biomarkers
	2.4. MR Image Acquisition and Data Analysis
	2.5. Statistical Analysis
	2.5.1. Analysis of Demographic Data, Plasma Abnormal Protein Aggregate Levels, Regional Brain Volume, and Neuropsychiatric Subtest Results
	2.5.2. Voxel-Wise Whole-Brain Gray Matter Volume Comparison
	2.5.3. Correlations among Plasma Abnormal Protein Aggregate Levels, Brain Regional Volume, and Neuropsychiatric Subtest Results
	2.5.4. Mediation Analysis


	3. Results
	3.1. Demographic Data of Participants and the Disease Severity of PD Patients
	3.2. Between-Group Differences in Plasma Abnormal Protein Aggregate Levels
	3.3. Between-Group Difference in Regional Gray Matter Volume
	3.4. Correlations among the Affected Brain Regions, Plasma NfL Levels, and the WAIS Subtest Results
	3.4.1. Correlation between Affected Brain Regions and Plasma NfL Levels
	3.4.2. Correlation between Affected Brain Regions and the WAIS Subtest Results

	3.5. Mediation Analysis for Plasma NfL Level, Certain Affected Brain Region Volumes, and Neuropsychiatric Performance

	4. Discussion
	4.1. Summary
	4.2. The Origin of Plasma Abnormal Protein Aggregate Levels and Its Source and Influence
	4.3. Correlation of Vulnerable Regional Brain Volume with Plasma Abnormal Protein Aggregate Levels and Psychiatric Subtest Results
	4.4. The Possible Pathophysiology of the Mediation Model

	5. Limitations
	6. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments

