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Editorial on the Research Topic

Multimodality imaging techniques in PD and atypical Parkinsonism

In this editorial, we provide a summary of the articles that have contributed to the

Research Topic “Multimodality imaging techniques in PD and atypical Parkinsonism” in

the journal Frontiers in Neurology.

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,

known for its variety of motor and non-motor symptoms (1). Molecular imaging

technologies like PET/CT and PET/MR have seen significant advancements in recent years,

making them themost valuable tools for diagnosing PD today and in the near future. In this

Research Topic on “Multimodality imaging techniques in PD and atypical Parkinsonism,”

researchers have provided distinct perspectives and innovative solutions for this challenge.

Diagnosing prodromal PD in clinical settings poses significant challenges. Over the past

decade, several studies have concentrated on the prodromal stage of PD and have identified

potential biomarkers for its diagnosis. Jackson et al. utilized the PD progression markers

initiative (PPMI) to compare the prevalence of clinical markers of PD with prodromal

PD. Their findings indicated that symptoms such as constipation and speech difficulty

could potentially serve as predictors of prodromal PD and PD, respectively. This suggests

that clinical markers could be valuable tools in identifying individuals at higher risk of

developing PD.

Neuromelanin-sensitive MRI is capable of accurately measuring nigral damage and

distinguishing PD from healthy subjects. In the substantia nigra, iron deposition is typically

concentrated in the reticular zone, while neuromelanin is predominantly concentrated

in the dense zone. In PD patients, the content of neuromelanin in the dense zone of

the substantia nigra decreases and iron deposition increases, reflecting the degeneration

process of dopamine neurons (2). Cao et al. discovered that the amplitude, phase value,

and R2∗ value of upper, middle, and low segments of right substantia nigra compact

zones in PD patients differed significantly from those in the control groups. The R2∗

value of the substantia nigra dense zone was correlated with the H-Y grade, indicating

that quantitative iron deposition in the substantia nigra dense zone could be a sensitive

imaging biomarker for early diagnosis, assessment of severity, and follow-up evaluation

of PD. Quantitative iron–neuromelanin parameters can enhance the clinical evaluation

of Parkinsonism. Additionally, Hartono et al. found that quantitative neuromelanin–iron

MRI is associated with PD motor severity and has the potential to enhance diagnostic

confidence in clinical settings and monitor PD progression.
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In addition to the abnormal alterations in iron deposition

and neuromelanin of substantia nigra of PD patients, dynamic

functional connectivity has emerged as a valuable biomarker for

evaluating the progression of PD (3). Excessive daytime sleepiness

(EDS) is a common non-motor symptom in PD patients. Tan et al.

discovered that the strong dynamic functional connectivity within

and between the SMN and VIS served as an imaging biomarker of

EDS in PD patients, potentially reflecting the pathophysiological

features of EDS in PD patients.

Brain glucose metabolism was found to be reduced in PD

patients with cognitive dysfunction. Sun et al. found decreased

glucose metabolism in the frontal and posterior cortex in newly

diagnosed and untreated PD patients, indicating that changes in

glucose metabolism in specific brain regions can indirectly reflect

the level of cognitive function.

Cognitive impairment and autonomic impairment such as

orthostatic hypotension (OH) are the most common non-motor

symptoms in PD patients (4). Even though the relationship between

OH and cognitive dysfunction has been reported, it remains unclear

if they are frequently observed simultaneously. Xue et al. used
18F-FDG-PET to investigate the relationship between OH and

cerebral glucose metabolism in PD patients. Their findings revealed

a negative correlation between glucose metabolism in the right

medial temporal lobe and delayed recall verbal memory ability.

PD patients with OH exhibited poor delayed recall verbal memory

function, suggesting that impaired memory function in PD with

OH may be attributed to the decreased metabolic function in the

medial temporal lobe due to OH.

DAT-PET imaging utilizes 11C-methyl-N-2β-carbomethoxy-

3β-(4-ffuorophenyl)-tropanel (11C-CFT) tracers to evaluate the

function of presynaptic dopaminergic neurons in the striatum,

providing insight into the severity of dopaminergic neuronal

degeneration. This method is valuable for distinguishing PD

from essential tremor, dystonia, drug-induced Parkinsonism, and

vascular Parkinsonism (5). Fan et al. observed that 11C-CFT uptake

in the caudate nucleus was higher in the early-onset PD (EOPD)

group compared to the late-onset PD (LOPD) group. Furthermore,

they found that 11C-CFT uptake in the caudate nucleus, as well

as the anterior and posterior part of the putamen, was negatively

correlated with the age of onset, H&Y stage, disease duration,

UPDRS score, UPDRS III score, rigidity score, and bradykinesia

score. These findings demonstrate that 11C-CFT PET can be used

as an important objective biomarker to evaluate disease severity and

monitor disease progression.

Total-body PET/CT scanner has the advantage of accurately

observing PET tracer biodistribution throughout the entire human

body. Xin et al. first utilized the total body PET/CT to study DAT

PET biodistribution in a real-time and dynamic mode in major

organs, which include kidneys, lungs, spleen, thyroid, heart wall,

liver, whole brain, muscle, striatum, and bone. They found that

different organs had several unique types of 11C-CFT distribution

pattern types. 11C-CFT was also calculated to be an extremely low

radiation dose according to the study result, which is ∼2.83E-

03 mSv/MBq. It only accounts for one-third of the previous

literature that has published radiation dose values, which makes

it much more suitable for PD patients to do multiple follow-

up examinations.

Multimodality imaging techniques hold significant promise for

advancing our comprehension of PD and atypical Parkinsonism.

Future research should prioritize investigating the interplay

between structural, functional, metabolic, andmolecular changes in

these conditions to achieve a more comprehensive understanding

of the pathological mechanism of PD. Furthermore, larger

prospective studies are essential to confirm the diagnostic precision

and therapeutic effectiveness of multimodal imaging techniques in

PD and atypical Parkinsonism.
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Application value of
multiparametric MRI for
evaluating iron deposition in the
substantia nigra in Parkinson’s
disease

Qing Cao1†, Jinjin Huang2†, Dongping Tang3, Hao Qian4,

Kun Yan4, Xun Shi5, Yaowei Li1*† and Jiangong Zhang5*†

1Department of Radiology, Guangzhou Xinhai Hospital, Guangzhou, Guangdong, China,
2Department of Neurosurgery, The PLA 74th Group Army Hospital of Chinese, Guangzhou,

Guangdong, China, 3Department of Science and Education Department, Guangzhou Xinhai

Hospital, Guangzhou, Guangdong, China, 4Department of Neurology, Guangzhou Xinhai Hospital,

Guangzhou, Guangdong, China, 5Department of Nuclear Medicine, The First People’s Hospital of

Yancheng, The Fourth A�liated Hospital of Nantong University, Yancheng, Jiangsu, China

Objective: This study aimed to investigate the application value of

multi-parametric magnetic resonance imaging (MRI) in the diagnosis of

iron deposition in the substantia nigra dense zone in Parkinson’s disease (PD)

and to evaluate the diagnostic value of the correlation amongmulti-parametric

imaging indicators, clinical stage, and disease duration.

Materials and methods: Thirty-six patients with clinically confirmed PD

and 36 healthy controls were enrolled. The disease course was recorded,

and PD severity was graded using the Hoehn–Yahr (H–Y) scale. All subjects

underwent magnetic sensitivity weighted imaging (SWI), neuromelanin

magnetic resonance imaging (NM-MRI), and a T2∗mapping sequence. Based

on the fusion of the NM-MRI and SWI amplitude maps, phase maps, and

T2∗MAPPING value maps, NM-MRI was used to delineate the dense zone of

the substantia nigra, which was divided into three sub-regions: upper, middle,

and lower. In this way, the amplitude, phase, and R2∗ values of each sub-region

and the average value of the sum of the three sub-regions were obtained

simultaneously in the SWI amplitude, phase, and T2∗MAPPING maps. The

multi-parameter imaging indices were compared between the two groups,

and the correlation between them and clinical indices was evaluated in the

PD group.

Results: The upper (amplitude, phase value, R2∗ value), middle, and lower

(amplitude) right substantia nigra compact zones were significantly di�erent

between the PD and control groups. The upper (phase value, R2∗ value)

and middle (amplitude) areas of the left substantia nigra compact zone

were also significantly di�erent between the two groups (all P < 0.05). The

mean values (amplitude, phase value, R2∗ value) of the right substantia nigra

densification zone and themean values (phase value) of the left substantia nigra

densification zone were also significantly di�erent (all P < 0.05). Amplitudes

in the middle and lower parts of the right substantia nigra dense zone were

negatively correlated with the H–Y grade (middle: r = −0.475, P = 0.003;
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lower: r = −0.331, P = 0.049). Amplitudes of the middle and lower parts of

the dense zone of the left substantia nigra were negatively correlated with the

H–Y grade (middle: r = −0.342, P = 0.041; lower: r = −0.399, P = 0.016). The

average amplitude of the right substantia nigra compact zone was negatively

correlated with the H–Y grade (r = −0.367, P = 0.027). The average R2∗ value

of the compact zone of the left substantia nigra was positively correlated with

the H–Y grade (r = 0.345, P = 0.040).

Conclusion: Multiparametric MRI sequence examination has application value

in the evaluation of iron deposition in the dense zone of the substantia nigra

in PD. Combined with NM-MRI, fusion analysis is beneficial for accurately

locating the substantia nigra compact zone and quantitatively analyzing the

iron deposition in di�erent sub-regions. Quantitative iron deposition in the

middle and lower parts of the substantia nigra dense zone may become

an imaging biological indicator for early diagnosis, severity evaluation, and

follow-up evaluation of PD and is thus conducive for clinical diagnosis and

treatment evaluation.

KEYWORDS

Parkinson’s disease, magnetic sensitivity weighted imaging, T2∗mapping, image

fusion, MR

1. Introduction

Parkinson’s disease (PD) is a common condition associated

with neurological degeneration, and clinical symptoms are

aggravated with an increase in neuronal degeneration (1).

Imaging modalities, especially using magnetic resonance

imaging (MRI), and new sequences have been used to explore

more sensitive imaging biological and clinical indicators for

correlation analysis. The main neuropathological changes in

patients with PD are damage to the substantia nigra neurons

and the related dopamine receptor pathway; an increase in

abnormal iron deposition in the substantia nigra area; and

an increase in the content of neuromelanin iron complex,

which induces glial cell aggregation, thus leading to neuronal

damage and accelerated cell death (2, 3). Previous studies have

indicated that iron deposition in the substantia nigra is normally

concentrated in the reticular zone, while neuromelanin is mainly

concentrated in the dense zone of the substantia nigra. In

PD patients, the neuromelanin content in the dense zone of

the substantia nigra decreases and iron deposition increases,

reflecting the degeneration process of dopamine neurons (4). To

better understand the association between iron deposition in the

substantia nigra compacta and the degeneration of dopamine

neurons (5), it is necessary to accurately locate iron deposition in

the substantia nigra compacta and evaluate the changes in iron

deposition in the substantia nigra compacta (6).

Thus, this study aimed to analyze the differences in iron

deposition in the substantia nigra compact zones and the

correlation between iron deposition and PD onset, to find

more sensitive biological imaging indicators, and to provide

new approaches for the imaging diagnosis of PD. This study

was based on magnetic sensitivity-weighted imaging (SWI),

which has highly sensitive for detecting iron deposition area

and its scope (7). Neuromelanin magnetic resonance imaging

(NM-MRI) can better show the distribution of neuromelanin

in the substantia nigra (8, 9), and T2∗mapping can be used

to quantify iron deposition (10). In this study, these three

sequences were fused in pairs, and the substantia nigra was

divided into the upper, middle, and lower regions for analysis

and comparison.

2. Materials and methods

2.1. Study design and participants

This prospective study enrolled 36 patients with PD from

the Department of Neurology of Guangzhou Xinhai Hospital

between March 2020 and August 2022. The inclusion criteria

were as follows: (1) PD diagnosis according to the Chinese

diagnostic standard (2020 version), that is, the patient has

motion retardation and at least static tremor or myotonia;

(2) ability to cooperate with MRI examination and no

contraindications to MRI scanning; and (3) the image quality

meets the evaluation criteria. The exclusion criteria were as

follows: (1) secondary Parkinson-like syndrome caused by

other organic diseases of the nervous system or drugs and

(2) other neurological and psychiatric diseases, trauma, and

developmental malformations affecting the image evaluator. The

clinical data, medical history, and Hoehn–Yahr (H–Y) grade of
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TABLE 1 Scan each sequence parameter value.

Sequence TR
(ms)

TE (ms) Voxel size
(mm)

Number
of

layers

Layer
spacing
(mm)

Roll
back
angle

Average
times

Interpolation IR (ms)

T2WI_TRA 5,103 119.9 0.67∗0.60∗5.00 23 1 150 2 – –

T1WI_TRA 2,267 10.2 0.69∗0.63∗5.00 23 1 135 1 – 920

FLAIR_TRA 8,000 118.6 0.95∗0.76∗5.00 23 1 120 2 – 2,500

DWI_TRA 2,087 107.1 1.44∗1.44∗5.00 23 1 – – – –

T2WI_SAG 5,683 121.8 0.77∗0.65∗5.00 23 1 145 1.2 – –

FLAIR_COR 8,000 112.9 0.90∗0.72∗5.00 25 1 150 1.5 – 2,500

SWI_TRA 30.3 20 0.51∗0.51∗2.00 56 – – 1 2 –

NM-MRI_TRA 738 10.54 0.62∗0.44∗3.00 22 0 130 5 – –

T2∗MAPPING_TRA 436.7 2.24/4.48/

6.72/8.96/11.2

0.48∗0.48∗3.00 11 0.3 – 1 – –

the PD patients were collected, and multiparameter MRI images

were obtained.

In addition, 36 healthy control subjects were recruited from

Guangzhou Xinhai Hospital staff and society. The inclusion

criteria were as follows: (1) no PD-related exercise or non-

exercise symptoms; (2) no family history of PD and idiopathic

tremor; (3) ability to cooperate with magnetic resonance

examination and no contraindication to magnetic resonance

scanning; and (4) the image quality met the evaluation

criteria. The exclusion criteria were: (1) other neurological and

psychiatric diseases and taking central medicine; (2) trauma,

developmental malformation, and other conditions affecting

image evaluation.

This study was approved by the ethics committee of

Guangzhou Xinhai Hospital (Approval No.: GZXH-20200147)

and was conducted according to the tenets of the Declaration

of Helsinki. All subjects and their family members were

informed of the purpose of the study, the duration of the

scan, no radiation risk, and precautions for examination in

detail. Informed consent was obtained from all participants.

The general brain conditions were interpreted by him and his

family afterwards.

2.2. Instrument and imaging

A 3.0T MRI system (United-Imaging Medical, uMR780)

and a 24-channel coil for the head and neck were used.

Conventional MRI sequence acquisition included transverse

axial [T1 weighted imaging (T1WI), T2 weighted imaging

(T2WI), fluid attenuated inversion recovery (FLAIR), diffusion-

weighted imaging], sagittal (T2WI), coronal (FLAIR), SWI,

NM-MRI, and T2∗mapping sequences. All parameters are

listed in Table 1. The total scanning time of the MRI

was 28min 36 s.

2.3. Image preprocessing analysis

All multiparameter image data were processed in a 3.0 T

post-processing workstation (model: uWS-MR-R004). Two

diagnostic imaging physicians with 12 and 20 years of experience

independently evaluated the images in a blinded manner before

meeting for consensus. They measured the relevant image

indicators and considered the average value of the two. NM-MRI

was fused with the SWI amplitude, phase, and T2∗MAPPING

maps. Using NM-MRI, the melanin distribution of neurons in

the bilateral substantia nigra was delineated layer-by-layer, and

the upper, middle, and lower sub-regions were equally divided.

The upper layer included the red nucleus and the substantia

nigra reticulata with a maximum low signal (Figure 1A), and the

middle layer included the area of the substantia nigra compact

zone with a high signal. This layer indicated the boundary

between the red nucleus and the substantia nigra reticulata and

the substantia nigra compact zone and was delineated based

on the high NM-MRI signal (Figure 1B). The central layer was

located at the largest level of the substantia nigra compact zone

based on the high NM-MRI signal at the time of delineation

and indicated the boundary between the red nucleus and the

substantia nigra reticularis and the substantia nigra compact

zone (Figure 2A). The lower layer was located at the caudal

level of the substantia nigra, which was also delineated with a

NM-MRI hyperintensity (Figure 3A).

The SWI amplitude (Figure 1A), phase value (Figure 2B),

and T2∗ value of the T2∗maps (R2∗ value = 1/T2∗ value,

Figure 3B) of the delineated area at each level were converted

to radians using the following formula: f (x) = x∗π/1,800,

where x is the actual measured value, and the phase value

range is between –π and+π. The measurement and data

processing methods were performed under the guidance of the

Joint Photographic Engineer. All images were automatically

fused using the image fusion function of the post-processing
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FIGURE 1

Located in the upper part of SNc. (A) SWI-amplitude diagram; (B) NM-MRI map; (C) The two images are fused, and the corresponding region

amplitude is obtained.

FIGURE 2

Located in the middle of SNc. (A) NM-MRI map; (B) SWI-phase diagram; (C) The two images are fused, and the phase value is obtained.

FIGURE 3

Located in the lower of SNc. (A) NM-MRI map; (B) T2*mapping; (C) Combine the two maps and obtain T2* value.

workstation (Figures 1C, 2C, 3C), and the image fusion effect,

including the edges of anatomical structures, blood vessels,

and 3D MPR reconstruction layers, was evaluated by the two

physicians to ensure that the image fusion met the diagnostic

requirements. Before sketching, the window width and position

were adjusted to be consistent to reduce the difference between

the vision and signal.

The boundary of the melanin high-signal area was clear and

easily sketched, while the attenuation area was not sketched (11).

The region of interest corresponding to the anatomical region

of SWI and T2∗mapping was used to measure its value. The

two physicians easily reached a consensus on the boundary of

the region of interest with high operability and repeatability.

Images were collected without space. Based on the voxel, the

dense zone regions of the upper, middle, and lower parts of the

substantia nigra were delineated to measure the signal changes

of the corresponding regions to achieve a quantitative analysis

of iron deposition in the dense zone of the substantia nigra.

In the image processing, six cases in the PD group had partial

plane motion, resulting in angle deviation, which could not be
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corrected for fusion measurement. Thus, 36/42 patients in the

PD group were included.

After the data of all sub-regions are counted, the amplitude,

phase value and R2∗ value of the three sub-regions of the

substation nigra compact zone on both sides are added

respectively, and then the average value is calculated as the signal

representation of the overall substation nigra compact zone

compact zone on both sides, and the energy analysis is made for

each average value parameter to help understand the impact of

iron deposition on the overall substation nigra compact zone.

2.4. Statistical analysis

An independent sample t-test or chi-square test was used

for comparisons between the two groups. Pearson’s correlation

analysis was used to evaluate the correlation between each

sequence of imaging indicators and clinical indicators in PD. All

statistical analyses were performed using SPSS Statistics software

(version 22.0). Statistical significance was set at P < 0.05.

3. Results

3.1. Subject characteristics

Among the MR images of 42 patients, images could not be

fused for quantitative analysis due to poor image quality in 6

patients. Therefore, 36 patients (16 males and 20 females) in

the PD group were included in the final analysis. The average

patient age was 70.28± 13.14 years, the average disease duration

was 6.48 ± 6.09 years, and the average H–Y grade was 2.76

± 1.07. Meanwhile, the control group (n = 36) included 17

males and 19 females, and the average patient age was 63.83 ±

14.41 years. There was no significant between-group difference

in age (P = 0.051).

3.2. Multi-parameter MRI fusion image
analysis

3.2.1. Comparison of iron deposition in the
upper, middle, and lower parts of the
substantia nigra compacta zone and average
values between the two groups based on
fusion images

There were significant between-group differences in the

amplitude (amplitude: t = −2.138, P < 0.05), phase value (t

= −2.802, P < 0.05), and R2∗ value (t = 2.424, P < 0.05)

in the upper part of the right substantia nigra compact zone.

Meanwhile, only the amplitude (t = −2.711, P < 0.05) but

not the phase value (t = −1.680, P > 0.05) and R2∗ value (t

= 1.992, P = 0.05) in the middle of the right substantia nigra

dense zone was significantly different between the two groups.

Similarly, there were significant between-group differences in

the amplitude (t = −2.019, P < 0.05) but not in the phase value

(t = −0.808, P > 0.05) and R2∗ value (t = 0.642, P > 0.05) in

the lower part of the right substantia nigra dense zone.

In contrast, in the upper part of the left substantia nigra

compacta, the phase value (t =−2.242, P < 0.05) and R2∗ value

(t = 2.018, P < 0.05), but not the amplitude (t = −1.248, P

> 0.05), were significantly different between the two groups.

For the middle of the left substantia nigra dense zone, there

was a significant between-group difference in amplitude (t =

−2.039, P < 0.05) but not in phase value (t = −0.760, P

> 0.05) and R2∗ value (t = 1.336, P > 0.05). For the lower

part of the left substantia nigra compacta zone, there were no

significant between-group differences in amplitude (t =−1.670,

P > 0.05), phase value (t = −1.266, P > 0.05) and R2∗ value

(t = 0.472, P > 0.05).

Meanwhile, the average values in the right substantia nigra

compacta (amplitude: t = −2.747, P < 0.05, phase value: t

= −2.338, P < 0.05, R2∗ value: t = 2.334, P < 0.05) was

significantly different among the three sub-regions. For the

overall average values in the left substantia nigra compact zone,

only phase was significantly different between the two groups

(amplitude: t = −1.892, P > 0.05; phase value: t = −2.197, P <

0.05; and R2∗ value: t = 1.200, P > 0.05) (Table 2). In addition,

the ROC curve was used to analyze these average values, and it

was found that the R2∗ value on the right side (AUC= 0.678) has

a high diagnostic efficiency for the detection of iron deposition

in the substation nigra compact zone of PD, and the calculation

of threshold value of each index (Figure 4 and Table 3).

3.2.2. Correlation analysis of PD patients

In the PD group, the correlation of the amplitude, phase, and

R2∗ values of each sub-region in the substantia nigra compact

zone with disease onset time and H–Y grade was analyzed

using Pearson correlation analysis. The results showed that the

amplitudes of the middle and lower parts of the right side of

the substantia nigra compacta zone were negatively correlated

with the H–Y grade (middle: r = −0.475, P = 0.003; lower: r

= −0.331, P = 0.049, Figure 5A), while those in the left side of

the substantia nigra compacta zone were negatively correlated

with the H–Y grade (middle: r = −0.342, P = 0.041, lower: r =

−0.399, P = 0.016, Figure 5B). In addition, Pearson correlation

analysis was performed for the correlation between the average

value of amplitude, phase value, and R2∗ value of the three sub-

regions of the substantia nigra dense with disease onset time

and H–Y grade. The results showed that the average amplitude

on the right side of the substantia nigra compacta zone was

negatively correlated with the H–Y grade (r = −0.367, P =

0.027, Figure 5C), while the average R2∗ value on the left side

of the substantia nigra compacta zone was positively correlated

with the H–Y grade (r = 0.345, P = 0.040, Figure 5D). In
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TABLE 2 Based on the comparison between the upper, middle and lower three sub regions and the average iron deposition groups of SNc.

Group (mean ± standard deviation) t P

PD (n = 36) Healthy control group
(n = 36)

Amplitude of upper R-SNc 90.17± 12.04 95.76± 10.07 −2.138 0.036

Phase value of upper R-SNc −0.0463± 0.0580 −0.0135± 0.0396 −2.802 0.007

R2∗ value of upper R-SNc 31.73± 3.89 29.63± 3.46 2.424 0.018

Amplitude of middle R-SNc 85.73± 11.29 92.13± 8.56 −2.711 0.008

Phase value of middle R-SNc −0.0326± 0.0772 −0.0081± 0.0407 −1.680 0.097

R2∗ value of middle R-SNc 31.40± 4.25 29.65± 3.15 1.992 0.050

Amplitude of lower R-SNc 96.44± 11.61 101.65± 10.26 −2.019 0.047

Phase value of lower R-SNc −0.0353± 0.1007 −0.0190± 0.0682 −0.808 0.422

R2∗ value of lower R-SNc 27.61± 4.79 26.92± 4.21 0.642 0.523

Amplitude of upper L-SNc 92.24± 9.19 94.78± 8.05 −1.248 0.216

Phase value of upper L-SNc −0.0399± 0.0459 −0.0186± 0.0337 −2.242 0.028

R2∗ value of upper L-SNc 30.39± 4.19 28.67± 2.93 2.018 0.047

Amplitude of middle L-SNc 86.96± 10.04 91.55± 9.06 −2.039 0.045

Phase value of middle L-SNc −0.0170± 0.0576 −0.0079± 0.0420 −0.760 0.450

R2∗ value of middle L-SNc 29.86± 4.01 28.78± 2.74 1.336 0.186

Amplitude of lower L-SNc 94.54± 12.53 99.12± 10.67 −1.670 0.099

Phase value of lower L-SNc −0.0677± 0.0804 −0.0463± 0.0613 −1.266 0.210

R2∗ value of lower L-SNc 26.22± 4.65 26.67± 3.43 −0.472 0.639

Average amplitude of R-SNc 90.50± 10.24 96.51± 8.23 −2.747 0.008

Average phase value of R-SNc −0.0381± 0.0548 −0.0135± 0.0311 −2.338 0.022

Average R2∗ value of R-SNc 30.25± 2.87 28.73± 2.63 2.334 0.022

Average amplitude of L-SNc 91.24± 9.33 95.15± 8.14 −1.892 0.063

Average phase value of L-SNc −0.0415± 0.0358 −0.0243± 0.0305 −2.197 0.031

Average R2∗ value of L-SNc 28.82± 3.40 28.03± 1.93 1.200 0.234

Independent-sample t-test; R, right; L, left.

addition, the onset time of PD was positively correlated with the

H–Y scale grade (r = 0.396, P = 0.017).

4. Discussion

Histologically, neurons in the dense zone of the substantia

nigra have rich melanin and poor iron content. In contrast,

the cells in the reticular zone of the substantia nigra are

rich in iron but not in melanin. Previous physiological,

pathological, and anatomical studies have confirmed

that the neuronal degeneration in the substantia nigra

compacta in patients with PD is closely related to an

abnormal increase in iron content. Therefore, quantitative

analysis of iron deposition in the substantia nigra compact

zone is particularly important for understanding the

pathophysiological changes of neuronal degeneration in

PD patients (12–15).

There are currently many quantitative analysis studies

for iron deposition in the substantia nigra using magnetic

resonance methods, such as SWI, QSM, and T2∗mapping (14–

16). However, these single sequences cannot distinguish the

dense zone of the substantia nigra from the reticular zone during

measurement, especially when the iron deposition in the dense

zone of patients with PD increases abnormally. In addition, these

sequences are sensitive to iron deposition but cannot distinguish

their boundaries well. Therefore, the dense and reticular zones

of the substantia nigra are mostly used to analyze the iron

deposition content to judge the degree of neuronal degeneration

(17, 18).
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To better understand iron deposition and distribution in

the substantia nigra compact zone, as well as their correlation

with the course and severity of the disease, this study used

NM-MRI to better display the distribution of melanin neurons

in the substantia nigra, so as to better locate the substantia

nigra compact zone. NM-MRI of the same case was fused

with SWI and T2∗mapping sequences, which can accurately

delineate iron deposition by SWI and T2∗mapping sequences

in the distribution area of melanin neurons, to achieve a

quantitative analysis of iron deposition in the dense zone of the

substantia nigra (19). To better understand the distribution of

iron deposition in the substantia nigra compact zone, the area of

the substantia nigra compact zone was equally divided into three

regions, and iron deposition in each region was analyzed.

The results showed that iron deposition in the upper part

of the right substantia nigra compact zone was significantly

higher in the PD group than in the control group, and the

amplitude, phase value, and R2∗ values were also significantly

different. In contrast, in the middle and lower parts of the

FIGURE 4

ROC curves of the average values of di�erent parameters in

bilateral substantia nigra compact zone.

right substantia nigra compact zone, only the amplitude was

significantly different between the two groups, and the phase

value and R2∗ value was not. This may be because the amplitude

is more sensitive to the iron deposition measurement than is

the phase value and R2∗ value in the middle and lower parts of

the substantia nigra compact zone. Another reason is because

the difference between the phase value and R2∗ value cannot

be observed when the iron deposition content in the substantia

nigra compact zone is smaller than that in the reticular zone.

Compared with the normal control group, the PD group

showed significantly higher iron deposition in the upper part

of the left substantia nigra compact zone, and the phase and

R2∗ values were also significantly different. Meanwhile, for the

middle of the left substantia nigra compact zone, only the

amplitude value, but not the phase value and R2∗ value, showed

significant differences. The lower part of the left substantia

nigra compact zone did not show significant changes in iron

deposition, and the amplitude, phase, and R2∗ values were not

significantly different between the two groups. Collectively, these

results indicated more significant neuronal degeneration in the

substantia nigra of PD patients or a top-down degeneration

process of PD. The research of DuGuangwei et al. is based on the

analysis of the whole substantia nigra dense zone and reticular

zone. It is mentioned that R2∗ and quantitative susceptibility

map are higher in the substantia nigra dense zone and reticular

zone of all PD patients (20). Arribarat et al. (21) divided the

substation nigra into anterior and posterior parts for analysis,

showing that the relaxometry T2∗ values were greater for PD

patients than HCs in the anterior SN, but not in relation with

the iron deposition in the posterior SN with the relaxometry

T2∗. This also shows that the results of comparison between

various parameters and the sensitivity to iron deposition are

different in the overall analysis of substation nigra compact and

the analysis of sub regions. This study will compare and analyze

different parameters and indicators in different sub regions,

observe the parameters in each sub region of substation nigra

compact zone. Through the study of iron deposition in each sub-

region, the influence of iron deposition in the substantia nigra

compact zone on melanin neurons and whether the change of

iron deposition in each sub-region is related to the occurrence

TABLE 3 Analysis of ROC curves for average value of each parameter.

Parameter average Sensitivity Specificity AUC P Threshold 95%CI

R_amplitude 41.7% 88.9% 0.664 0.011 87.23333 0.543∼0.771

R_phase 55.6 80.6 0.645 0.032 −0.0339 0.523∼0.754

R_R2∗mapping 77.8 58.33 0.678 0.006 28.37 0.557∼0.783

L_amplitude 33.3 91.7 0.621 0.070 85.8667 0.499∼0.733

L_phase 77.8 50.0 0.644 0.028 −0.0187 0.523∼0.754

L_R2∗mapping 25.0 97.2 0.538 0.592 30.8733 0.416∼0.656

R, right; L, left.

Frontiers inNeurology 07 frontiersin.org

13

https://doi.org/10.3389/fneur.2022.1096966
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Cao et al. 10.3389/fneur.2022.1096966

FIGURE 5

Correlation analysis in PD patients. (A) Correlation analysis between the amplitudes of the middle and lower parts of the right side of the

substation nigra compact zone and H–Y scale; (B) Correlation analysis between the amplitudes of the middle and lower parts of the left side of

the substation nigra compact zone and H–Y scale; (C) Correlation analysis between the average amplitude on the right side of the substation

nigra compact zone and H–Y scale; (D) Correlation analysis between the the average R2* value on the left side of the substation nigra compact

zone and H–Y scale.

and development of disease were understood. The sensitivity of

each parameter to its internal iron deposition was compared and

analyzed, providing a reference for the subsequent research in

the sub-region.

To understand the effect of iron deposition on neuronal

degeneration in the entire substantia nigra compact zone, the

mean of the measured values in Sanya were used in the

analysis. The results showed that the mean values of amplitude,

phase, and R2∗ of the right substantia nigra compact zone

were significantly different between the PD and healthy control

groups. This indicates that the overall iron deposition in the

substantia nigra compact zone was more significant in the

PD group than in the healthy control group, consistent with

previous findings. For values in the left substantia nigra compact

zone, the phase value, but not the amplitude and R2∗ values,

were significantly different between the two groups. The overall

analysis indicates that the phase value is more sensitive to iron

deposition than is the amplitude and R2∗ values. Du Guangwei

et al. also mentioned in the study that during the 18 months

follow-up, the substantia nigra pars compacta R2∗ showed a

faster increase in PD compared with controls. Through ROC

curve analysis, we found that the average value of R2∗ in the

right substantia nigra compact zone has higher diagnostic energy

efficiency, in line with previous results (2, 20, 22).

The study also analyzed the correlation of the measured

values of each sub-region and the whole dense zone of the

substantia nigra with the course and degree (H–Y grade) of the

disease. The results showed that the amplitude of the middle

and lower parts of the bilateral substantia nigra dense zone

was negatively correlated with the H–Y stage, while the value

measured at the upper part was not correlated with the disease

course and degree. This indicates that the more iron deposition
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in the middle and lower parts of the substantia nigra dense zone,

the more severe is PD. Moreover, the change in iron deposition

in the middle and lower parts of the substantia nigra dense zone

may highlight the severity of PD. Correlation analysis of the

overall average value of the substantia nigra dense zone with

the disease course and degree (H–Y grade) showed that the

average amplitude value in the right and the average R2∗ value

in the left of the substantia nigra dense zone were correlated

with the H–Y grade. This supported that an abnormal increase

in iron deposition in the substantia nigra dense zone was

correlated with the severity of PD (23). Different measurement

methods obtained the same results, consistent with previous

results (24, 25).

The study findings show that iron deposition in the upper

part of the dense zone of the substantia nigra is more obvious

in the PD group than in the healthy control group, but the

severity of PD could not be evaluated. The results of quantitative

analysis of iron deposition in the middle and lower parts of

the right substantia nigra compact zone and in the middle

part of the left substantia nigra compact zone both showed a

difference in iron deposition according to PD severity. This

indicated that the analysis of iron deposition in sub-regions is

helpful for early PD diagnosis and the evaluation of disease

progression. In particular, the amplitude value is sensitive to

quantitative iron deposition. The amplitude, phase, and R2∗

values of the three sub-regions showed significant differences

in iron deposition in PD patients. The right amplitude and left

R2∗ value was correlated with disease severity in PD patients.

This indicated that iron deposition in the overall or sub-regions

of the substantia nigra compact zone is related to neuronal

degeneration in this zone, and thus, its analysis clinically

significant for the evaluation of disease in PD patients (6). The

analysis and comparison of different measurement methods

of iron deposition highlight the clinical value of different

parameters, which can provide a basis for more accurate imaging

biological indicators for clinical PD diagnosis (26, 27).

This study had some limitations. First, patients were

required to be highly cooperative during the examination

process. Only when a complete sequence is acquired at one

time and the image meets the diagnostic requirements can the

subsequent image fusion process be guaranteed. The resolution

was relatively high, and the acquisition time was relatively long.

Second, in the fusion process, the required sequence images are

fused in pairs, not all sequence parameters are fused together.

Because the distribution of high signals in the substantia nigra

dense zone varies greatly among individuals, the images are

manually delineated by the high signal areas on the NM-MRI

image, which cannot be analyzed based on voxels or atlases,

and it is inevitable to cause certain deviation to the results.

However, we also involved two physicians to jointly confirm

and delineate the regions of interest to reduce the artificial

influence on the results. Third, due to individual differences

in the size of the substantia nigra dense zone, layer selection

was measured at the defined sub-region level. Some parts of the

substantia nigra dense zone with larger or smaller volumes that

exceeded the sub-region were measured twice, and the average

value of the lower sub-region was included in the analysis,

which may have a certain impact on the results. However, the

two physicians discussed the findings during data processing to

reach an agreement, minimizing this impact.

In summary, this study improved the method of magnetic

resonance multiparameter display in the substantia nigra dense

zone area and iron deposition measurement and analysis to

evaluate iron distribution and deposition in the substantia nigra

dense zone. This can help PD diagnosis and the evaluation of

disease severity. Further, exploratory research was conducted

to identify additional biological imaging indicators for clinical

PD diagnosis, with the value of each indicator in the clinical

diagnosis and evaluation of PD described.
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Pilot study on 11C-CFT dynamic
imaging using total-body PET/CT:
biodistribution and radiation
dosimetry in Parkinson’s disease

Mei Xin†, Lianghua Li†, Cheng Wang, Hongda Shao, Jianjun Liu*

and Chenpeng Zhang*

Department of Nuclear Medicine, Renji Hospital, Shanghai Jiao Tong University School of Medicine,

Shanghai, China

Objective: Total-body PET/CT equipment, uEXPLORER, is a newly developed

imaging technology with a superior resolution, high sensitivity, and high signal-to-

noise ratio, providing unique application advantages in the pharmacokinetic

evaluation of positron tracers. While 11C-CFT PET/CT has been widely utilized in

the early diagnosis of Parkinson’s disease (PD), it is limited by the short half-life of

the radionuclide and an incomplete understanding of its biological distribution in

humans. This study aimed to use a total-body PET/CT dynamic scan with 11C-CFT

imaging to describe the real-time internal biodistribution in PD patients and to

obtain accurate radiation dosimetry.

Methods: Six male subjects with suspected PD underwent dynamic 11C-CFT

total-body PET/CT. Following a bedside intravenous bolus injection of 373.3

± 71.56 MBq of 11C-CFT, PET acquisition was performed synchronously for

75min with a maximum axial field of view (AFOV) of 194 cm. Time-activity curves

(TACs) were generated by delineating volumes of interest (VOIs) of the sourced

organs using PMOD software. Tracer kinetics and cumulative organ activities

were calculated, and absorbed doses were calculated and estimated using the

OLINDA/EXM software.

Results: In the systemic TAC analysis of 11C-CFT, several unique types of

distribution patterns were obtained among several major organs, including a “Fast-

in Fast-out” pattern in the kidneys, lungs, spleen, and thyroid, a “Fast-in Slow-out”

curve in the heart wall, a “Slow-in Slow-out” mode in the liver, a “Low-level

extending” pattern in the whole brain and muscle, and a “Slow-in to plateau” trend

in the striatum and bone. The e�ective dose of 11C-CFT was calculated to be

2.83E-03mSv/MBq, which is only one-third of the literature valuemeasured by the

conventional method. Moreover, this dose is much lower compared to all other

doses of DAT radioligands used in PET imaging.

Conclusion: This study is a pioneering application of total-body PET/CT to
11C-CFT dynamic imaging. Our results confirmed that 11C-CFT has a favorable

total body biodistribution, an extremely low internal radiation dose, and high

imaging quality, making it suitable for reasonable PD diagnosis in patients requiring

multiple follow-up examinations.
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11C-CFT, dopamine transporter, total-body PET/CT, time-activity curve, e�ective dose
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative

disorder that is commonly observed in elderly populations. Despite

having been first described two centuries ago, our understanding

of the disease has continued to evolve over time (1). The principal

pathophysiological characteristic of PD is the degeneration of

nigrostriatal neurons and the resultant loss of dopamine, which

is responsible for most of the classic motor symptoms, such as

bradykinesia, rest tremor, rigidity, and gait instability. Hence, it

is crucial to visualize and identify global and regional changes in

neurotransmitters related to PD for an accurate diagnosis.

Although dopamine levels cannot be directlymeasured through

imaging, advances in molecular neuroimaging have resulted in

the availability of several approaches to mapping the function of

dopamine nerve terminals using pre- and post-synaptic ligands

(2). Among these tracers, those targeting the dopamine transporter

(DAT) in the pre-synaptic membrane are becoming increasingly

important as biomarkers for dopaminergic studies. One such

representative imaging agent, 11C-2-beta-carbomethoxy-3-beta-

(4-fluorophenyl) tropane (11C-CFT), has been used for early

PD diagnosis based on standard PET/CT scans (3–5). However,

past approaches using so-called “whole-body” multi-bed and

multi-timepoint PET/CT imaging may not accurately access the

exact pharmacokinetics of 11C-CFT, leading to bias in radiation

dose estimates for PD patients.

In this study, we utilized a total-body PET/CT scanner

(uEXPLORER, United Imaging Healthcare) to study DAT in

a real-time and dynamic mode, enabling evaluation from

the “sectional whole body” to the “integral total body.” The

large equipment’s super-long axial field of view (AFOV) and

ultra-high resolution, high sensitivity, and high signal-to-noise

ratio allowed us to accurately observe tracer biodistribution

throughout the entire human body (6). Time-activity curves

(TACs) were assessed to determine dosimetry, which is possible

with standard PET/CT but would substantially benefit from total-

body PET/CT (7). Studies have shown that dynamic scanning

and algorithms using total-body PET/CT can effectively yield

a much smaller dose estimate value than the previous method

(8). Accurate internal dosimetry is not only important for

radiation protection, but also helpful for optimizing injection

dose, improving image quality, and streamlining clinical workflow.

Therefore, we planned to update and optimize the radiation dose

estimates of 11C-CFT using the dynamic protocol of total-body

PET/CT imaging.

Materials and methods

Radiopharmaceutical preparation

The preparation of 11C-CO2 radionuclide was performed with

the medical cyclotron (HM-10, Sumitomo) at the Department

of Nuclear Medicine in Renji Hospital, Shanghai, China. The

radionuclide was then synthesized, and quality controlled with high

efficiency and radiochemical purity of over 95% by following the

previous method in detail using CFN-MPS-200 (Sumitomo) (9).

Patients

A total of six patients with suspected Parkinson’s disease were

retrospectively enrolled in this study between January and April

2021. Prior to the PET/CT imaging, we confirmed that none of the

participants were allergic to anhydrous ethanol, which was used as

the essential solvent in the synthesis of 11C-CFT. The retrospective

study was approved by the Ethics Committee of Renji Hospital, and

written informed consent was waived from the patients. The study

complied with the principles of the Declaration of Helsinki.

Total-body PET/CT scanning protocol

All six patients underwent 11C-CFT total-body PET/CT

imaging using the digital time-of-flight (TOF) uEXPLORER

PET/CT scanner after withdrawing from all PD-related

medications for at least 12 h. Prior to scanning, subjects were

required to empty their urinary bladders and lie comfortably on

the examination mattress in a supine position with arms held side-

by-side to ensure optimal positioning and reduce motion artifacts

during dynamic acquisitions. CT scans from the vertex to the toes

was conducted using a fixed tube voltage of 120 kV for attenuation

correction and anatomical localization, along with the auto-mAs

technique for dose modulation. A bedside intravenous bolus

injection of 11C-CFT was administered through a unilateral lower

extremity vein, and PET acquisition was launched simultaneously

with a maximum axial field of view (AFOV) of 194 cm for a 75-min

dynamic PET scan. The raw PET data were reconstructed into 97

frames (24×5 s, 20×30 s, 48×60 s, and 5×180 s) using the standard

order subset expectation maximization (OSEM) algorithm with

TOF, point-spread function (PSF), three iterations, 20 subsets,

256 × 256 matrix, 600-mm FOV, 2.886-mm slice thickness, and a

Gaussian postfilter with a full width at half maximum (FWHM) of

3mm. The PET image reconstruction process also included scatter

and random corrections, dead time, and normalization.

Time-activity curves

Image processing of the PET/CT scans was performed by an

experienced nuclear physician using PMOD 4.0 software (PMOD

Technologies LLC, Zurich, Switzerland) (10). The 97 frames were

merged into a single dynamic sequence to quantify tracer dynamics

using co-registered dynamic PET and CT images. To account for

the partial volume effect, this study involved delineating volumes

of interest (VOIs), which were found to be 1–3mm smaller in

all dimensions than the actual region of interest observed in the

images. The boundary definition of this VOI should be based on

either CT or PET imaging, and we prioritized the smaller area as the

more accurate representation of the region of interest. In this study,

all organs were rendered to scale as previously specified, except for

the skeletal bone, which was represented by the proximal femur.

Time-activity curves (TACs) were then automatically generated

using the kinetic modeling module of the PMOD software while

taking into account the radioactive decay. The generated TACswere

used to observe changes in uptake by the source organs.
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TABLE 1 Patient characteristics (n = 6).

Characteristics Mean ± SD (range)

Age (years) 59.67± 8.89 (48–73)

Height (m) 1.74± 0.05 (1.69–1.83)

Weight (kg) 78.83± 5.27 (73.00–88.00)

Body mass index (kg/m2) 26.03± 2.10 (22.99–28.73)

Injected dose (MBq) 373.30± 71.56 (264.70–479.20)

Injected dose per kg (MBq/kg) 4.78± 1.13 (3.44–6.56)

Radiation absorbed dose estimates

The tracer kinetics and cumulative organ activity of the
11C-CFT PET/CT scans were calculated to estimate the absorbed

internal radiation dose. The trapezoidal integral over 75min was

employed to obtain the cumulative organ activity (Bq-hr/Bq).

Standard organ volumes from OLINDA/EXM 1.0 software

(Vanderbilt University, Nashville, TN, USA), as described in a

previous study (11), were used to estimate cumulative total organ

activity. For each participant, the effective dose and individual

organ doses were computed.

Results

Overview of the dynamic PET images

All six patients received the 11C-CFT injection safely and

without any immediate discomfort. During the 75-min dynamic

scans, decreased uptake of 11C-CFTwas observed in the striatum of

the brains of all participants. Patient information is listed in Table 1.

The reconstructions of the PET images obtained at different time

points for the total body and the transverse-sectional brain are

depicted in Figure 1.

TAC studies of the main organs

The major organs of all six participants exhibited consistent

characteristic biodistribution patterns of 11C-CFT, as shown by

the corresponding TAC analyses presented in Table 2 and Figure 2.

Tracer uptake displayed a “Fast-in Fast-out” pattern in the kidney,

lung, spleen, and thyroid, with rapid increases and decreases

observed (Figure 2A). Specifically, the kidney had the highest mean

radioactivity count (SUVbw 14.80± 3.11 g/mL), while the lung had

the shortest time to reach peak activity (57.50± 18.64 sec), followed

by the thyroid (189.20 ± 68.59 sec). Spleen and kidney shared a

similar time of peak arrival (275.00± 79.18 s and 268.30± 125.40 s,

respectively). The heart wall exhibited a rapid tracer uptake but

was followed by a slow decline, characterized as “Fast-in Slow-

out” uptake (Figure 2B). The liver displayed a “Slow-in Slow-out”

pattern, where the 11C-CFT uptake slowly increased until it reached

peak activity (1770.00 ± 703.60 sec) and then gradually decreased

(Figure 2C). The whole brain and muscle showed generally low

degrees of 11C-CFT uptake, resulting in a “Low-level extending”

curve pattern over time (Figure 2D). The striatum and bone shared

a similar TAC pattern, characterized as “Slow-in to plateau,” where

the 11C-CFT uptake in the striatum slowly increased and finally

reached a plateau activity at 3630.00± 345.20 sec (Figure 2E).

Radiation dosimetry analysis

To determine the radiation absorbed doses to the target organs,

OLINDA/EXM software was utilized. Based on the data presented

in Table 3, the liver had the highest radiation absorbed dose

(6.40E-04 mSv/MBq), followed by the urinary bladder (3.41E-04

mSv/MBq), lungs (3.25E-04 mSv/MBq), red bone marrow (2.35E-

04 mSv/MBq), stomach (2.31E-04 mSv/MBq), kidney (2.28E-04

mSv/MBq), and thyroid (2.24E-04 mSv/MBq). The estimated mean

effective dose was 2.83E-03 mSv/MBq. In Table 4, the reference

values of radiation dosimetry for different DAT PET imaging agents

from previous literature were also provided for comparison.

Discussion

The abnormal change of dopamine function in the nigrostriatal

nuclei has been identified as a sensitive biomarker for the evaluation

of degenerative movement disorders (12). Molecular imaging

targeting DAT is an effective approach for early diagnosis and

progression assessment of PD in recent studies (13, 14).

Although 11C-CFT has been available as a dopaminergic

PET tracer for many years, a comprehensive and systematic

interpretation of its biological distribution in humans is yet to be

established. Prior studies have often used multi-bed and multi-

timepoint PET/CT scans to investigate the internal biodistribution

and radiation doses of the imaging agent with repeated invasive

blood draws (15). However, this imaging procedure is cumbersome,

time-consuming, and susceptible to variability in tracer uptake

and clearance times in different organs, leading to inaccurate

dose estimates, particularly for radionuclides with short half-lives.

Conventional PET/CT scans can also miss crucial time points,

particularly during the early phase of tracer uptake, which can lead

to biased subsequent dose estimation. However, total-body PET can

take advantage of the geometric sensitivity gain to scan multiple

half-lives after radiotracer administration (7). Notably, there are

no previous reports on the use of dynamic total-body PET/CT

for 11C-CFT imaging in humans. In this study, we employed a

75-min consecutive acquisition task that fully covered three half-

lives of 11C (t1/2 = 20min), allowing real-time evaluation of

DAT biodistribution.

The study’s findings demonstrated a consistent and uniform

biodistribution of 11C-CFT in all participants, with representative

curve characteristics observed in the major organs. The kidney,

spleen, lungs, and thyroid exhibited a “Fast-in Fast-out”

distribution, while the heart wall presented a “Fast-in Slow-out”

curve. The muscles and the whole brain displayed a “Low-level

extending” trend. Notably, the liver showed a “Slow-in Slow-out”

pattern, with a relatively high level of activity retention throughout

the scan period. This is due to the liver’s physiological control

over the removal of peripheral dopamine and its metabolites,

effectively limiting access to the systemic circulation of substantial
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FIGURE 1

The dynamic PET images of a 73-year-old patient with Parkinson’s disease were reconstructed, and the maximum intensity projection of the total

body uptake at specific time points was generated (A). First, a duration of 5-10 s indicates the 11C-CFT injection and a duration of 45-50 s reflects the

distribution in the systemic and pulmonary circulation. A duration of 105-110 s indicates high uptake in the thyroid, while a duration of 360-390 s

illustrates the descent of the pulmonary circulation. A duration of 900-960 s indicates high uptake in the liver. Additionally, the cerebral

transverse-sectional PET images of the basal ganglia plane displayed the selected time points (B), including a duration of 105-110 s indicating the

background uptake of the brain without developing the striatum image. A duration of 360-390 s showed an initial uptake in the striata, followed by a

clear outline of the striata at 1,260-1,320 s. Finally, 2,040-2,100 s showed high uptake in the striata.

TABLE 2 Time-activity curve patterns in major organs.

TAC curve pattern Organ Time of peak or plateau arrival (s) Peak or plateau activity (g/mL)

Fast-in Fast-out Kidney 268.30± 125.40 14.80± 3.11

Lung 57.50± 18.64 6.06± 2.04

Spleen 275.00± 79.18 12.14± 1.80

Thyroid 189.20± 68.59 9.30± 1.82

Fast-in Slow-out Heart wall 385.00± 87.81 5.75± 1.16

Slow-in Slow-out Liver 1770.00± 703.60 12.09± 3.72

Low-level extending Whole brain 2270.00± 1335.00 1.91± 0.50

Muscle 3540.00± 796.90 0.89± 0.25

Slow-in to plateau Striatum 3630.00± 345.20 6.58± 1.22

Bone 4240.00± 482.50 3.47± 0.90

amounts of dopamine released into the portal circulation from the

gastrointestinal organs (16). Of particular interest in PD patients,

the striatum showed a “Slow-in to plateau” pattern of 11C-CFT

uptake, with an average time tending to plateau at ∼3630 s, which

is consistent with the imaging time of static PET scans collected

1 h after 11C-CFT injection in our daily work. Interestingly, a TAC
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FIGURE 2

Time-activity curves were generated for major organs, such as the kidney, lung, spleen, and thyroid, as shown in panel (A). Panel (B) shows the

time-activity curve of the heart wall, while panel (C) shows the liver. The time-activity curve for the whole brain and muscle is illustrated in panel (D).

Finally, panel (E) shows the time-activity curves for the striatum and bone.

pattern similar to that in the striatum was unexpectedly discovered

in bone. Bone metabolism may be regulated by the nervous

system, and dopamine has been reported to stimulate osteoblast

proliferation, differentiation, and mineralization (17). The

dopamine transporter gene deletion model has been instrumental

in elucidating the specific role of dopamine in bone biology (18).

Additionally, a research study has shown that the absence of the

DAT gene results in impairments in skeletal structure and integrity

(19). Dopamine also affects calcium and phosphorus metabolism.

Therefore, the synchronous expression of DAT in bone partly

reflects the neuroendocrine functions of peripheral dopamine.

Our study, which utilized dynamic, long-time measured

TACs and total-body 11C-CFT PET/CT imaging, found that this

DAT-targeted agent resulted in an effective dose of 2.83E-03

mSv/MBq in PD patients. Previous radiation dosimetry research

on 11C-CFT estimated the effective dose per injected activity

to be 8.89E-03 mSv/MBq using conventional multi-bed PET/CT

scanning techniques (20), which was more than three times higher

than the dose estimates from our study. The observed discrepancies

in radiation dose estimates between Huang’s study and our study

may be due to differences in study design, PET/CT scanning

protocols, statistical analysis, and dose estimation methods. In

particular, the previous study used a multi-bed repeated acquisition

protocol to simulate real-time whole-body PET/CT scans, whereas

our study employed an advanced total-body PET/CT scanner

to perform true real-time dynamic scans of the entire human

body. After calibration for differences in injected tracer activity,

the actual effective dose in our study was 1.06 mSv, which is

even lower than the previously reported effective radiation dose

TABLE 3 Radiation dose estimates for 11C-CFT (mSv/MBq, n = 6).

Target organ Mean SD

Liver 6.40E-04 1.32E-04

Urinary Bladder Wall 3.41E-04 2.61E-04

Lung 3.25E-04 4.64E-05

Red Bone Marrow 2.35E-04 2.18E-05

Stomach Wall 2.31E-04 1.25E-05

Kidney 2.28E-04 2.78E-04

Thyroid 2.24E-04 4.61E-05

∗LLI Wall 1.92E-04 2.03E-05

Spleen 4.22E-05 5.34E-06

†ULI Wall 2.46E-05 4.77E-06

Brain 1.24E-05 4.60E-06

Effective Dose 2.83E-03 2.63E-04

∗LLI, lower large intestine; †ULI, upper large intestine.

for any comparable radioligands, including 18F-FPCIT (1.20E-02

mSv/MBq) (21), 18F-FE-PE2I (2.30E-02 mSv/MBq) (15), and 11C-

PE2I (6.40E-03 mSv/MBq) (22). Although previous studies have

indicated that the internal radiation doses of DAT PET tracers

are safe and acceptable to the public, our investigation provided

substantially lower effective dosimetry for 11C-CFT. The technical

advantage of dynamic acquisition and measurement by total-

body PET/CT facilitated accurate dose estimation, as previously
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TABLE 4 E�ective dose for 11C-CFT and other DAT imaging agents.

Imaging agents E�ective dose per injected activity (mSv/MBq) Injected activity (MBq) E�ective dose (mSv)

11C-CFT (This work) 2.83E-03 373.30 1.06

11C-CFT Huang et al. (20) 8.89E-03 472.06 4.20

18F-FPCIT Robeson et al. (21) 1.20E-02 185.00 2.22

18F-FE-PE2I Lizana et al. (15) 2.30E-02 200.00 4.60

11C-PE2I Ribeiro et al. (22) 6.40E-03 321.00 2.05

described in the 18F-FDG radiation dosimetry study byHu et al. (8).

They have demonstrated that the conventional multi-bed PET/CT

scanning method is prone to overestimating the radiation dose to

the urinary bladder. Lower radiation exposure coupled with higher

image quality will benefit the further application of 11C-CFT in

visualizing dopaminergic function and evaluating PD and other

related movement disorders. In clinical practice, the routine use

of administered activities ranging from 259 to 444 MBq (7 to 12

mCi) in a single 11C-CFT PET scan would yield effective doses

of only 0.73 to 1.26 mSv, which is an extremely low radiation

burden and more favorable for patients requiring multiple follow-

up examinations. Our study shows that the tracer reaches a

plateau within 75min and remains stable thereafter, indicating that

prolonged scan times may not be necessary for clinical diagnosis.

However, we acknowledge that this plateau phase may result in

dose underestimation. Therefore, a further investigation into dose

optimization strategies is warranted. In our daily clinical use of
11C-CFT PET/CT imaging, we have not received any feedback

concerning toxicity or moderate-to-severe side effects.

Nonetheless, very few patients reported experiencing mild

headaches that were transient. Owing to the limited information

and duration of the reported headaches, it remains uncertain

whether there is a causal relationship between the use of 11C-CFT

and this observed effect. Further research is warranted to elucidate

the underlying mechanisms of such side effects and to devise

strategies to optimize patient safety in nuclear medicine practice.

Given the current limitations of our study, our next steps

will involve achieving longer scan times using dynamic 11C-CFT

total-body PET/CT in healthy volunteers who demonstrate good

compliance. Additionally, in future investigations, we intend to

expand our sample size and carefully consider potential gender-

based differences in our study design.

Conclusion

Using a novel approach with real-time dynamic total-

body PET/CT scans, we have conclusively demonstrated that
11C-CFT has good tissue biodistribution in various human

organ systems with effective internal doses that are lower

than previously anticipated. The unique features of low

radiation doses and high imaging quality make this agent a

viable option for PD patients. With such a safer dose range,

PET/CT diagnosis and subsequent repeat examinations may

become more feasible and clinically practical for individuals

in need.
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Correlation analysis between 
18F-fluorodeoxyglucose positron 
emission tomography and 
cognitive function in first 
diagnosed Parkinson’s disease 
patients
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Du Xiaoxiao , Gao Lulu , Li Yi , Fan Kangli  and Zhang Ying *

Department of Neurology, First Hospital of Jilin University, Changchun, China

Objective: Evaluation of the correlation between 18F-fluorodeoxyglucose-
positron emission tomography (18F-FDG PET) and cognitive function in first-
diagnosed and untreated Parkinson’s disease (PD) patients.

Materials and method: This cross-sectional study included 84 first diagnosed and 
untreated PD patients. The individuals were diagnosed by movement disorder 
experts based on the 2015 MDS Parkinson’s disease diagnostic criteria. The 
patients also underwent 18F-FDG PET scans and clinical feature assessments 
including the Montreal Cognitive Assessment (MoCA) scale. Glucose metabolism 
rates were measured in 26 brain regions using region of interest (ROI) and pixel-
wise analyses with displayed Z scores. The cognitive function was assessed 
by professionals using the MoCA scale, which covers five cognitive domains. 
Spearman’s linear correlation and linear regression models were used to compare 
the correlations between 18F-FDG metabolism in each brain region and cognitive 
domain, using SPSS 25.0 software.

Result: The results indicated a positive correlation between executive function 
and glucose metabolism in the lateral prefrontal cortex of the left hemisphere 
(p = 0.041). Additionally, a positive correlation between memory function and 
glucose metabolism in the right precuneus (p = 0.014), right lateral occipital 
cortex (p = 0.017), left lateral occipital cortex (p = 0.031), left primary visual cortex 
(p = 0.008), and right medial temporal cortex (p = 0.046). Further regression analysis 
showed that for every one-point decrease in the memory score, the glucose 
metabolism in the right precuneus would decrease by 0.3 (B = 0.30, p = 0.005), 
the glucose metabolism in the left primary visual cortex would decrease by 0.25 
(B = 0.25, p = 0.040), the glucose metabolism in the right lateral occipital cortex 
would decrease by 0.38 (B = 0.38, p = 0.012), and the glucose metabolism in the 
left lateral occipital cortex would decrease by 0.32 (B = 0.32, p = 0.045).

Conclusion: This study indicated that cognitive impairment in PD patients 
mainly manifests as changes in executive function, visual-spatial function and 
memory functions, while glucose metabolism mainly decreases in the frontal 
and posterior cortex. Further analysis shows that executive function is related 
to glucose metabolism in the left lateral prefrontal cortex. On the other hand, 
memory ability involves changes in glucose metabolism in a more extensive brain 
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region. This suggests that cognitive function assessment can indirectly reflect the 
level of glucose metabolism in the relevant brain regions.

KEYWORDS

Parkinson’s disease, cognitive impairment, 18F-FDG PET, glucose metabolism, cognitive 
domain, newly diagnosed and untreated PD

1. Introduction

Parkinson’s disease (PD) is a degenerative neurological disorder, 
characterized by the degeneration and loss of dopaminergic neurons 
in the substantia nigra of the midbrain. This result in reduced 
dopamine input to the striatum, and typical motor symptoms such as 
resting tremor, rigidity, bradykinesia, and postural and gait disorder. 
With the progress of clinical and pathological research, particularly 
the introduction of the 2003 pathological grading theory (1) providing 
a basis for a wide range of symptoms in PD, non-motor symptoms of 
PD have received increasing attention. This include olfactory 
dysfunction, constipation, sleep disorders, cognitive dysfunction, and 
autonomic dysfunction that can occur throughout the disease. 
Currently, the diagnosis of PD relies more on clinical features, and 
there is still a dearth of a gold standards for diagnosis.

Application of positron emission tomography (PET) using 
different tracer agents can achieve in vivo molecular pathological 
diagnosis. Dopamine transporter positron emission tomography 
(DAT-PET) imaging is highly sensitive in testing for presynaptic 
dopamine neuron functional disorders (2), and molecular imaging 
showing normal presynaptic dopamine function was listed as one of 
the exclusion criteria for PD diagnosis in the Movement Disorder 
Society (MDS) criteria, 2015 (3). Functional abnormalities can help 
distinguish essential tremor, drug-induced Parkinson’s syndrome, and 
vascular Parkinson’s syndrome (4), but DAT-PET imaging has limited 
value in differentiating PD from other atypical Parkinson’s syndromes 
such as multiple system atrophy (MSA), progressive supranuclear 
palsy (PSP), and corticobasal degeneration (CBD) (5). Studies have 
shown that in PD patients, not only is there dopamine dysfunction, 
but also significant metabolic abnormalities in the brain. Based on this 
characteristic, scientists have developed 18F-FDG PET specifically for 
identifying and measuring metabolic abnormalities in PD at the 
systemic level (6). The 18F-FDG PET imaging can reflect local glucose 
metabolism. Based on this, a Parkinson’s disease-related pattern 
(PDRP) has been discovered, characterized by a relative increase in 
metabolism in the pallidum, pons, and cerebellum fibers, and a 
simultaneous decrease in metabolism in the pre-motor and posterior 
parietal regions (27). There have been successive studies that have 
found characteristic metabolic patterns for MSA, PSP, CBD, and 
DLB. Therefore, glucose metabolism patterns can be  used to 
distinguish between PD and MSA, PSP, and corticobasal syndrome 
(CBS) (7). However, the factors that affect glucose metabolism in PD 
are not yet fully understood. There are varying degrees of cognitive 
impairment in PD, including mild cognitive impairment (MCI) and 
Parkinson’s disease dementia (PDD). Population-based studies have 
shown that up to 40% of Parkinson’s patients eventually develop 
dementia (8). The development of cognitive impairment involves 
non-dopaminergic pathways, and further research is needed to 

investigate whether it is related to brain glucose metabolism. Research 
has shown that compared to PD patients with normal cognitive 
function, PD-MCI and PDD patients exhibit a progressive reduction 
in metabolism in the frontal and parietal cortices (9, 10), and cognitive 
dysfunction is involved in changes within PD brain metabolism. This 
study aims to explore the correlation between 18F-glucose metabolism 
and cognitive function in newly diagnosed and untreated PD patients. 
Furthermore, we will examine if, the patient’s glucose metabolism 
status can be  predicted by the cognitive level. Different cognitive 
impairment patterns may provide clues for establishing possible 
glucose metabolic patterns.

2. Materials and methods

2.1. Subjects

The participants in this study were 84 newly-diagnosed and 
untreated PD patients who had undergone an 18F-FDG PET scan at 
the Parkinson’s Disease Clinic of the First Hospital of Jilin University 
in northeastern China. Hence, PD was diagnosed by movement 
disorder experts based on the 2015 MDS Parkinson’s disease 
diagnostic criteria (3). Other organic or psychiatric disorders that may 
lead to cognitive impairment were excluded, Alzheimer’s disease, 
Lewy body dementia, severe cerebrovascular disease, and major 
depression. The participants were evaluated using the MoCA cognitive 
scale and other clinical features by professional individuals.

2.2. Clinical assessments

Clinical assessments were conducted by trained examiners. The 
patients underwent standardized neurological examinations wherein, 
the revised Movement Disorder Society Unified Parkinson’s Disease 
Rating Scale Part III (MDS-UPDRS III), and the Hoehn and Yahr 
(H&Y) staging were employed to grade motor symptoms. 
Neuropsychological evaluations were performed using the Montreal 
Cognitive Assessment (MoCA) scale (11), and the Hamilton Anxiety 
Scale (HAMA) and Hamilton Depression Scale (HAMD). Among 
them, MoCA was used to clinically assess the five cognitive domains. 
The specific details of the MoCA items are as follows. The short-term 
memory recall task (5 points) involved two learning trials of five 
nouns, followed by delayed recall after approximately 5 min. Visual 
spatial abilities were evaluated by replicating a three-dimensional cube 
(1 point). Multiple aspects of executive function were evaluated 
through the following tasks: an alternate task adapted from the trail 
making B task (1 point), a drawing a clock task (3 points), phonemic 
fluency task (1 point), and two verbal abstraction tasks (2 points). 

25

https://doi.org/10.3389/fneur.2023.1195576
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhihui et al. 10.3389/fneur.2023.1195576

Frontiers in Neurology 03 frontiersin.org

Attention, concentration, and working memory were assessed through 
multiple tasks such as sustained attention task-detecting targets by 
tapping (1 point), serial subtraction (3 points), and forward and 
backward digit span (1 point each). The language was evaluated by a 
three-item naming task with unfamiliar animals (lion, camel, 
rhinoceros; 3 points) and repeating two grammatically complex 
sentences (2 points).

2.3. 18F-FDG PET imaging process

Before PET scanning, all PD patients were required to fast for at 
least 6 h but had free access to water for at least 12 h before imaging, 
the blood glucose levels needed to be less than 8 mmol/L. The PET 
scans were performed with a Siemens Biograph 16HR PET/CT 
(Siemens) in 3D mode. Before the emission scan, a low-dose CT (tube 
voltage 120 kV, tube current 50 mAs, rotational speed 0.5 s/r, FOV 
812 mm × 812 mm, 512 × 512 matrix, slice thickness 2 mm) 
transmission scan was performed for attenuation correction. The 
brain emission scan was acquired at least 60 min after intravenous 
injection of 185 MBq of [18F] FDG (Sumitomo HM-12, pH 4–8, 
radioactive purity >95%, radioactive concentration >370 MBq/mL). 
The PET scan (1-bed positions, FOV 812 mm × 812 mm, 144 × 144 
matrix, slice thickness 2 mm) lasted for 10 min. All procedures were 
carried out on PD patients under standardized circumstances, i.e., in 
a quiet and dimly lit room with minimal background noise and a 
resting state with the eyes open.

2.4. Image preprocessing analysis

The FDG images are quantitatively analyzed using Cortex ID Suite 
software. Cortex ID uses the 3D SSP method developed by Dr. 
S. Minoshima of the University of Washington. This method first 
achieves correction and centering of the PET volume using 3D 
rotation correction, i.e., a symmetry algorithm known as a stochastic 
sign change (SSC) criterion. Second, stereotactic repositioning of the 
PET volume with the AC-PC lines is achieved using stereotactic 
realignment, i.e., iterative matching of the patient image set with a 
standard atlas template generated by averaging the FDG images of 66 
healthy volunteers via linear transformation. Third, the PET volume 
was matched to a standard image set with a uniform voxel size of 
2.25 mm, an interpolation of 60 slices, and a matrix size of 128 × 128 
by stretching/compressing it and using a thin-slab spline technique. 
This way done to nonlinearly distort the PET volume in three 
dimensions simultaneously along the direction of the major neuronal 
fiber bundles. This reduces regional mismatches in gray matter 
locations that remained after linear correction and then automatically 
standardizes the anatomy of the brain. After that, the algorithm finds 
the maximum FDG uptake value by “inserting” a 13.5 mm long 
imaginary 3D vector of the brain in the stereotaxic coordinates of the 
PET volume with about 16,000 pre-defined cortical surface pixels. 
Subsequently, these were extracted and assigned to the corresponding 
surface pixels. The generated uptake maps are normalized pixel-by-
pixel to the average metabolic activity across the cerebral cortex. The 
algorithm uses Z-score subtraction to compare the patient’s uptake 
map pixel by pixel with the uptake map of an age-matched average 
normal brain. The final display shows a metabolic map of 8 directions 

and 26 brain regions. Eight of this region, include lateral views of the 
left and right sides, medial views of the left and right sides, anterior 
view, posterior view, superior view, and inferior view and the 26 brain 
regions. The 26 brain regions include the left lateral prefrontal lobe, 
right lateral prefrontal lobe, left medial prefrontal lobe, right medial 
prefrontal lobe, left sensorimotor, right sensorimotor, left anterior 
cingulate, right anterior cingulate, left posterior cingulate, right 
posterior cingulate, left precuneus, right precuneus, left superior 
parietal lobe, right superior parietal lobe, left inferior parietal lobe, 
right inferior parietal lobe, left lateral occipital lobe, right lateral 
occipital lobe, left primary visual cortex, right primary visual cortex, 
left lateral temporal lobe, right lateral temporal lobe, left mesial 
temporal lobe, right mesial temporal lobe, cerebellum and pons. This 
indicated the number of standard deviations in the patient’s FDG 
uptake values differ from those of the age-matched normal brain. 
Areas of severe hypometabolism are shown in red.

2.5. Statistical analysis

The data were analyzed using SPSS 25.0 software. Normally 
distributed data were expressed as mean ± standard deviation, while 
non-normally distributed data were expressed as median and quartile 
range (IQR) (Tables 1, 2). Spearman correlation analysis was used to 
examine the correlation between quantitative variables, and variables 
with p < 0.05 were considered significant. After controlling for age, sex, 
years of education, HAMA, and HAMD, variables with p < 0.1 in the 
correlation analysis were further included in a stepwise linear 
regression analysis to establish a linear regression model.

3. Result

3.1. Correlation analysis of PD patients

In this study, among the 84 patients, the main glucose metabolism 
reduction was observed in the prefrontal and posterior cortex, as 

TABLE 1 Demographics and clinical characteristics of PD patients.

Characteristic Total (n = 84) 
median (IQR)

Age 63.5 (23.8)

Gender Male 38 (45.2)

Female 46 (54.8)

Age of onset 58.5 (14.7)

Education years 10.5 (6.5)

H&Y stage 2.0 (1.0)

UPDRS III scores 25 (23.5)

Disease duration 4.0 (5.0)

Handedness Left 3 (3.6)

Right 81 (96.4)

MoCA 23 (8)

HAMA 9 (9)

HAMD 8 (8)
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shown in Figures 1, 2. The left lateral prefrontal cortex was positively 
correlated with executive function (p = 0.041). The left sensorimotor 
area (p = 0.042), the left superior parietal lobule (p = 0.034) and right 
medial temporal cortex (p = 0.046) were negatively correlated with 
memory function. The right precuneus (p = 0.014), right lateral 
occipital cortex (p = 0.017), left lateral occipital cortex (p = 0.031) and 
left primary visual cortex (p = 0.008) showed were positive correlation 
with memory function, as shown in Figure  3. The variables with 
p < 0.1 in the Spearman linear correlation analysis were included in the 
multiple linear regression analysis with each brain region as the 
outcome variable using the principle of lenient entry and strict exit. A 
multiple linear regression model was constructed by controlling for 
age, gender, education, HAMA, and HAMD. The results showed that 
for every 1-point decrease in memory score, the metabolism in the 
right sensorimotor area would increase by 0.32 points (p = 0.047, 
B = −0.32). Additionally, the metabolism in the left sensorimotor area 
would increase by 0.37 points (p = 0.035, B = −0.37), while the 
metabolism in the right precuneus would decrease by 0.3 points 
(p = 0.005, B = 0.30). The metabolism in the left primary visual cortex 
would decrease by 0.25 points (p = 0.040, B = 0.25), the metabolism in 
the right lateral occipital cortex would decrease by 0.38 points 
(p = 0.012, B = 0.38) and the metabolism in the left lateral occipital 
cortex would decrease by 0.32 points (p = 0.045, B = 0.32). For every 
1-point decrease in attention score, the metabolism in the left 
precuneus would decrease by 0.33 points (p = 0.010, B = 0.33) (Table 3). 
To avoid false-positive results, we qualified the p-values more strictly 
and reincorporated the independent variables with p < 0.05 into the 
linear regression analysis. We found that only the left sensorimotor 
area was negatively correlated with memory function, and positive 

correlations existed between the right precuneus, bilateral occipital 
lobe, and the left primary visual cortex and memory function 
(Supplementary Table S1).

4. Discussion

This study suggests that the characteristics of cognitive 
impairment in PD mainly involve executive function, visuospatial 
function, and memory function, which is consistent with previous 
research (12). It is also different from AD, which affects memory 
function, and DLB, which primarily affects visuospatial and 
attention functions (13, 14). Impairment in executive function is 
mainly manifested as cognitive flexibility, planning, and impairment 
of learning ability. That could be attributed to the disruption in the 
integrity of the dorsolateral prefrontal-striatal loop (dorsolateral 
prefrontal cortex, dorsolateral striatum, globus pallidus internus, 
mediodorsal thalamus of the lateral, and posterior parietal cortex) 
caused by dopamine deficiency (15). The present study found that 
PD patients with poor executive function showed decreased glucose 
metabolism in the left lateral prefrontal cortex. The finding is similar 
to the results of a study by Duncan et  al. in 2015 (16) and also 
consistent with the current theory that executive function is mainly 
associated with the frontal cortex. In addition, the lateral prefrontal 
cortex is more sensitive to spatial position information than the 
amygdala, ventral striatum, and orbitofrontal cortex in the dorsal 
region of the frontal-striatal loop (17). The clock drawing and the 
trial making test part B used in this study to assess executive 
function are also highly correlated with spatial position, suggesting 
that PD patients may also have some degree of spatial function 
impairment (18).

Furthermore, this study also observed that in patients with poor 
memory function, glucose metabolism was reduced in the right 
precuneus, bilateral occipital cortex, and left visual cortex. Among 
them, the right anterior cingulate gyrus, bilateral occipital cortex, and 
left visual cortex displayed positive linear relation to memory function, 
indicating the lower the metabolic activity of the related cortex, the 
more severe the memory function impairment. Existing research has 
shown that memory function is related to the hippocampal-
neocortical circuit function, and the neocortex mainly includes the 
ventromedial prefrontal cortex and posterior cortex, such as the 
parietal and occipital lobes. The evaluation of memory function in this 
study used the delayed recall section of the Montreal Cognitive 
Assessment Scale (immediate recall was not scored). Participants were 
asked to recall five words they had heard after a 5 min delay and were 
allowed to receive prompts. Generally speaking, the process of 
memory retrieval involves two stages: memory construction and 
memory refinement. The anatomical basis for the construction stage 
corresponds to the connection between the ventromedial prefrontal 
cortex and the anterior hippocampus, while the refinement stage 
involves the connection between the posterior hippocampus and the 
posterior neocortex, including the occipital and parietal lobes. The 
neocortex is often involved in tasks such as somatosensory processing, 
visual recognition, and spatial tasks (19), while the precuneus is 
closely related to visual spatial representations, situational memory 
retrieval, etc. This can explain the reduced metabolism in the right 
precuneus cortex and bilateral occipital cortex found in memory-
impaired patients in this study. Another study has also shown that the 

TABLE 2 Cognitive domain assessment.

Cognitive domain 
(total scores)

Test items (total 
scores)

Scores (IQR)

Executive (7) 5 (3)

TMT-B (1) 1 (1)

Draw clock (3) 3 (2)

Semantic fluency (1) 1 (0)

Abstraction (2) 1 (1)

Visual spatial (1) 0 (1)

Cube copy (1) 0 (1)

Language (5) 4 (2)

Naming (3) 3 (1)

Repeat (2) 1 (2)

Attention (6) 5 (2)

Digits forward (1) 1 (0)

Digits backward (1) 1 (0)

Target detection using 

tapping (1)

1 (0)

Serial 7 substraction 

starting at 100 (3)

2 (1)

Memory (5) 2 (2)

Delayed recall (5) 2 (2)

(Total execution = 7, total visual-spatial = 1, total verbal = 5, total attention = 6, total 
memory = 5, TMT-B, the trial making test part B).
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primary visual cortex is related to memory function (20). Since most 
of the five words in the MoCA recall task are highly concrete words 
(such as “red,” “face,” “church,” “velvet,” and “chrysanthemum”), 
perceptual and storage deficits related to visual information can also 
affect the formation of memory in patients. Therefore, this can also 

explain why the memory-impaired patients in this study showed 
reduced metabolism in the left visual cortices. It is worth noting that 
this study found that although PD patients have significant memory 
impairment, their attention function is still relatively intact. This is 
mainly manifested as impaired short-term and immediate memory, 

FIGURE 1

(A) Shows the 26 brain regions selected using the region of interest (ROI) method by the Cortex ID Suite program, their respective regional brain 
glucose uptake rates, and the calculated Z-values. (B) Are schematic illustrations of the whole-brain glucose metabolism observed in eight directions 
(lateral views of the left and right sides, medial views of the left and right sides, anterior view, posterior view, superior view, and inferior view). Each unit 
scale below the image represents a decrease in metabolism of one standard deviation. This image shows brain regions with a decrease in metabolism 
of two or more standard deviations, with warmer colors indicating greater metabolic deficits.
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FIGURE 2

The graph displays the Z scores of glucose metabolism in the brain regions of the left and right lateral prefrontal cortex, anterior cingulate cortex, 
posterior cingulate cortex, precuneus, superior parietal lobule, inferior parietal lobule, and lateral temporal cortex. The low metabolism regions in the 
patients were mainly located in the lateral prefrontal cortex, precuneus, superior parietal lobule, and inferior parietal lobule on both sides of the brain.

TABLE 3 Spearman correlation analysis of glucose metabolism in each cognitive domain and brain region.

Brain region Cognitive domain p B 95% CI

Prefrontal lateral R Executive 0.196 – –

Prefrontal lateral L Executive 0.171 – –

Prefrontal medial L Memory 0.304 – –

Sensorimotor R Memory 0.047 −0.32 −0.64, −0.01

Sensorimotor L Memory 0.035 −0.37 −0.72, −0.03

Anterior cingulate L Memory 0.822 – –

Precuneus R Memory 0.005 0.30 0.09, 0.51

Precuneus L Attention 0.010 0.33 0.08, 0.58

Parietal superior L Memory 0.172 – –

Parietal inferior L Visual spital 0.492 – –

Occipital lateral R Memory 0.012 0.38 0.09, 0.67

Primary visual R Memory 0.005 −0.06 −0.09, −0.02

Primary visual L Attention 0.354 – –

Memory 0.040 0.25 0.01, 0.50

Temporal lateral L Memory 0.385 – –

Temporal mesial R Memory 0.223 – –

29

https://doi.org/10.3389/fneur.2023.1195576
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhihui et al. 10.3389/fneur.2023.1195576

Frontiers in Neurology 07 frontiersin.org

while number-related memory (such as digit span forward and 
backward) remains relatively intact (see Figure 3).

Interestingly, this study found that patients with poor memory 
function had increased metabolism in the left medial frontal cortex, 
left sensorimotor areas, left superior parietal cortex, and right medial 
temporal cortex. On the other hand, patients with worse visuospatial 
function had hyper-metabolism in the left superior parietal cortex. 
Among them, there was a negative linear relation between the bilateral 

sensorimotor areas and memory function. The presence of high 
metabolism in certain brain regions in neurodegenerative diseases is 
a highly controversial topic in the current scenario. First, the 
neuroinflammation present during disease progression may lead to 
higher glucose metabolism (21, 22). Second, higher glucose 
metabolism is a compensatory response to PD-related cortical atrophy 
with less-damaged brain regions, thereby exhibiting higher glucose 
metabolism and indicating a decline in cognitive ability. In addition, 

FIGURE 3

Spearman correlation analysis between glucose metabolism in each brain region and each cognitive domain. The ordinates indicate the glucose 
metabolism in each brain region, with L indicating the left side and R indicating the right side. (A) Spearman correlation analysis between glucose 
metabolism in left sensorimotor cortex and memory function. (B) Spearman correlation analysis between glucose metabolism in right precuneus and 
memory function. (C) Spearman correlation analysis between glucose metabolism in left superior parietal cortex and memory function. (D) Spearman 
correlation analysis between glucose metabolism in right lateral occipital cortex and memory function. (E) Spearman correlation analysis between 
glucose metabolism in left lateral occipital cortex and memory function. (F) Spearman correlation analysis between glucose metabolism in left primary 
visual cortex and memory function. (G) Spearman correlation analysis between glucose metabolism in right temporal mesial cortex and memory 
function. (H) Spearman correlation analysis between glucose metabolism in left inferior parietal cortex and visual spatial function. (I) Spearman 
correlation analysis between glucose metabolism in left primary visual cortex and attention function. (J) Spearman correlation analysis between 
glucose metabolism in left lateral prefrontal cortex and executive function. (K) Spearman correlation analysis between glucose metabolism in left 
medial prefrontal cortex and orientation function.
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most of the brain regions with negatively correlated metabolism with 
cognitive domains belong to the default network. The default network 
includes the medial prefrontal cortex, medial and lateral parietal 
cortex, and medial and lateral temporal cortex. Brain regions within 
the default network exhibit decreased metabolism during task 
execution. Although patients in this study did not perform cognitive 
tasks during 18F-FDG PET scanning, studies have shown that brain 
regions with decreased metabolism during novel tasks are not 
activated during the rest period (23). This suggests that the increased 
metabolism in the brain regions during PD is related to 
memory impairment.

This study found that cognitive impairment in PD patients is 
mainly manifested as changes in executive, visual-spatial and memory 
function, with decreased glucose metabolism primarily in the frontal 
and posterior cortex. Among them, the executive ability is related to 
glucose metabolism in the left lateral prefrontal cortex, while memory 
ability involves a more extensive range of metabolic changes in the left 
medial prefrontal cortex, bilateral sensorimotor areas, left primary 
visual cortex, bilateral occipital cortex, right precuneus, left superior 
parietal cortex, and right medial temporal cortex. This is broadly 
consistent with previous studies (24). So, is the pattern of glucose 
metabolism in the brain of PD patients different from that of other 
types of cognitive impairment? Vander et al. found that both PDD and 
Alzheimer’s disease (AD) show a global reduction in glucose 
metabolism, with similar cortical metabolism in the bilateral parietal, 
temporal, and frontal lobes (20, 25). When comparing PDD and AD, 
PDD patients showed a greater decrease in visual cortex metabolism, 
while metabolism in the medial temporal cortex was relatively 
preserved (20, 26). In a longitudinal study that lasted for 8 years and 
used SVM to predict the conversion rate from MCI to PDD, it was 
found that the SVM-supported PDD classifier was used to classify 
Lewy body dementia (DLB) patients, with 94.12% of DLB patients 
predicted to convert to PDD. This suggests that there is no phenotypic 
difference between PDD and DLB. Therefore, FDG-PET can detect 
small regional changes in areas such as the frontal lobe, parietal lobe, 
and occipital lobe at the voxel level and establish a metabolic brain 
network related to PD cognitive impairment. However, there may still 
be significant difficulties in using glucose metabolism to differentiate 
between DLB and PD cognitive impairment.

We believe that this study will help clinicians to predict alterations 
in glucose metabolism in relevant brain regions by using the patients’ 
cognitive scores. Additionally, it is also predict possible patterns of 
glucose metabolism in PD by different impaired cognitive domains to 
assist in the clinical diagnosis and differential diagnosis of PD.

This study has certain limitations. First, this study adopted a 
cross-sectional design with a small sample size from a single center. 
This may have biases in terms of geographic location, race, 
examination, and evaluation. In the future, we plan to expand the 
sample size and conduct a longitudinal study with multi-center 
collaboration to further validate the results. Second, the testing of 
visual spatial function in this study is relatively limited. We plan to add 
more tests of visual spatial function to verify the results. Third, 
we  used automatic region of interest (ROI) segmentation, which 
reduced time and labor costs but was not as accurate as manual 
delineation. We aim to achieve more accurate, stable, and intelligent 
automatic sketching and brain partitioning methods in the future.
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Characteristics and influencing 
factors of 11C-CFT PET imaging in 
patients with early and late onset 
Parkinson’s disease
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Dai Yuyin , Gao Lulu , Li Yi , Sun Zhihui  and Zhang Ying *

Department of Neurology, First Hospital of Jilin University, Changchun, China

Objective: This study aims to explore the difference between 11C-methyl-N-
2β-carbomethoxy-3β-(4-fluorophenyl)-tropanel (11C-CFT) positron emission 
tomography (PET) imaging in the early-onset Parkinson’s disease (EOPD) and late-
onset Parkinson’s disease (LOPD), and to analyze the correlation between 11C-CFT 
PET imaging and disease duration, Hoehn & Yahr (H&Y) stage, motor symptoms, 
and non-motor symptoms in patients with idiopathic Parkinson’s disease (PD), so 
as to explore its application value in assessing the severity of Parkinson’s disease.

Materials and methods: A total of 113 patients with idiopathic PD were included 
in this study. The patients were divided into EOPD and LOPD groups according 
to the age of 60 years, of which 58 were early-onset and 55 were late-onset. 
All patients underwent 11C-CFT PET imaging and manually sketched regions of 
interest (ROI) to delineate the caudate nucleus, anterior putamen, and posterior 
putamen ROI layer-by-layer, and the corresponding values were recorded. 
Clinical data [age of onset, disease duration, H&Y stage, total Unified Parkinson’s 
Disease Rating Scale (UPDRS) score, UPDRS III score, tremor score, postural 
instability/gait difficulty (PIGD) score, rigidity score, bradykinesia score, and 
Montreal Cognitive Assessment (MoCA) score] were collected from all patients. 
The differences in striatal 11C-CFT uptake between patients with EOPD and LOPD 
were compared, and the correlation between striatal 11C-CFT uptake and the 
clinical data of patients with idiopathic PD was evaluated.

Results: The caudate nucleus  11C-CFT uptake was higher in EOPD than in the LOPD 
group (t = 3.002, p = 0.003). 11C-CFT uptake in the caudate nucleus in patients with 
PD was negatively correlated with the age of onset, H&Y stage, disease duration, 
total UPDRS score, UPDRS III score, rigidity score, and bradykinesia score (p < 0.05). 
The anterior and posterior putamen 11C-CFT uptake was negatively correlated 
with H&Y stage, disease duration, total UPDRS score, UPDRS III score, PIGD score, 
rigidity score, and bradykinesia score (p < 0.05).

Conclusion: 11C-CFT PET provides an objective molecular imaging basis for the 
difference in disease progression rates between patients with EOPD and LOPD. 
Secondly, 11C-CFT PET can be used as an important objective indicator to assess 
disease severity and monitor disease progression.
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Parkinson’s disease, the early-onset Parkinson’s disease, the late-onset Parkinson’s 
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1. Introduction

Parkinson’s disease (PD) is the second most common 
neurodegenerative disease worldwide after Alzheimer’s disease (AD) 
(1), and the main pathological changes are: degeneration and loss of 
nigrostriatal dopaminergic neurons, formation of Lewy bodies in the 
remaining neurons and reduction of striatal dopamine levels. The 
clinical manifestations of PD are predominantly motor symptoms, 
including rest tremor, rigidity, bradykinesia, and postural imbalance. 
With the progress of clinical and pathological research, PD has been 
found to be accompanied by some non-motor symptoms. Braak et al. 
classified the pathological changes in PD into six stages according to 
the different sites of α-synuclein deposition and the time and order of 
PD pathology in 2003, among which non-motor symptoms included: 
cognitive, olfactory, sleep, autonomic dysfunctions, anxiety and 
depression and mental and behavioral dysfunction (2). Although 
imaging and genetic research for the diagnosis of Parkinson’s disease 
have made great progress in recent years, the diagnosis of PD still 
depends mainly on the comprehensive assessment of medical history, 
symptoms and signs, and response to levodopa drugs, which lacks a 
gold standard for diagnosis. The pathogenesis of PD is very complex, 
and the pathophysiological mechanism includes: oxidative stress, 
mitochondrial dysfunction, neuroinflammation, etc. Based on the 
above pathophysiological changes, the current research hotspot is 
mainly to find effective biomarkers for PD diagnosis. Among them, 
great progress has been made in the study of biomarkers of the central 
nervous system and peripheral blood, and it plays an important role 
in the diagnosis and differential diagnosis of PD and Parkinson’s 
syndrome (3–5). However, it is still difficult to reflect the essential 
characteristics of PD. Moreover, most patients with PD have atypical 
clinical symptoms in the early stages, that are difficult to detect and 
diagnose. At the same time, a reliable objective assessment index for 
evaluating PD severity is lacking.

Positron emission computed tomography (PET/CT) is an in vivo 
molecular imaging technique. By combining with different 
radiotracers, systemic or local metabolic, functional and structural 
information can be obtained to achieve early detection, early diagnosis 
and early treatment of diseases. Different radiotracers in PET indicate 
different features. PET/CT is also increasingly used for the diagnosis 
and evaluation of PD because of its specific advantages, such as the 
dopamine transporter (DAT)-PET. DAT-PET imaging is based on the 
principle that 11C-methyl-N-2β-carbomethoxy-3β-(4-fluorophenyl)-
tropanel (11C-CFT) tracers specifically bind to striatal DAT to visualize 
the caudate nucleus and putamen, while DAT-deficient regions such 
as the cerebellum and cortex do not bind to the tracer, in order to 
assess the density of presynaptic dopaminergic neurons in the striatum 
and reflect the severity of neuronal degeneration in the dense 
substantia nigra (6). Therefore, a reduction of 11C-CFT uptake in the 
caudate nucleus and putamen plays an important role in the early 
diagnosis and differential diagnosis of PD (7, 8).

DAT-PET imaging is clinically useful for differentiating PD from 
conditions unrelated to dopaminergic dysfunction, such as essential 
tremor, dystonia, drug-induced parkinsonism and vascular parkinsonism. 
(9, 10). However, the 11C-CFT uptake in different parts of the striatum in 
patients with PD is different, and whether it is related to the age of onset 
and disease severity of patients with PD, especially the correlation with 
motor and non-motor symptoms, needs to be further investigated. In this 
study, the correlation between striatal 11C-CFT uptake and clinical data 

[including age of onset, disease duration, H&Y stage, total UPDRS score, 
UPDRS III score, tremor score, postural instability/gait difficulty (PIGD) 
score, rigidity score, bradykinesia score, and the Montreal Cognitive 
Assessment (MoCA) score] in patients with idiopathic PD was analyzed 
in the Chinese population, with the aim of exploring the application value 
of DAT-PET in assessing PD severity. In addition, the incidence of 
Parkinson’s disease increases with age, and the cut-off age varies by age 
group, distinguished by the ages of 40, 45, 50, 60, or 70 years; the terms 
used in the literature, such as juvenile, young, and late-onset Parkinson’s 
disease, are defined differently (11). In this study, PD was defined as early-
onset Parkinson’s disease (EOPD) or late-onset Parkinson’s disease 
(LOPD) by taking the age of onset of 60 years as the limit, and the 
difference between 11C-CFT uptake in EOPD and LOPD was preliminarily 
explored using DAT-PET imaging.

2. Materials and methods

2.1. Subjects

One hundred thirteen patients with a definite diagnosis of idiopathic 
PD who underwent 11C-CFT PET imaging at the Parkinson’s Disease 
Specialized Clinic, Department of Neurology, First Hospital of Jilin 
University from January 2020 to October 2022 were included in this 
study, including 58 patients with EOPD and 55 patients with LOPD. All 
patients were definitively diagnosed by an experienced Parkinson’s disease 
specialist according to the clinical diagnostic criteria for Parkinson’s 
disease established by the International Parkinson and Movement 
Disorders Society in 2015 (12).

Inclusion criteria were: ① clinically diagnosed idiopathic PD; ② 
can cooperate with 11C-CFT DAT-PET scan and there are no 
contraindications; ③ complete clinical data (including 
MDS-UPDRS, MoCA).

Exclusion criteria were: ① Non-idiopathic PD; ② Associated with 
brain diseases such as stroke, head trauma, and cranial surgery.

2.2. Clinical assessment

2008 MDS Revised Unified Parkinson’s Disease Rating Scale 
(MDS-UPDRS) was used to assess motor symptoms of PD patients 
(13). Among them, tremor scores included: UPDRS II 2.10, UPDRS 
III 3.15–3.18; rigidity scores included: UPDRS III.3.3; bradykinesia 
scores included: UPDRS II 2.4–2.9, UPDRS III.3.2 3.4–3.8 3.14; PIGD 
scores included: UPDRS II 2.12–2.13, UPDRS III.3.10–3.12 (14). 
Montreal Cognitive Assessment (MoCA) was used to assess cognition 
(15). All assessments were performed in the “on” state of the patients. 
The MDS-UPDRS score was performed by a professional in the 
patient’s “off ” state, and the MoCA score was performed in the 
patient’s “on” state, within 1 week of the DAT PET scan.

2.3. 11C-CFT PET imaging process

The 11C-CFT is produced by the HM-12 cyclotron of Sumitomo 
Heavy Machinery Co., Ltd. in Japan with a purity of ≥95% for 
radiochemistry. A Siemens Discovery 16HR PET/CT scanner was 
used. Patients discontinued PD medications for at least 12 h before the 
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examination, and all patients were injected intravenously with 11C-
CFT at a uniform standard of 3.7 MBq/Kg via the back of the hand. 
The PET/CT examinations were performed under calm breathing 
after a 60-min waiting period in a quiet environment. The patient 
position was supine on the examination bed, the head was fixed in the 
head rest, and the scan area included the entire head. CT images were 
acquired first for attenuation correction, and PET imaging was 
performed in the same field of view in the three-dimensional mode 
for 15 min. Image reconstruction was performed using an iterative 
method to obtain CT, PET, and PET/CT fusion images of the brain in 
the transverse, coronal, and sagittal views, respectively.

2.4. Image analysis methods

Three consecutive images with the clearest striatal structures on 
the PET/CT fusion images were selected, and the regions of interest 
(ROI) method was used to delineate the caudate nucleus, anterior 
putamen and posterior putamen ROI layer-by-layer; the maximum 
radioactivity counts of each nucleus were recorded. The parieto-
occipital cortex, which lacks DAT distribution, was selected as the 
background reference area, and the distribution of each ROI was 
semi-quantitatively calculated using the following formula: 11C-CFT 
uptake value = (ROI radioactivity count/occipital radioactivity 
count)-1 (16). 11C-CFT uptake in the caudate nucleus, anterior 
putamen, and posterior putamen was the average radioactivity uptake 
on the left and right sides.

2.5. Statistical analysis

SPSS26.0 software was used for the data analysis. Normally 
distributed data are expressed as X^- ± S, and non-normally 
distributed data are expressed as M (P25, P75). The t-test was used for 
comparisons between data groups that conformed to a normal 
distribution and the rank-sum test was used for comparisons between 
data groups that did not conform to a normal distribution. Analysis 
of covariance was used to correct the influence of confounding 
variables. Spearman’s correlation analysis was used to evaluate the 
correlation between striatal 11C-CFT uptake and the clinical data of 
patients with PD. P < 0.05 indicated a statistically significant difference.

3. Results

3.1. Subject characteristics

A total of 113 patients were included in this study, with a mean 
age of onset of 57.11 ± 11.53 years, and a median duration of disease 
of 4 (2, 6) years. They were divided into EOPD group and LOPD 
group according to whether the age of onset was greater than 60 years 
old, including 58 patients in EOPD group and 55 patients in LOPD 
group. There was no significant difference between groups in gender, 
duration of disease, H&Y stage, total UPDRS score, UPDRS III score, 
tremor score, PIGD score, rigidity score, and bradykinesia score. 
MoCA score (p = 0.010) and 11C-CFT uptake in the caudate nucleus 
(p = 0.008) were significantly higher in EOPD group than in LOPD 
group (Table 1).

3.2. Covariance analysis of striatal 11C-CFT 
uptake in EOPD group and LOPD group 
after correcting for disease duration

The results of the covariance analysis after correcting for disease 
duration showed that 11C-CFT uptake in the caudate nucleus in the 
EOPD group was significantly higher than in the LOPD group 
(t = 3.002, p = 0.003). There was no significant difference between the 
anterior and posterior putamen 11C-CFT uptake between the EOPD 
and LOPD groups (Table 2 and Figures 1, 2).

3.3. Correlation analysis of striatal 11C-CFT 
uptake in patients with PD with clinical 
data

In patients with PD, the caudate nucleus 11C-CFT uptake was 
negatively correlated with the age of onset, H&Y stage, disease 
duration, total UPDRS score, UPDRS III score, rigidity score, and 
bradykinesia score (p < 0.05) (Figures 3A–G), while the anterior and 
posterior putamen 11C-CFT uptake was negatively correlated with 

TABLE 1 Demographics and clinical characteristics of PD patients.

Characteristic PD 
(n = 113)

EOPD 
(n = 58)

LOPD 
(n = 55)

P

Participants (Male/

Female)

113 (49/64) 58 (23/35) 55 (26/29) 0.165

Age of onset (year) 57.11 ± 11.53 48.41 ± 9.18 66.27 ± 4.47 <0.001

Disease duration 

(year)

4 (2, 6) 4 (2, 8) 3 (2, 5) 0.154

H&Y stage 2 (1, 2) 2 (1, 2) 2 (1.5, 2) 0.088

Total UPDRS score 44 (32, 67) 42.5 (31, 70) 47 (32.5, 66) 0.881

UPDRS III score 25 (18, 40) 24 (17, 40) 27 (18.5, 39) 0.419

Tremor score 7 (3, 12) 6.5 (3, 11) 9 (4.5, 13.5) 0.206

PIGD score 3 (2, 6) 3 (2, 5) 3 (2, 6) 0.582

Rigidity score 3 (2, 6) 3 (1, 7) 4 (2, 6) 0.799

Bradykinesia score 19 (12, 30) 19 (13, 31) 20 (12, 29.5) 0.847

Education (year) 11.1 ± 3.82 10.64 ± 3.44 11.58 ± 4.16 0.191

MoCA score 21.58 ± 5.06 22.86 ± 5.09 20.42 ± 4.82 0.010

Caudate nucleus 1.40 ± 0.45 1.51 ± 0.51 1.29 ± 0.35 0.008

Anterior putamen 1.20 ± 0.48 1.22 ± 0.56 1.18 ± 0.38 0.657

Posterior putamen 0.71 ± 0.46 0.73 ± 0.52 0.70 ± 0.39 0.691

TABLE 2 Comparation of striatal 11C-CFT uptake in EOPD and LOPD after 
correction for the disease duration.

Characteristic Group X ± S B t P

Caudate nucleus
EOPD 1.527 ± 0.058

0.252 3.002 0.003
LOPD 1.275 ± 0.059

Anterior putamen
EOPD 1.243 ± 0.063

0.084 0.918 0.361
LOPD 1.159 ± 0.065

Posterior putamen
EOPD 0.742 ± 0.061

0.059 0.667 0.506
LOPD 0.683 ± 0.063
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H&Y stage, disease duration, total UPDRS score, UPDRS III score, 
PIGD score, rigidity score, and bradykinesia score (p < 0.05) 
(Figures 3H–U). There was no significant correlation between striatal 
11C-CFT uptake and tremor score and MoCA score (Table 3).

4. Discussion

PD is a chronic neurodegenerative disease characterized by the 
degeneration and progressive loss of dopaminergic neurons in the 
substantia nigra-striatum. Its prevalence increases progressively with 
age. DAT is located on the cell membrane of presynaptic neurons and 
can transport dopamine from the synaptic cleft to the presynaptic 
membrane for reuse or further degradation after dopaminergic 
neurons release impulses, thus regulating the amount of dopamine 
released from presynaptic nerve endings to ensure normal 
physiological function of the synapses. 11C-CFT is mainly distributed 

in the bilateral caudate nucleus and putamen, whereas radioactivity 
distribution in other regions of the brain is extremely low, indicating 
that dopamine in the brain is mainly concentrated in the bilateral 
striatal region, as consistent with the neuroanatomical dopaminergic 
nerve fiber projection pathway. Dopaminergic neuronal projections 
are mainly located in the substantia nigra-striatum pathway. Animal 
studies have shown that DAT significantly correlates with the levels of 
synaptic dopamine transmitters (17) and residual nigrostriatal 
dopaminergic neurons (18), which can accurately reflect the severity 
of nigrostriatal dopaminergic neuronal damage. The number of DAT 
is closely related to the occurrence and progression of PD.

First, this study found that patients with EOPD had a higher 
cognitive score than those with LOPD. And the 11C-CFT uptake in the 
caudate nucleus was also higher in patients with EOPD than in those 
with LOPD. These are consistent with the findings of Yang et al. (19). 
Controlling for the effects of disease duration, patients with early 
onset PD have higher caudate nucleus 11C-CFT uptake, resulting in 
less damage to dopaminergic neurons. It can be hypothesized that 
EOPD has a slower rate of disease progression, which is in agreement 
with Schrag et  al. (20). It is also consistent with the pathological 
characteristics of PD, where the ventral lateral substantia nigra is most 
affected, dopaminergic neurons are the most deficient, and the middle 
and posterior parts of the putamen may receive the most projections 
from the ventral lateral substantia nigra; therefore, the lesion initially 
involves the middle and posterior parts of the putamen. As the disease 
progresses, the anterior putamen and caudate nucleus become 
progressively more involved (21). The higher 11C-CFT uptake in the 
caudate nucleus of patients with EOPD indicates less damage to 
dopaminergic neurons in the caudate nucleus and later involvement 
of the caudate nucleus, resulting in slower disease progression. 
Patients with EOPD sshow better cognitive function, consistent with 
the findings of Wickremaratchi et al. (22). Analysis of the causes, in 
addition to age, may be due to the unequal involvement of the caudate 
nucleus and putamen in parallel basal ganglia-thalamus-cortex 
circuits. The dopaminergic circuits associated with the putamen are 
primarily responsible for motor functions, and lesions in the putamen 
nucleus are mainly associated with motor symptoms and symptom 
severity (23). The cholinergic pathways associated with the caudate 

FIGURE 1

Comparation of striatal 11C-CFT uptake in EOPD and LOPD 
(**p ≤ 0.01; ns: p > 0.05).

FIGURE 2
11C-CFT PET images of Parkinson’s disease. (A) LOPD; (B) EOPD. 11C-CFT PET metabolic model for EOPD and LOPD: 11C-CFT uptake in the caudate 
nucleus in patient with EOPD was significantly higher than LOPD, and there was no significant difference between the anterior and posterior putamen 
between patients with EOPD and LOPD.
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FIGURE 3

Correlation analysis of PD patients. Correlation analysis between the caudate nucleus 11C-CFT uptake and: (A) age of onset;  (B) H-Y stage; (C) disease 
duration; (D) total UPDRS score; (E) UPDRS III score; (F) rigidity score; (G) bradykinesia score. Correlation analysis between the anterior putamen 

(Continued)
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nucleus are more likely to be involved in cognitive and emotional 
functions, and patients with lesions in the caudate nucleus have 
cognitive changes (24). Patients with EOPD have better preservation 
of the caudate nucleus, and therefore, better cognition. Significant 
differences were observed between patients with EOPD and LOPD in 
terms of clinical presentation, response to medication, progression 
rate, and prognosis. The results of this study provide an objective 
molecular imaging basis for determining the differences in progression 
rate between the two.

Second, in this study, 11C-CFT uptake in the caudate nucleus, 
anterior putamen, and posterior putamen was negatively correlated 
with H&Y stage, disease duration, total UPDRS score, and UPDRS III 
score, consistent with previous study fundings (25, 26). In addition, 
this study divided the UPDRS score for movement into four 
subdomains: tremor, rigidity, bradykinesia, and PIGD, and found that 
11C-CFT uptake in the caudate nucleus, anterior putamen, and 
posterior putamen was negatively correlated with rigidity and 
bradykinesia scores. 11C-CFT uptake in the anterior and posterior 
putamen negatively correlated with the PIGD score. This is related to 
the dysfunction of the cortex-basal ganglia-thalamus-cortex loop, in 
which the striatum receives fiber projections from the sensorimotor 
cortex and transmits them via the “direct pathway” and the “indirect 
pathway” (27) to the medial globus pallidus/substantia nigra pars 
reticulate in the output nucleus of the basal ganglia. Patients with PD 
have reduced substantia nigra-striatal dopaminergic, which causes 
inhibition of the “direct pathway” and excitation of the “indirect 
pathway,” resulting in motor symptoms such as reduced movement 
and rigidity (28). Thus, the longer the disease course, the more 
advanced the H&Y stage, the higher the motor symptom score, and 
the lower the striatal 11C-CFT uptake, indicating severe dopaminergic 
neuronal damage. Therefore, DAT PET imaging can be used to assess 
the severity of PD. This study also found that 11C-CFT uptake in the 

caudate nucleus, anterior putamen, and posterior putamen was not 
significantly correlated with tremor score, which is consistent with 
most previous studies suggesting that tremor is not associated with 
dopamine loss in the substantia nigra striatum (29–35). This may 
be due to the fact that the loop involved in PD tremor is not the same 
as the loop involved in the reduced movement and rigidity. Huang 
et al. showed that subthalamic burst discharges are dependent on 
input from the motor cortex, resulting in erroneous re-entrant 
information relays from the cortico-subthalamic nucleus to the 
pallido-thalamocortical loops, and thus Parkinsonian tremor (36). 
The caudate nucleus and putamen are not part of this loop, which 
explains why striatal 11C-CFT uptake does not correlate with tremor 
scores. In addition, pathological studies have shown that patients with 
tremor-type Parkinson’s disease have less degeneration in the 
substantia nigra, which projects mainly to the striatum, and more 
degeneration in the posterior region of the red nucleus, which projects 
mainly to the pallidus. This may also explain the lack of correlation 
between tremor scores and caudate-putamen DAT uptake (37).

Undeniably, 18F-DOPA PET is the first in vivo assessment of 
dopaminergic function in PD. 18F-Dopa is a fluorinated analog of 
levodopa that follows the same presynaptic dopamine (DA) 
synthesis pathway. It is decarboxylated by aromatic L-amino acid 
decarboxylase (AADC) and stored in presynaptic vesicles in the 
form of 18F-labeled dopamine, providing an in vivo measure of 
AADC activity and presynaptic DA storage capacity. However, in 
the pathological state, levodopa decreases, and AADC activity 
compensatively increases as a compensatory response to progressive 
DA cell death. Upregulated AADC activity may lead to 18F-dopa 
overestimation nerve terminal density and underestimation of the 
disease severity in early PD. In addition, most AADC-containing 
neurons are capable of taking up and converting 18F-dopa. 11C-CFT 
has been used to label DAT to assess dopaminergic neuron function, 
which may more sensitively reflect disease severity in early 
PD. Therefore, we chose DAT-PET in this study (38).

In conclusion, 11C-CFT DAT-PET provides an objective molecular 
imaging basis for the difference in the rate of disease progression between 
patients with EOPD and those with LOPD. At the same time, DAT-PET 
can also be used as an important objective indicator to assess disease 
severity and monitor disease progression. The loss of striatal DAT is 
closely related to the clinical manifestations, especially motor symptoms. 
With the help of this study, clinicians can also preliminarily estimate the 
extent of DAT loss and dopaminergic neuronal damage in the patient’s 
brain based on the patient’s medical history, symptoms, signs and scale 
scores to predict the severity and progression rate of the disease, which is 
helpful in guiding clinical treatment and prognosis. What’s more, this 
study provides an objective basis for screening patients for intermediate 
and advanced surgical indications for deep brain stimulation (DBS), and 
also provides an objective basis for accurate screening of patients in 
clinical drug trials. It is expected to promote early diagnosis and accurate 
treatment of Parkinson’s disease.

This study has several limitations. First, this was a single-center, 
small-sample study, and there may have been bias in terms of 

11C-CFT uptake and: (H)  H-Y stage;  (I) disease duration;  (J) total UPDRS score;  (K)  UPDRS III score; (L)  PIGD score;  (M)  rigidity score; (N)  
bradykinesia score. Correlation analysis between the posterior putamen 11C-CFT uptake and:  (O) H-Y stage;  (P)  disease duration;  (Q)  total UPDRS 
score;  (R)  UPDRS III score;  (S)  PIGD score;  (T)  rigidity score;  (U)  bradykinesia score.

TABLE 3 Spearman correlation analysis of striatal 11C-CFT uptake in PD 
patients with clinical data.

Characteristic Caudate 
nucleus

Anterior 
putamen

Posterior 
putamen

R P R P R P

Age of onset −0.315 0.001 −0.091 0.339 −0.079 0.403

H&Y stage −0.205 0.029 −0.286 0.002 −0.329 <0.001

Disease duration −0.187 0.048 −0.285 0.002 −0.382 <0.001

Total UPDRS score −0.256 0.004 −0.405 <0.001 −0.396 <0.001

UPDRS III score −0.246 0.009 −0.314 0.001 −0.333 <0.001

Tremor score −0.079 0.408 −0.01 0.914 −0.114 0.230

PIGD score −0.151 0.110 −0.253 0.007 −0.209 0.026

Rigidity score −0.278 0.003 −0.355 <0.001 −0.343 <0.001

Bradykinesia score −0.253 0.007 −0.372 <0.001 −0.359 <0.001

MoCA score 0.065 0.495 0.068 0.477 −0.038 0.691

Figure 3 (Continued)
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geography, race, examination, and assessment. Expansion of the 
sample size should be considered to conduct a multicenter study 
and further validate the findings. Second, DAT binding is 
susceptible to the effects of drugs (e.g., amantadine and modafinil) 
and normal aging, which may overestimate disease severity. This is 
intended for further validation in patients with PD who undergo 
DTBZ imaging.

Equations

 

11C CFT uptake

ROI radioactivity count occipital radioactivit= / yy count( ) −1
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The mechanism of impaired
delayed recall verbal memory
function in Parkinson’s disease
with orthostatic hypotension: a
multiple imaging study

Xiaofan Xue1,2†, Anqi Huang2†, Jingrong Zeng2, Haixia Song3,

Yingqi Xing2, Piu Chan2, Erhe Xu2*‡ and Lichun Zhou1*‡

1Department of Neurology, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China,
2Department of Neurology, Beijing Xuanwu Hospital, Capital Medical University, Beijing, China,
3Department of Neurology, The People’s Hospital of Shijiazhuang, Shijiazhuang, Hebei, China

Introduction: Orthostatic hypotension (OH) frequently accompanies autonomic

dysfunction and is an important risk factor for cognitive impairment in Parkinson’s

disease (PD). However, the association between di�erent cognitive functions and

OH in PD patients is not yet fully understood.

Methods: This study aimed to evaluate the scores of di�erent cognitive domains

and multiple parameters using di�erent imaging techniques on PD patients with

or without OH. A total number of 31 PD patients with OH (n = 20) and without

OH (n = 11) were recruited from the Department of Neurology, Beijing Xuanwu

Hospital for this study. All patients underwent beat-to-beat non-invasive blood

pressure recordings and an active standing test to evaluate neurogenic OH

and a global neuropsychological test to assess cognitive function. All patients

underwent dynamic cerebral autoregulation (dCA) measurement, brain magnetic

resonance imaging (MRI), and brain 18fluorine-fluorodeoxyglucose positron

emission tomography/computed tomography (18F-FDG PET/CT).

Results: The results showed that OH patients had poor delayed recall verbal

memory when compared with the PD patients without OH (1.75 ± 1.59 vs. 3.10

± 1.73, p = 0.042). The dCA test indicated a significant di�erence in the right

very low-frequency (VLF) gain between two groups (1.27 ± 0.17 vs. 1.10 ± 0.26,

p = 0.045) and the brain 18F-FDG PET/CT indicated a significant di�erence in the

SUV (right medial temporal lobe) to SUV (occipital lobe) ratio (0.60 ± 0.08 vs. 0.67

± 0.11, p = 0.049). Meanwhile, these two imaging parameters were negatively

correlated (p < 0.001). Furthermore, the score of a delayed recall verbal memory

in the OH group was positively correlated with the right medial temporal lobe to

occipital lobe ratio (p < 0.001) and was negatively correlated with the right VLF

gain (p = 0.023).

Discussion: PD with OH patients had poor delayed recall memory, which might

have been caused by the decreased metabolic dysfunction of specific medial

temporal lobe due to the impaired dCA ability.

KEYWORDS

Parkinson’s disease, orthostatic hypotension, cognitive impairment, imaging technique,

memory function
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1. Introduction

Parkinson’s disease (PD) is commonly accepted to be associated

with various non-motor symptoms, including sleep disturbance,

cognitive impairment, and autonomic dysfunction (1). Autonomic

impairment associated with PD is characterized by clinical features

of constipation, sweating, orthostatic hypotension (OH), and

postprandial hypotension (PPH), even in the early phase (2).

Cognitive impairment and OH are among the most frequent and

troublesome non-motor symptoms in PD. In a community cohort

of PD patients who survived 20 years from diagnosis, 83% had

dementia and 48% had symptomatic OH (3, 4).

Orthostatic hypotension (OH) and cognitive dysfunction

often coexist; however, whether the relationship is causative or

associative is still unclear (5–8). Recently, there is growing evidence

to suggest that several cognitive domains were reported to be

associated with OH in PD, such as visuospatial, verbal memory,

and attention (5, 9–13). Memory was the most consistent domain

among the reports, and in particular, verbal memory was the only

domain associated with OH in the patients before medication

(14). However, these studies were based on limited data and

were mainly cross-sectional, and these studies had often failed to

adjust for important covariates such as age, disease severity, and

disease duration.

Neuroimaging studies have provided considerable insight into

the neurobiological basis of PD and its cognitive function (15). In

a previous study, we investigated the impaired dynamic cerebral

autoregulation (dCA) ability, which was obtained by transcranial

doppler ultrasound (TCD) and beat-to-beat technology in PD

patients with OH (16). Moreover, the impaired dCA is also

associated with OH and Parkinson’s disease dementia (PDD)

(17). Meanwhile, there are some studies which indicated that

PD patients with OH had a more severe impairment on

tests of verbal immediate and delayed memory, and there

were higher white matter lesion scores recorded by brain

magnetic resonance imaging (MRI) in the OH group, which

supported the vascular hypothesis (14, 18). Compared with

dCA and MRI, 18fluorine-fluorodeoxyglucose positron emission

tomography (18F-FDG-PET) provides more information on

the underlying pathophysiology by highlighting the metabolic

dysfunction of specific anatomical structures which can then

be correlated with cognitive impairment (19). However, there

are limited studies on the relationship between the cognitive

impairment and PDwith or without OH patients as shown by brain

18F-FDG PET patterns.

This cross-sectional cohort study aimed to investigate the

characteristics of cognitive impairment with or without OH

using the beat-to-beat and TCD technology by clinically defined

PD and explore the associated dCA parameters, white matter

hyperintensity (WMH) scores by brain MRI, and cerebral glucose

metabolism with 18F-FDG-PET computed tomography (18F-

FDG-PET/CT) among these patients. We aimed to (1) find out the

relationship between the clinical or imaging indicators and PD-

associated OH; (2) compare the characteristics of seven different

cognitive domains (visuospatial/executive, naming, delayed recall

verbal memory, attention, repetition/lexical fluency, similarities,

and orientation) from theMontreal Cognitive Assessment (MoCA)

Scale in PD patients with or without OH; and (3) figure out the

correlation between imaging parameters and impaired cognitive

domains of PD patients.

2. Methods and materials

2.1. Participants

Parkinson’s disease patients (n = 31) were enrolled

consecutively from the Department of Neurology of the Xuanwu

Hospital, Capital Medical University in Beijing, China, from

January 2021 to December 2021. All patients were diagnosed as

under clinical diagnosis or probable diagnosis of PD according

to the UK Brain Bank criteria, regardless of their disease severity.

All diagnoses were established by two independent neurologists.

The exclusion criteria were arterial hypertension, diabetes

mellitus, arrhythmia, old myocardial infarction, cerebral vascular

diseases, sleep disorders (i.e., rapid eye movement sleep behavior

disorder, RBD), visual hallucinations and other mental diseases,

dehydration, anemia or infection, severe systemic diseases, and

poor cooperation. All the PD patients received dopaminergic

therapy and without OH therapy. We evaluated the motor

symptoms by Hoehn–Yahr (H–Y) stages and Movement Disorder

Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)

Part 3 scores. We evaluated all the PD patients for non-motor

symptoms using the Non-Motor Symptom Scale (NMSS). We

used MoCA to assess cognitive impairment [a total MoCA score

cutoff < 26, which has 90% sensitivity and 75% specificity for

PD mild cognitive impairment (MCI), a total MoCA score < 21,

which has 81% sensitivity and 95% specificity for PD-dementia

(20)] and the Hamilton Depression Scale (HAMD) to assess the

severity of depression. All tests were performed in a quiet and

temperature-controlled room to minimize stress and its effects on

the patients.

2.2. Active standing test

Blood pressure (BP) measurements were performed in a

silent, temperature-controlled room and the participants were

asked to avoid alcohol, caffeine, nicotine, discontinue dopamine

and vasoactive medications for 24 h before the examination.

After 10min of relaxation in the supine position, they were

asked to take the active standing test, which involved lying

in the supine position on the bed for 10min and standing

for 10min (21). OH is defined as at least 20 mmHg drop in

systolic BP and/or a 10 mmHg drop in diastolic BP within

3min after standing (22). We distinguished neurogenic OH

from non-neurogenic OH using the neurogenic OH ratio based

on the active standing test (23), where the neurogenic OH

was characterized by the 1heart rate/1systolic blood pressure

(1HR/1SBP) ratio of <0.492 during the active standing test (16).

Based on these results, the participants were allocated either to

the OH positive [OH(+)] group to the normal active standing test

[OH(-)] group.
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2.3. dCA measurement

Baseline brachial blood pressure was measured by a

sphygmomanometer (Omron HBP-1300, Kyoto, Japan) in

the supine position. During a 10-min supine period, three blood

pressure readings were recorded. We used a servocontrolled

plethysmograph (Finometer, Enschede, Netherlands) at middle

finger to record the non-invasive continuous beat-to-beat BP

(NIBP) and used a TCD (EMS-9D PRO, Shenzhen Delica Medical

Equipment Co., Ltd., Shenzhen, China) to measure the cerebral

blood flow velocity (CBFV) simultaneously in both the supine

and standing positions during the entire procedure. Doppler

probes were placed over the temporal window and fixed with an

adjustable head frame. Continuous CBFV was measured in the

left and right middle cerebral arteries (MCAs) at a depth of 50–

65mm (16, 17). All procedures were performed by a professional

ultrasound doctor.

Based on the recommendations of the Cerebrovascular

Research Network (CARNet) (24), the stored and processed data

were adopted using the transfer function analysis (TFA) method

to reflect the oscillations in BP and cerebral blood flow at a range

of frequencies (17). With the assumption of linear correlation,

it quantifies how much NIBP was reflected in the CBFV, and

the regulator between NIBP and CBFV was indicated as cerebral

autoregulation (16). The computer output parameters included the

bilateral hemisphere phase, normalized gain (%/mmHg), absolute

gain (cm/s/mmHg), and coherence at very low frequency (VLF,

0.02–0.07Hz) and low frequency (LF, 0.07–0.2Hz) separately. In

general, the phase and gain reflect the temporal and amplitude

relationship between BP and CBFV at the same frequency, whereas

coherence approaches 1.0, reflected the linear relationship between

oscillations in BP and CBFV (17). Thus, a lower phase and a higher

gain represent a more impaired dCA ability. For the frequency

domain, we evaluated within a VLF range, which was considered

to reflect the most relevant real-time dynamic dCA behavior (25).

We only estimated dCA parameters if the coherence ≥0.5 because

a previous study had shown that a low coherence indicates that the

linearity condition relating changes in velocity to pressure may be

violated in this frequency range (26).

2.4. Brain MRI

A total of 31 patients underwent 3.0-T MRI (Magnetom Verio

3T; Siemens, Erlangen, Germany). Fluid-attenuated inversion

recovery MRI sequences were reviewed for white matter changes

and rated as per the modified Fazekas scale (27–29) as follows:

grade 0, no white matter change; grade 1, minimal patchy white

matter foci; grade 2, start of confluence of white matter disease;

grade 3, large confluent areas; grade 4, confluence of white

matter changes with cortical and subcortical involvement; grade

5, diffuse leukoencephalopathy with widespread and diffuse white

matter disease.

2.5. PET/CT imaging

All PET/CT scans were performed on a uMI 510 PET/CT

scanner (United Imaging Healthcare, Shanghai, China).

18F-FDG was produced in a radiochemistry laboratory, and

the radiochemical purity of the tracer was >98%. After 40min of

intravenous injection of the radiotracer 18F-FDG (3.7 MBq/kg),

18F-FDG PET/CT brain scans were acquired. All patients were

asked to fast for 4 to 6 h before injection. After injection, the

patients were asked to have their eyes closed and keep quiet

during the 40-min uptake period. The CT imaging thickness

was 3.0mm per slice and scanning time was 11.4 s. A single PET

bed position was subsequently acquired for 15min. Iterative

reconstruction was performed with a 128 × 128 matrix and a

2.44-mm-thick slice. Two nuclear medicine physicians analyzed

the 18F-FDG PET/CT images by visual assessment. The regions

of interest (ROIs) are bilateral hippocampus and medial temporal

lobes. Semiquantitative analysis was then completed by two

experienced scientists (one from the Department of Nuclear

Medicine and another from the Department of Radiology) who

were double blinded to the results of the qualitative analysis.

The ROI of each brain region was drawn along the outline

of the gray matter cortex and mirrored to the contralateral

side manually. The mean standard uptake value (SUV) of

each ROI was quantitatively measured and recorded. To avoid

individualized differences, the SUV of occipital lobe was treated

as a reference, and we calculated the SUV (ROI) to SUV (occipital

lobe) ratio.

2.6. Statistics

This research was designed as a single-center cross-sectional

cohort study. Statistical analyses were performed using IBM

SPSS v26 (IBM Corp., Armonk, NY, USA) and two-sided

p < 0.05 were considered significant. Normally distributed

continuous variables were expressed as the mean ± standard

deviation (SD) and compared using t-tests, whereas skewed

continuous variables were expressed as the median with

interquartile range (IQR) and compared using the Mann–

Whitney U test. Categorical variables, such as sex and

cognitive function (i.e., the percentage of MCI/dementia),

were expressed as percentages and analyzed using chi-

square tests and a Fisher’s exact test. Imaging parameters

and the score of cognitive domains were tested with the

Pearson correlation.

3. Results

3.1. Demographic information and
cognition in PD patients with or without OH

Among our 31 PD patients (45.2% male), 20 (40% male)

had OH and 11 (54.5% male) did not have OH. There were

no significant differences (p > 0.05) between two groups in

terms of sex, age, education years, disease duration, LED, H–

Y stages, UPDRS Part 3 scores, NMSS scores, HAMD scores,

MMSE scores, MoCA scores, and the percentage of MCI/dementia

(Table 1).
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TABLE 1 Demographic and clinical characteristics.

OH(+) (n = 20) OH(-) (n = 11) P

Age, years 60.65± 8.18 58.64± 6.96 0.496

Sex, male (%) 8 (40.0%) 6 (54.5%) 0.532

Education, years 11.05± 3.50 10.73± 6.42 0.879

Disease duration,

years

3.19± 3.17 3.55± 2.66 0.756

LED, mg 295.00± 299.26 256.80± 182.70 0.704

Hoehn and Yahr

score

1.80± 0.73 2.18± 0.60 0.152

MDS-UPDRS Part

3 score

27.21± 15.45 30.40± 8.26 0.550

NMSS score 27.89± 30.20 27.40± 34.98 0.969

HAMD score 3.85± 3.18 6.45± 5.72 0.185

MMSE score 27.60± 2.91 27.91± 3.18 0.786

MoCA score 23.00± 5.04 23.55± 5.73 0.785

MCI (%) 2 (10.0%) 4 (36.4%) 0.151

Dementia (%) 8 (40.0%) 2 (18.2%) 0.202

OH, orthostatic hypotension; OH(+), OH positive; OH(-), OH negative; LED, levodopa

equivalent dose; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease

Rating Scale; NMSS, Non-Motor Symptom Scale; HAMD, Hamilton Depression Scale;

MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment; MCI, mild

cognitive impairment. Values are means (±SD), except sex (percentage of men), of the

percentage of MCI and dementia (a total MoCA score cutoff < 26, which shows 90%

sensitivity and 75% specificity for PD mild cognitive impairment (MCI) and a total MoCA

score < 21, which shows 81% sensitivity and 95% specificity for PD-dementia).

3.2. Cognitive domains in the MoCA of PD
patients with and without OH

Among our 31 PD patients, the OH(+) group scored lower

than the OH(-) group on delayed recall verbal memory function

(1.75 ± 1.59 vs. 3.10 ± 1.73, p = 0.042); however, the scores on

other six subdomains (visuospatial/executive, naming, attention,

repetition/lexical fluency, similarities, and orientation) between

two groups were not significantly different (Figure 1).

3.3. The characteristics of multiple imaging
methods in PD patients with or without OH

The data of imaging methods including dCA parameters (left

and right VLF phase, left and right VLF gain) and the Fazekas

scores by brain MRI and SUV (ROI) to SUV (occipital lobe)

ratio calculated from the brain 18F-FDG PET/CT are presented in

Table 2. The degree of bilateral VLF phase of patients with OH(+)

was lower than that of OH(-) patients. At the same time, the

bilateral VLF gain of patients with OH(+) was higher than that

of OH(-) patients. Particularly, there was a significant difference

in the right VLF gain between two groups (1.27 ± 0.17 vs. 1.10

± 0.26, p = 0.045). The scores of WMH with OH(+) patients

were higher than those of OH(-) PD patients, but there was no

significant difference between two groups (p > 0.05). For the

images (Figure 2) and parameters of the brain 18F-FDG PET/CT,

FIGURE 1

Cognitive domains of PD with or without OH. Column bars

represent the scores of seven di�erent cognitive domains by MoCA.

The OH(+) group scored lower than the OH(-) group on delayed

recall verbal memory function (1.75 ± 1.59 vs. 3.10 ± 1.73, p =

0.042, p < 0.05). OH, orthostatic hypotension; OH(+), OH positive;

OH(-), OH negative. OH(+) (n = 20), OH(-) (n = 11). *p < 0.05.

the bilateral SUV (medial temporal lobe) to SUV (occipital lobe)

ratio and the bilateral SUV (hippocampus) to SUV (occipital lobe)

ratio were lower than those of OH(-) patients. Furthermore, there

was a significant difference in the SUV (right medial temporal lobe)

to SUV (occipital lobe) ratio (0.60± 0.08 vs. 0.67± 0.11, p= 0.049).

3.4. The correlation between the delayed
recall verbal memory function and imaging
parameters in PD patients with or without
OH

Our Pearson correlation analysis showed that the right VLF

gain was negatively correlated with the SUV (right medial temporal

lobe) to SUV (occipital lobe) ratio within the two groups (r =

−0.844, p < 0.001) (Figure 3A). In the OH(+) group, the score

of delayed recall verbal memory was positively correlated with the

SUV (right medial temporal lobe) to SUV (occipital lobe) ratio (r

= 0.774, p < 0.001), and the score of delayed recall verbal memory

was negatively correlated with the right VLF gain (r = −0.504, p

= 0.039) (Figure 3B), and such correlations were not found in the

OH(-) group (p > 0.05).

4. Discussion

The major findings of this study are as follows: (1) delayed

recall verbal memory deficits were the most prominent feature in
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TABLE 2 Multiple imaging characteristics of PD with or without OH.

OH(+) (n
= 20)

OH(-) (n
= 11)

P

dCA parameters (MCA)

Left very low-frequency phase

(degree)

56.47±

31.34

67.29± 9.05 0.120

Right very low-frequency

phase (degree)

61.61±

21.07

64.82±

10.13

0.401

Left very low-frequency gain

(%/mmHg)

1.30± 0.22 1.18± 0.20 0.417

Right very low-frequency gain

(%/mmHg)

1.27± 0.17 1.10± 0.26 0.045
∗

Brain MRI

Fazekas score 0.77± 0.66 0.55± 0.69 0.368

Brain 18F-FDG-PET/CT (ratio, SUV/SUV)

Left medial temporal

lobe/occipital lobe

0.61± 0.09 0.64± 0.89 0.334

Right medial temporal

lobe/occipital lobe

0.60± 0.08 0.67± 0.11 0.049
∗

Left hippocampus/occipital

lobe

0.79± 0.11 0.83± 0.10 0.261

Right hippocampus/occipital

lobe

0.78± 0.16 0.84± 0.11 0.254

OH, orthostatic hypotension; OH(+), OH positive; OH(-), OH negative; dCA, dynamic

cerebral autoregulation; MCA, middle cerebral artery; MRI, magnetic resonance imaging;

18F-FDG-PET/CT, 18fluorine-fluorodeoxyglucose positron emission tomography/computed

tomography; SUV, standard uptake value. Values are means (±SD). ∗p < 0.05. There was a

significant difference in the right very low-frequency gain between OH(+) and OH(-) groups

(1.27± 0.17 vs. 1.10± 0.26, p= 0.045) and there was a significant difference in the SUV (right

medial temporal lobe) to SUV (occipital lobe) ratio (0.60 ± 0.08 vs. 0.67 ± 0.11, p = 0.049)

between two groups.

OH(+) PD patients compared with OH(-) PD patients, (2) more

impaired dCA ability and lower SUV (ROI) to SUV (occipital lobe)

ratio by the brain 18F-FDG PET/CT were observed in PD patients

with OH, especially the right VLF gain and the SUV (right medial

temporal lobe) to SUV (occipital lobe) ratio, (3) the right VLF gain

and the SUV (right medial temporal lobe) to SUV (occipital lobe)

ratio were negatively correlated. In the OH(+) group, the score

of delayed recall verbal memory was positively correlated with the

SUV (right medial temporal lobe) to SUV (occipital lobe) ratio and

was negatively correlated with the right VLF gain.

The delayed recall verbal memory function is thought to be

dependent on the integrity of the Papez circuit, which includes

the hippocampus, parahippocampal gyrus, medial temporal lobe,

mammillary bodies, insula, and cingulate gyrus (30). Why was

the delayed recall verbal memory impairment between OH(+)

and OH(-) different? A possible mechanism for the contributory

relationship was proposed to show that the intermittent cerebral

hypoperfusion caused by episodic hypotension might induce brain

key region ischemia (31–36). The cerebral hypoperfusion and

anoxic damage in these vulnerable areas will lead to WMH and

memory dysfunction (35, 36). Previous studies indicated that PD

patients with OH had a more severe impairment on tests of verbal

immediate and delayed memory, and there were higher WMH

scores in the OH(+) group (14, 18). However, another study failed

to find any difference in WMH between PD with and without

OH (9). Our study showed that the score of WMH was higher

in the OH(+) group than in the OH(-) group, but there was no

significant difference between two groups (p > 0.05). The reason

why the score of WMH did not show a significant difference within

two groups might be attributed to the fact that the severity of

WMH was rated using the semiquantitative visual rating system

of Scheltens et al. by MRI (37), which is not the best approach to

investigate the microstructure of deep brain white matter (30). The

second reasonmay be that the severity ofWMHcould not represent

the neuronal damage directly. Future studies should consider OH

and WMH burdens in the pathological context of PD with more

advanced neuroimaging approaches, such as diffusion kurtosis

imaging (DKI) or diffusion tensor imaging (DTI). Although the

role of WMH burdens in OH(+) PD patients is not clear, we

still think that it could be a potential pathological mechanism for

OH and cognitive impairment. As a result of WMH, PD patients

may have had an early stage of cognitive impairment that was not

detected yet.

As we all know, PD patients with OH appear to have poor

cerebrovascular autoregulation (38). We attempted to use the

dCA measurement to explain the reason why a delayed recall

verbal memory impairment is more seriously experienced in

OH(+) patients with PD. The dCA ability was obtained by the

TCD and beat-to-beat technology. The TCD probes were placed

over the temporal window and fixed with an adjustable head

frame. The parameters of dCA represented the flow regulation

function of the left and right MCAs that mainly supply blood to

the temporal lobe and part of hippocampus (16). We evaluated

the bilateral phase and gain within a VLF range, which was

considered to reflect the most relevant real-time dynamic dCA

behavior (25). Phase could be the representation of the time

delay in the CBFV response to NIBP, where a higher phase

means a better cerebral autoregulation ability. Gain represented

the damping effect of dCA on the magnitude of BP oscillation.

Absolute gain represents the absolute changes in NIBP and CBFV,

whereas normalized gain represents relative changes in CBFV and

NIBP, regardless of the baseline values of NIBP and CBFV. A

higher gain represents a more impaired dCA ability. Our research

showed there were more impaired dCA parameters in the OH(+)

group, especially the right VLF gain, which indicated that CBFV

was greatly influenced by NIBP on the right side. The result of

cerebral autoregulation dysfunction might be attributed to the

unstable flow through the distal capillary and injury to the cerebral

microcirculation. This, in turn, will damage the microvascular

system and induce several downstream sequelae, namely, the

disruption of the blood–brain barrier, neuroinflammation, cerebral

microbleeds, and white matter lesions (16). It is consistent with our

hypothesis again that WMH burdens induced by dCA impairment

might be the potential mechanism for memory dysfunction in PD

with OH.

However, it is not enough to analyze the dCA ability alone, we

also used the brain 18F-FDG PET/CT that focused on the regions of

hippocampus and medial temporal lobe to clarify the relationship

between the vascular mechanism and the memory impairment

in OH(+) patients. As a diagnostic aid, 18F-FDG PET provides

information that is currently considered as an additional feature for

the diagnosis of PD (39). The previous 18F-FDG PET study showed

that PD patients with visual hallucinations, indeed, show occipital
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FIGURE 2

Example of the brain 18F-FDG PET/CT of PD with or without OH. (A) The red dotted line indicates the regions of interest (ROIs), which are bilateral

hippocampus (H) and medial temporal lobes (T). (B, C) Shown are coronal and transverse sections of the brain 18F-FDG PET /CT of PD-OH(+)

patients. The red arrow points the bilateral hippocampus (H) and medial temporal lobes (T). (D, E) Shown are coronal and transverse sections of the

brain 18F-FDG PET/CT of PD-OH(-) patients. The red arrow points the bilateral hippocampus (H) and medial temporal lobes (T).

hypometabolism and a high risk of developing dementia than

patients without visual hallucinations (22, 23, 40). Likewise, PD

patients with the RBD showed a lower cognitive performance and

a higher likelihood of MCI and posterior cortical hypometabolism

than PD patients without this disorder (39). The occipital lobe

was chosen as the reference because we excluded diseases that

might affect occipital lobe metabolism, for example RBD and

visual hallucinations. Another reason was that we analyzed the

metabolism of occipital lobe within two groups, and there was

no significant difference between them (p > 0.05). Our research

showed a lower SUV (right medial temporal lobe) to SUV (occipital

lobe) ratio in the OH(+) group compared with the OH(-) group.

The right VLF gain was negatively correlated with the SUV (right

medial temporal lobe) to SUV (occipital lobe) ratio within two

groups, which indicated the potential causal relationship between

these two parameters. The brain 18F-FDG PET/CT provided an

important information on the underlying pathophysiology that

metabolic dysfunction of specific medial temporal lobe may be

correlated with dCA dysfunction. Moreover, the score of delayed

recall verbal memory was positively correlated with the SUV

(right medial temporal lobe) to SUV (occipital lobe) ratio and

was also negatively correlated with the right VLF gain in the

OH(+) group, whereas such correlations were not found in the

OH(-) group. The aforementioned conclusions suggested that

the delayed recall verbal memory dysfunction in PD patients

with OH might have been caused by the decreased metabolic

dysfunction of specific medial temporal lobe due to the impaired

dCA; however, it might not be the potential mechanism for the

OH(-) group. Furthermore, we did not find any obvious metabolic

dysfunction in the hippocampus region. The reason might be

attributed to the fact that not only MCAs supply blood to the

hippocampus, but also the posterior cerebral arteries (PCAs),

and these dCA parameters cannot represent the autoregulation

ability of PCAs. The reason why we only found significant

differences in the imaging parameters on the right side is still

not well explained. A previous study showed that pathological

attenuation of neural activities within the right-lateralized cortical

network is a neurophysiological biomarker of speech and limb

movement timing deficits in PD (41). There is another study

which found that memory-impaired PD patients demonstrated a

more significant reduction in D2 receptor binding in the right

medial temporal lobe compared to healthy controls and PD patients

with no MCI (42). Future studies are needed to confirm whether

PD with OH patients have right-lateralized reduction in D2

receptor binding, moreover, if there is any relationship between

the memory impairment and speech or motor timing control in

PD with OH.

Furthermore, animal models also suggested that cerebral

hypoperfusion may decrease vascular clearance, increase cleavage

of amyloid precursor protein, and promote beta amyloid

accumulation (43). It is known that the beta amyloid protein is

a well-recognized pathological biomarker for Alzheimer’s disease

(AD), whose typical symptoms are short-term memory deficits in

the early stage (44, 45). Moreover, PD patients with coexisting AD

pathology tend to have a higher level of α-synuclein accumulation

in limbus and neocortex (46, 47). Additionally, hippocampus and

medial temporal lobe are thought to play a prominent role in

human episodic memory, and this pattern is often observed during

verbal memory recall (48). Based on aforementioned studies and

our conclusion, we suggest that another reason for an earlier

delayed recall verbal memory dysfunction in OH with PD is that

it is possible for OH to have overlapped pathological changes with

AD, especially on certain areas related to the medial temporal–

hippocampal circuit.

To the best of our knowledge, this is the first study to have

elaborated on the relationship between the cognitive domain

impairment of OH(+) and OH(-) in patients with PD using

multiple neuroimaging parameters (dCAmeasurement, brainMRI,
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FIGURE 3

The Pearson correlation analysis. (A) The Pearson correlation

analysis of the right VLF gain and the SUV (right medial temporal

lobe) to SUV (occipital lobe) ratio in OH(+) and OH(-) groups. (B)

The Pearson correlation analysis about the score of delay recall

verbal memory function, the right VLF gain, and the SUV (right

medial temporal lobe) to SUV (occipital lobe) ratio in OH(+) groups.

and 18F-FDG PET/CT). This study will provide new ideas for

further research on the pathological mechanism of OH and

cognitive impairment in PD. However, there are still limitations

to this study. First, this study was based on limited data because

we ruled out diseases that might affect the cerebral perfusion.

Moreover, it was only a single-center cross-sectional study that

cannot directly observe the progress of different cognitive domains

in PD patients. Therefore, a larger longitudinal study is required

to confirm our conclusion. Second, we did not distinguish

the asymptomatic OH from symptomatic OH within the OH

group, and healthy controls were not included in this study.

Third, the assessment of MoCA is simple and feasible; however,

it does not differentiate visuospatial function from executive

function very well, and it also cannot well stratify with the

memory dysfunction. More specific tests on memory function

should be considered in future. Moreover, the other part of

the Papez circuit of brain 18F-FDG PET/CT and AD-related

biomarkers should be considered to further study the internal

causes of impairment in different cognitive domains with OH

in PD patients.

In conclusion, we found that PD with OH patients had

poor delayed recall verbal memory function, which might have

been caused by the decreased metabolic dysfunction of specific

medial temporal lobe due to the impaired dCA of MCAs. An

understanding of which of thesemechanisms contributes to the link

between the OH and cognitive function in PD may help clinicians

to identify the most effective therapeutic strategy for OH patients

with PD.
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Introduction: To test drugs with the potential to prevent the onset of Parkinson’s 
disease (PD), it is key to identify individuals in the general population at high risk of 
developing PD. This is often difficult because most of the clinical markers are non-
specific, common in PD but also common in older adults (e.g., sleep problems).

Objective: We aimed to identify the clinical markers at high specificity for 
developing PD by comparing individuals with PD or prodromal PD to healthy 
controls.

Methods: We investigated motor and non-motor symptoms (Movement Disorder 
Society Unified Parkinson’s Disease Rating Scale Part 1 and 2 items) in 64 
prodromal PD and 422 PD individuals calculating the odds ratios, adjusting for 
age and gender, for PD and prodromal PD versus 195 healthy controls. Symptoms 
at high specificity were defined as having an adjusted odds ratio ≥  6.

Results: Constipation had an adjusted odds ratio, 6.14 [95% CI: 2.94–12.80] 
showing high specificity for prodromal PD, and speech difficulties had an 
adjusted odds ratio, 9.61 [95% CI: 7.88–48.81] showing high specificity for PD. The 
proportion of participants showing these specific markers was moderate (e.g., 
prevalence of constipation was 43.75% in prodromal PD, and speech difficulties 
was 33.89% in PD), suggesting these symptoms may make robust predictors of 
prodromal PD and PD, respectively.

Discussion: Clinical markers at high specificity for developing PD could be used 
as tools in the screening of general populations to identify individuals at higher 
risk of developing PD.

KEYWORDS

Parkinson’s disease, prodromal symptoms, specificity, prevalence, observational study

1. Introduction

Parkinson’s disease (PD) diagnosis is clinical, based on the presence of motor features, such 
as bradykinesia, rigidity and resting tremor (de Lau and Breteler, 2006). Prodromal Parkinson’s 
disease is a stage of PD wherein neurodegeneration has started but the full motor signs 
(bradykinesia, rigidity, and resting tremor) are not fully established yet and hence, PD has not 
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been clinically diagnosed (Postuma et al., 2012). Drugs that aim to 
slow disease progression should be  started as soon as 
neurodegeneration begins, thus the need to identify prodromal PD for 
future clinical trials.

Currently, prodromal PD is very difficult to diagnose in the 
general population (Postuma et  al., 2016), as there is no 100% 
reliable, ready and available test to identify this condition (Berg 
et al., 2014) as no biological definition of PD has been accepted yet. 
A proposal put forward by the International Parkinson and 
Movement Disorders Society task force suggested that diagnostic 
criteria for prodromal PD should be  probabilistic and it should 
include clinical motor and non-motor markers, and non-clinical 
biomarkers (Berg et al., 2014). A Bayesian method to predict the 
probability of diagnosis was explored by sequentially adding 
diagnostic information. The method starts with an initial prior 
probability of diagnosis, using an age-adjusted prevalence of 
prodromal PD and this probability is updated using likelihood ratios 
based on the strength of the diagnostic test (Berg et al., 2015). This 
method is however difficult to use in clinical practice or in screening 
of the general population.

In the last ten years, there has been a notable increase in the 
research into prodromal PD and into the potential markers which 
could be used in a biological diagnosis of PD (Postuma and Berg, 
2019). Several predictive models for PD have been suggested in the 
last decade, ten of which were critically appraised in a systematic 
review by Chen et al. (2023). Three models: Mahlknecht et al. (2016), 
Faust et al. (2020), and Karabayir et al. (2022) were recommended by 
Chen et al. (2023), which consisted of 12, 17, and 541 predictors, 
respectively, including age and smoking status. The following 
non-motor symptoms: daytime sleepiness and cognitive impairment 
were included in Karabayir et  al. (2022), urinary dysfunction, 
constipation and depression were included in Mahlknecht et al. (2016) 
and Faust et al. (2020) included 536 diagnosis or procedure codes. 
However, there is still much to learn and uncover on this 
journey towards a specific diagnostic test for PD. Ultimately, the goal 
is to develop a highly specific, sensitive, and feasible PD screening 
biomarker battery. While alpha-synuclein seed amplification assay has 
shown high sensitivity/specificity in the spinal fluid, the matrix 
for analysis (CSF) and cost preclude scaling for general 
population screening. As such clinical screening remains of 
paramount significance.

Here, we aimed to investigate whether any of the ready clinical 
markers of PD, such as motor and non-motor symptoms measured 
with the Movement Disorder Society Unified Parkinson’s Disease 
Rating Scale (MDS-UPDRS), might be highly specific of PD (common 
in PD but rare in an age-matched healthy population). This is key as 
many of the currently used clinical markers of prodromal PD are also 
common in comparably aged healthy individuals (Pfeiffer, 2016), 
including depression, sleep problems and hyposmia (Pellicano et al., 
2007). Clinical markers specific to prodromal PD (i.e., common in 
prodromal PD and PD but rare in the comparably aged healthy 
population) could be used to identify people at high risk of developing 
PD in the screening of general populations.

We used the Parkinson’s Progression Markers Initiative (PPMI) to 
investigate and compare the prevalence of clinical markers of PD in 
participants with prodromal PD, with PD in comparison to healthy 
controls. Symptoms at high specificity were defined based on a high 
odds ratio.

2. Methods

2.1. Study design

The PPMI is an observational, international multi-center study 
designed to improve the understanding of PD and enhance the success 
of new experimental treatments (Marek et al., 2011). One commitment 
of PPMI is to allow the research community to access publicly 
available PD study data. The participants in this dataset are followed 
over the course of 5 years. This PPMI dataset was obtained from the 
LONI Image data archive.1 Demographic information, clinical 
characteristics and results of clinical tests were downloaded from the 
PPMI database in January, 2021.

The MDS-UPDRS is a clinical rating scale for Parkinson’s disease 
(Goetz et al., 2008). It is split into four parts:

 • Part I, non-motor experiences of daily living,
 • Part II, motor experiences of daily living,
 • Part III, motor examination,
 • Part IV, motor complications.

Potential clinical markers of PD were defined from both motor 
and non-motor experiences of daily living by measuring each of the 
individual items from the MDS-UPDRS Part I  questionnaire, in 
addition to the first three items from the MDS-UPDRS Part II 
questionnaire, speech difficulties, excessive drooling and swallowing 
difficulties. We  chose these items because they describe patient 
reported symptoms rather than the functional impact of motor 
symptoms on the activity of daily living (e.g., dressing, hygiene etc.). 
Item 1.1 focuses on the patient’s cognitive impairment, 1.2 
hallucinations and psychosis, 1.3 depressed mood, 1.4 anxious mood, 
1.5 apathy, 1.7 sleep problems (insomnia), 1.8 daytime sleepiness, 1.9 
pain and other sensations, 1.10 urinary problems, 1.11 constipation, 
1.12 lightheadedness on standing, 1.13 fatigue, 2.1 speech difficulties, 
2.2 excessive saliva and drooling, and 2.3 chewing and 
swallowing difficulties.

To investigate the prevalence of each marker we used baseline data 
from the PPMI database. In our analysis, we  included all the 
participants from the PPMI database who were labeled as healthy 
controls, participants with prodromal PD or individuals with PD, who 
had an enrollment date and who had data available for all 15 markers. 
The inclusion criteria for each cohort within the PPMI database has 
been described elsewhere (Marek et al., 2011; Mollenhauer et al., 2019; 
PPMI, 2023a). Briefly, healthy controls were at least 30 years old, had 
no current or active clinically significant neurological disorder at 
baseline, and no first-degree relatives diagnosed with PD. The PD 
cohort consists of participants aged 30 years or older, with a recent 
clinical diagnosis of PD who are drug naive at baseline and who had 
a positive dopamine transporter (DAT) single-photon emission 
computed tomography. The prodromal PD cohort included volunteers 
aged 60 years or older, with rapid eye movement (REM) sleep behavior 
disorder (RBD) confirmed by polysomnography, clinically diagnosed 
by the site investigator, or with hyposmia based on the University of 

1 https://ida.loni.usc.edu/login.jsp
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Pennsylvania Smell Identification Test, with DAT deficit. All inclusion 
and exclusion criteria are noted in the study protocol (PPMI, 2023b).

In order to calculate the prevalence of each marker, the 
MDS-UPDRS scale was categorized into two groups: symptom present 
or not: a score of “1–4” implied the presence of the symptom, whereas 
a score of ‘0’ indicated that the symptom was not present.

2.2. Statistical methods

The standardized mean difference (SMD) in baseline and 
demographic characteristics was used to assess differences between 
baseline data for the prodromal and healthy controls, PD and healthy 
controls, and for the prodromal PD and PD participant groups. The 
SMD was calculated as the absolute value in the difference in means 
of a covariate across the population groups, divided by the pooled 
standard deviation (SD). SMDs larger than 0.25 indicate that the 
populations were different from one another in that variable (Stuart 
et al., 2013; Pagano et al., 2021). Differences in symptom prevalence 
could be caused by an imbalance of baseline characteristics across the 
populations. If that is the case, such baseline characteristics should 
be accounted for in the model.

To account for the imbalance in baseline characteristics between 
the three cohorts, we used logistic regression to calculate adjusted 
odds ratios for each symptom (Sperandei, 2014). The dependent 
binary variable was the population cohort (HC, Prodromal or PD) and 
the independent covariates were the symptom, age and gender. A 
separate model was calculated for each symptom and for each cohort 
comparison (prodromal versus healthy controls and PD versus healthy 
controls). The adjusted odds ratio between two cohorts was obtained 
by exponentiating the coefficient of the specific symptom. All adjusted 
odds ratios are reported together with a 95% confidence interval. 
Specificity of a symptom to each population was determined in terms 
of the adjusted odds ratio. A symptom was categorized as having 
“high” specificity if the adjusted odds ratio ≥ 6, “moderate” if the 
adjusted odds ratio ≥ 3 but < 6, or “low” specificity, if the adjusted 
odds ratio < 3. The prevalence of each symptom was calculated by 
adding up all the cases when the symptom was present (score 1–4) and 
dividing it by the total number of subjects in each population (healthy 
controls, prodromal PD, PD).

3. Results

3.1. Patient characteristics

A total of 195 healthy controls, 64 prodromal PD and 422 PD 
individuals were included in the analysis from the PPMI database. 
The baseline characteristics of the PPMI groups are displayed in 
Table 1.

3.1.1. Prodromal vs. healthy controls
Prodromal participants were on average older than the healthy 

controls [Mean (SD)] [68.9 (5.8) years vs. 60.8 (11.2) years respectively; 
SMD: 0.8]. The proportion of Caucasians was higher in the healthy 
control group (92.3%) than in the prodromal group (60.9%). However 
more Hispanics/Latinos were observed in the prodromal group than 

in the healthy controls (31.25% vs. 1.54% respectively). The prodromal 
group had higher progression of disease at baseline with mean (SD) 
MDS-UPDRS Part I 6.36 (3.92), MDS-UPDRS Part II 2.14 (2.54), 
MDS-UPDRS Part III 3.84 (3.81), and MDS-UPDRS Total (Sum Part 
I + II + III) 12.34 (7.76) (Supplementary Figure S1).

3.1.2. PD vs. healthy controls
The majority of the healthy controls were on Hoehn and Yahr 

Stage 0 (98.9%), whereas the PD participants were distributed 
among Hoehn and Yahr Stages 1 and 2 (45.8% and 55.6% 
respectively). The PD group had higher progression of disease at 
baseline with mean (SD) MDS-UPDRS Part I  5.57 (4.07), 
MDS-UPDRS Part II 5.90 (4.19), MDS-UPDRS Part III 20.88 (8.86), 
and MDS-UPDRS Total 32.35 (13.14). All other baseline 
characteristics were balanced between PD and healthy control 
groups (Supplementary Figure S2).

3.1.3. Prodromal vs. PD
Prodromal participants were on average older than the PD 

participants [68.9 (5.8) years vs. 61.6 (9.6) years respectively; SMD: 
−0.79]. Almost all the participants in the prodromal group were in 
Hoehn and Yahr Stage 0 (95.3%). MDS-UPDRS Part I was balanced 
among the two groups (SMD: −0.20). However the PD group 
presented higher mean values of MDS-UPDRS Part II (SMD: 0.94), 
MDS-UPDRS Part III (SMD: 2.03), and MDS-UPDRS Total (SMD: 
1.59) (Supplementary Figure S3).

3.2. Specificity of clinical markers of PD

To determine which symptoms were more specific to each of the 
groups under investigation (prodromal PD and PD); we ordered the 
odds ratios and plotted them in a forest plot (Figure 1). The symptoms 
classified as highly specific for prodromal PD were visual 
hallucinations (odds ratio, 8.64 [95% CI: 0.83–90.45]) and constipation 
(odds ratio, 6.14 [95% CI: 2.94–12.80]). For PD individuals, speech 
difficulties (odds ratio, 19.61 [95% CI: 7.88–48.81]), excessive drooling 
(odds ratio, 12.81 [95% CI: 6.04–24.59]), swallowing difficulties (odds 
ratios, 9.51 [95% CI: 2.94–30.82]) and visual hallucinations (odds 
ratio, 6.19 [95% CI: 0.81–47.62]) were highly specific. However, the 
prevalence of visual hallucinations is very small for all three 
populations, particularly the healthy controls (see Table 2). This is why 
their adjusted odds ratios are so large, they have very large confidence 
intervals and they do not have a significant p-value for either 
comparison. Due to these small prevalence, we must be careful when 
drawing conclusions.

3.3. Prevalence of clinical markers of PD

We further investigated the prevalence of each symptom in 
individuals with prodromal PD and PD (Table 2). Prevalence was 
plotted against the odds ratio of each symptom in Figure 2. The three 
symptoms with the largest prevalence in prodromal PD individuals 
were excessive daytime sleepiness (65.63%), insomnia (60.94%) and 
urinary problems (53.13%). For individuals with PD, the most 
prevalent symptoms were insomnia (53.08%), pain (52.37%), and 
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FIGURE 1

Forest plots showing the adjusted odds ratios for each symptom: (A) prodromal participants versus healthy controls, and (B) PD individuals versus 
healthy controls.

TABLE 1 Demographics and baseline characteristics of PPMI participants.

Baseline 
characteristic

HCs 
(n =  195)

Prodromal 
(n =  64)

PD 
(n =  422)

SMD (95% C.I.) 
Prodromal vs HC

SMD (95% C.I.) 
PD vs HC

SMD (95% C.I.) 
Prodromal vs PD

Mean age (SD) 60.84 (11.26) 68.97 (5.80) 61.65 (9.68) 0.80 (0.51–1.09) 0.08* (−0.09–0.25) −0.79 (−1.06 to −0.52)

Gender: men (%) 125 (64.1) 50 (78.12) 277 (65.64) 0.14* (0.02–0.26) 0.02* (−0.07–0.10) −0.12* (−0.24 to −0.01)

Race: white (%) 180 (92.31) 39 (60.94) 388 (91.94) −0.30 (−0.4 to −0.2) 0.00* (−0.04–0.04) 0.30 (0.18–0.42)

Hispanic/latino 3 (1.54) 20 (31.25) 9 (2.13) 0.31 (0.19–0.42) 0.01* (−0.02–0.03) −0.30 (−0.42 to –0.19)

American Indian/Alaska 

native

0 (0) 1 (1.56) 4 (0.95) 0.02* (−0.01–0.05) 0.01* (0.00–0.02) −0.01* (−0.04–0.03)

Black/African American 10 (5.13) 2 (3.12) 7 (1.66) −0.02* (−0.07–0.03) −0.03* (−0.07–0.00) −0.02* (−0.06–0.03)

Asian 1 (0.51) 0 (0) 10 (2.37) −0.01* (−0.02–0.00) 0.02* (0.00–0.04) 0.02* (0.01–0.04)

Not Specified 1 (0.51) 2 (3.12) 4 (0.95) NA NA NA

Mean time since 

diagnosis in months (SD)

NA NA 6.53 (6.46) NA NA NA

Hoehn and Yahr stage: 0 

(%)

193 (98.97) 61 (95.31) 0 (0) −0.04* (−0.09–0.02) −0.99 (−1.00 to −0.98) −0.95 (−1.00 to −0.90)

1 2 (1.03) 2 (3.12) 185 (43.84) 0.02* (−0.02–0.07) 0.43 (0.38–0.48) 0.41 (0.34–0.47)

2 0 (0) 1 (1.56) 235 (55.69) 0.02* (−0.01–0.05) 0.56 (0.51–0.60) 0.54 (0.48–0.60)

3 0 (0) 0 (0) 2 (0.47) NA 0.00* (0.00–0.01) 0.00* (0.00–0.01)

Mean MDS-UPDRS part 

I (SD)

2.95 (2.96) 6.36 (3.92) 5.57 (4.07) 1.06 (0.76–1.35) 0.70 (0.52–0.87) −0.20* (−0.46–0.07)

Mean MDS-UPDRS part 

II (SD)

0.46 (1.02) 2.14 (2.54) 5.90 (4.19) 1.09 (0.79–1.39) 1.55 (1.36–1.74) 0.94 (0.67–1.21)

Mean MDS-UPDRS part 

III (SD)

1.21 (2.19) 3.84 (3.81) 20.88 (8.86) 0.98 (0.69–1.28) 2.64 (2.42–2.87) 2.03 (1.74–2.33)

Mean Total MDS-UPDRS 

(SD)

4.56 (4.4) 12.34 (7.76) 32.35 (13.14) 1.43 (1.13–1.74) 2.49 (2.27–2.71) 1.59 (1.31–1.87)

PD, Parkinson’s disease; HC, healthy controls; SD, standard deviation; SMD, standardized mean difference; C.I., confidence intervals; MDS-UPDRS, movement disorder society-unified 
Parkinson’s disease rating scale. *SMD within the range of (−0.25, 0.25).

54

https://doi.org/10.3389/fnagi.2023.1232387
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Jackson et al. 10.3389/fnagi.2023.1232387

Frontiers in Aging Neuroscience 05 frontiersin.org

TABLE 2 Adjusted odds ratios and prevalence of each symptom.

Symptom OR: prodromal 
PD vs HC (95% 

C.I.)

p-value of 
symptom in 

LR

OR: PD vs 
HC (95% C.I.)

p-value of 
symptom 

in LR

Prev in 
HCs

Prev in 
prodromal 

PD

Prev in PD

Hallucinations 8.64 (0.83–90.45) 0.07 6.19 (0.81–47.62) 0.08 0.51% (1/195) 4.69% (3/64) 3.08%  

(13/422)

Constipation 6.14 (2.94–12.80) <0.01 3.58 (2.22–5.78) <0.01 12.31% (24/195) 43.75% (28/64) 33.18% 

(140/422)

Swallowing 

difficulties

5.57 (1.28–24.12) 0.02 9.51 (2.94–30.82) <0.01 1.54% (3/195) 9.38% (6/64) 13.03% 

(55/422)

Excessive drooling 4.62 (1.86–11.45) <0.01 12.81 (6.04–24.59) <0.01 4.62% (9/195) 26.56% (17/64) 36.49% 

(154/422)

Cognitive 

impairment

4.51 (2.02–10.08) <0.01 3.12 (1.85–5.26) <0.01 9.74% (19/195) 29.69% (19/64) 25.36% 

(107/422)

Lightheaded-ness 

on standing

3.77 (1.80–7.90) <0.01 3.12 (1.87–5.20) <0.01 10.26% (20/195) 35.94% (23/64) 26.3% 

(111/422)

Excessive daytime 

sleepiness

3.55 (1.88–6.71) <0.01 1.82 (1.28–2.58) <0.01 34.87% (68/195) 65.63% (42/64) 49.53% 

(209/422)

Apathy 3.45 (1.10–10.83) 0.03 4.20 (2.05–8.60) <0.01 4.62% (9/195) 10.94% (7/64) 16.82% 

(71/422)

Speech difficulties 3.12 (0.76–12.73) 0.11 19.61 (7.88–48.81) <0.01 2.56% (5/195) 7.81% (5/64) 33.89% 

(143/422)

Urinary problems 2.30 (1.22–4.35) 0.01 3.34 (2.26–4.92) <0.01 24.10% (47/195) 53.13% (34/64) 50.95% 

(215/422)

Fatigue 1.96 (1.03–3.75) 0.04 3.06 (2.10–4.47) <0.01 25.13% (49/195) 42.19% (27/64) 50.24% 

(212/422)

Pain 1.83 (0.98–3.42) 0.06 2.23 (1.56–3.18) <0.01 33.85% (66/195) 48.44% (31/64) 52.37% 

(221/422)

Insomnia 1.80 (0.97–3.34) 0.06 1.46 (1.03–2.05) 0.03 43.59% (85/195) 60.94% (39/64) 53.08% 

(224/422)

Depressed mood 1.77 (0.77–4.06) 0.18 2.31 (1.42–3.77) <0.01 12.31% (24/195) 18.75% (12/64) 23.70% 

(100/422)

Anxious mood 1.70 (0.82–3.54) 0.16 2.38 (1.58–3.59) <0.01 19.49% (38/195) 26.56% (17/64) 35.78% 

(151/422)

OR, odds ratio; PD, Parkinson’s disease; HC, healthy controls; C.I., confidence intervals; LR, logistic regression; Prev, prevalence.

FIGURE 2

Plots to show the adjusted odds ratio and the prevalence of each symptom when: (A) healthy controls are compared to prodromal participants and 
(B) healthy controls are compared to PD patients.
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urinary problems (50.95%). These symptoms were among the five 
most common in healthy controls, with insomnia having a prevalence 
of 43.59%, excessive daytime sleepiness, 34.87%, pain, 33.85%, and 
urinary problems, 24.10%. Therefore, these symptoms did not have 
large adjusted odds ratios for either comparison, as they were also 
common in healthy controls.

4. Discussion

In this study, we investigated the prevalence of symptoms in 
the prodromal PD population, PD population and in healthy 
controls. Furthermore, we assessed how specific these symptoms 
were to individuals with prodromal PD and PD compared to 
healthy controls, by classifying them as having either: low (adjusted 
odds ratio < 3), moderate (3 ≤ adjusted odds ratio < 6) or high (6 
≤ adjusted odds ratio) specificity. We  observed that visual 
hallucinations and constipation were the symptoms which were 
highly specific to prodromal PD. However, of these symptoms, only 
constipation was prevalent in participants with prodromal 
PD. Additionally, the symptoms that were highly specific to PD 
were speech difficulties, excessive drooling, swallowing difficulties 
and visual hallucinations. Speech difficulties and excessive drooling 
were prevalent in individuals with PD, whereas swallowing 
difficulties and visual hallucinations were not.

Of the four most specific symptoms to prodromal PD (those 
symptoms with the largest odds ratios: visual hallucinations, 8.64, 
constipation, 6.14, swallowing difficulties, 5.57, excessive drooling 
4.62), only constipation and excessive drooling were moderately 
prevalent in the prodromal PD population, 43.75% and 26.56%. 
Visual hallucinations and swallowing difficulties were among the 
least common in the prodromal PD population. Of the four most 
specific symptoms to PD (those symptoms with the largest odds 
ratios: speech difficulties, 19.61, excessive drooling, 12.18, 
swallowing difficulties, 9.51, visual hallucinations, 6.19), only 
excessive drooling and speech difficulties were moderately 
prevalent in the PD population, 36.49% and 33.89%. Visual 
hallucinations and swallowing difficulties were among the least 
common in the PD population. This indicates that the symptoms 
that are most specific to the disease (prodromal PD or PD), are not 
necessarily the symptoms which are most prevalent in each disease 
population, and vice versa (see Figure 2).

We further found that the clinical markers in prodromal PD 
and PD were different. This supports the hypothesis that symptoms 
may develop at different times over the course of the disease. The 
adjusted odds ratio for speech difficulties gave the largest increase 
from participants living with prodromal PD to PD, this could 
indicate that this clinical marker becomes more common as 
patients progress. Varanese et  al. (2010), supports this idea. In 
contrast, the adjusted odds ratio for visual hallucinations decreased 
by the largest amount from prodromal PD to PD participants. One 
reason behind this decrease could be that this symptom becomes 
less common as patients progress. However, Varanese et al. (2010) 
suggests the opposite. They suggest that visual hallucinations 
become more common over the course of the disease. Therefore, 
an alternative reason may be behind this decrease in adjusted odds 
ratio. Prodromal PD is also prodromal of dementia with Lewy 

bodies. Therefore, individuals labeled as prodromal PD within 
PPMI might not actually develop PD in the future; they may 
develop dementia with Lewy bodies instead. As these prodromal 
individuals have a higher risk of developing dementia than the PD 
cohort, they might also have a larger adjusted odds ratio to suffer 
from visual hallucinations, which is a key cardinal symptom of 
dementia with Lewy bodies.

It is generally thought that visual hallucinations, constipation, 
swallowing difficulties and excessive drooling are symptoms 
which dominate late stages of PD (Rukavina et al., 2021). This is 
not in complete contrast to our findings, as we observed a low 
prevalence of visual hallucinations and swallowing difficulties in 
prodromal PD participants. However, whereas many previous 
studies and articles explore the prevalence of symptoms in the 
prodromal PD and PD population, they do not often compare the 
prevalence of these symptoms to the age-matched healthy 
controls. Even though visual hallucinations and swallowing 
difficulties are not common in participants living with prodromal 
PD, they may still be specific symptoms of prodromal PD as their 
prevalence was much higher in prodromal PD compared to the 
healthy control population.

In order for a symptom to aid in the early diagnosis of 
prodromal PD, it should be both highly specific and sufficiently 
prevalent in the prodromal PD population to detect enough 
participants. However, we have shown above that the symptoms 
that are most specific to the disease (prodromal PD or PD), are not 
necessarily the symptoms which are most prevalent in these disease 
populations, and vice versa. Unfortunately, there are not many 
symptoms which are both, so one must compromise to select 
symptoms which are either moderately specific and highly 
prevalent or highly specific and only moderately prevalent. 
Therefore, we suggest it is the symptoms, such as constipation and 
excessive drooling, which had large and moderate adjusted odds 
ratios (6.14 and 4.62), moderately high prevalence in prodromal 
participants (43.75% and 26.56%) and fairly low prevalence in 
healthy controls (12.31% and 4.62%), which would make robust 
predictors of prodromal PD. In addition, symptoms such as 
excessive drooling and speech difficulties, which had large adjusted 
odds ratios (12.81 and 19.61), moderately high prevalence in PD 
patients (36.49 and 33.89%) and low prevalence in healthy controls 
(4.62% and 2.56%), which would make robust predictors of PD 
(see Table 2).

The main strength of this study is the comparison of all three 
cohorts: healthy controls, prodromal PD participants, as well as 
individuals with PD. Today, prodromal PD is particularly difficult to 
detect (Berg et al., 2014). Therefore, these individuals are not included 
in many studies or even if they are, they are not deeply characterized 
with information with every item of the MDS-UPDRS. Due to the lack 
of treatment to delay PD progression, it is particularly important to try 
to diagnose PD earlier in patients and recruit these early PD patients 
into clinical trials of drugs designed to slow the progression of the 
disease. The comparison of healthy controls and prodromal PD 
participants in this work, allows us to detect which symptoms could 
be used in future to enable this earlier PD diagnosis. Furthermore, many 
studies look at the prevalence of symptoms in PD patients only and do 
not include a healthy control comparison. This comparison is 
particularly useful, as many symptoms, which are most common in PD 
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patients (such as insomnia, pain, and urinary problems) are also 
common in age-matched healthy controls. With these two comparisons, 
we can see which symptoms are most common in people suffering from 
prodromal PD compared to healthy controls and see how their 
prevalence develops as prodromal PD participants progress and develop 
clinical PD. Prior studies have demonstrated the high risk of PD onset 
in the prodromal PD population with hyposmia or RBD (Iranzo et al., 
2017; Jennings et al., 2017). Pilot prodromal data from PPMI indicate 
that 35% of the prodromal PD participants with hyposmia or RBD with 
abnormal DAT developed PD within the first four years (PPMI, 2023b). 
We expect this number to increase as time continues.

There are potential limitations of this study. Firstly, in the PPMI 
study, the prodromal PD cohort was a pilot effort, as such, the sample 
size of this population is relatively small compared to the numbers of 
healthy controls and individuals with PD recruited. This causes some 
of the confidence intervals, especially for symptoms such as visual 
hallucinations, excessive drooling, swallowing difficulties and speech 
difficulties, to be particularly wide. Secondly, the prevalence of these 
symptoms in the healthy control population may not be generalizable 
to the healthy control population outside of PPMI (Jackson et al., 
2022). Additionally, the prodromal PD and PD cohorts had different 
eligibility criteria (Mollenhauer et al., 2019). Only participants with 
isolated RBD or isolated hyposmia were recruited into the prodromal 
PD cohort investigated here. The PD participants needed to be older 
than 30, whereas the prodromal PD participants had to be at least 
60 years old. In addition, the PD patients were required to have a DaT 
deficit in the putamen on 123-I Ioflupane DaT imaging, conversely, 
only 80% of the prodromal PD participants had a similar DaT deficit 
(Mollenhauer et al., 2019). Furthermore, the majority of the prodromal 
PD cohort suffered from isolated rapid eye movement sleep behavior 
disorder and as such, were likely to develop dementia with Lewy 
bodies with visual hallucinations. Due to the characteristics of the 
prodromal PD cohort within the PPMI database, the dementia with 
Lewy bodies phenoconversions are driving some important symptom 
differences. Therefore, one must be careful when making conclusions 
about the differences between the prodromal PD and PD populations. 
In addition, we  only looked at the 15 symptoms available in the 
MDS-UPDRS, there are other tools available which track more 
symptoms (and in greater detail) in PD participants. These include the 
non-motor symptom questionnaire (Chaudhuri et al., 2006) and the 
non-motor symptom scale (Chaudhuri et al., 2007), which evaluate a 
further 15 symptoms, or the more recent MDS version of the 
non-motor symptom scale (Martinez-Martin et al., 2019). These scales 
would have been useful if they had been included in the PPMI 
database. As this is an exploratory study by nature, we  make no 
corrections for multiplicity.

Further work includes correlating clinical markers with DaT 
binding and performing subgroup analysis with clustering of 
prodromal markers (RBD, hyposmia and DaT deficit). Unfortunately, 
this is not possible yet within PPMI for external investigators (PPMI, 
2023c). In addition, these results must be validated in another dataset 
or multiple datasets, which have a larger and more generalizable 
prodromal PD and healthy control cohort. Next steps would 
be  performing a meta-analysis of all published studies including 
motor and non-motor features of PD to confirm our hypothesis in a 
much larger sample size. In addition, when the most useful symptoms, 
which could aid in the early diagnosis of prodromal PD have been 

identified, the next step would be  to link these symptoms to 
biomarkers. If these useful symptoms can be anchored to a certain 
biomarker (or biomarkers), then these biomarkers could be used to 
aid in the diagnosis of prodromal PD even earlier.
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Quantitative iron–neuromelanin
MRI associates with motor
severity in Parkinson’s disease and
matches radiological disease
classification

Septian Hartono1,2, Robert Chun Chen2,3, Thomas Welton1,2,

An Sen Tan3, Weiling Lee3, Peik Yen Teh3, Celeste Chen1,
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Background:Neuromelanin- and iron-sensitive MRI studies in Parkinson’s disease

(PD) are limited by small sample sizes and lack detailed clinical correlation.

In a large case–control PD cohort, we evaluated the diagnostic accuracy of

quantitative iron–neuromelanin MRI parameters from the substantia nigra (SN),

their radiological utility, and clinical association.

Methods: PD patients and age-matched controls were prospectively recruited for

motor assessment and midbrain neuromelanin- and iron-sensitive [quantitative

susceptibility mapping (QSM) and susceptibility map-weighted imaging (SMWI)]

MRI. Quantitative neuromelanin–iron parameters from the SN were assessed

for their discriminatory performance in PD classification using ROC analysis

compared to those of qualitative visual classification by radiological readers of

di�erential experience and used to predict motor severity.

Results: In total, 191 subjects (80 PD, mean age 65.0 years; 111 controls, 65.6)

were included. SN masks showed (a) higher mean susceptibility (p < 0.0001) and

smaller sizes after thresholding for low susceptibility (p < 0.0001) on QSM and

(b) lower contrast range (p < 0.0001) and smaller sizes after thresholding for

high-signal voxels (p < 0.0001) on neuromelanin-sensitive MRI in patients than

in controls. Quantitative iron and neuromelanin parameters showed a moderate

correlationwithmotor dysfunction (87.5%: 0.4< | r |<0.6, p< 0.0001), respectively.

A composite quantitative neuromelanin–iron marker di�erentiated the groups

with excellent performance (AUC 0.94), matching the diagnostic accuracy of the

best-performing reader (accuracy 97%) using SMWI.

Conclusion: Quantitative neuromelanin–iron MRI is associated with PD motor

severity and matched best-performing radiological PD classification using SMWI,

with the potential to improve diagnostic confidence in the clinics and track disease

progression and response to neuroprotective therapies.

KEYWORDS

Parkinson’s disease, MRI, substantia nigra, classification, comparative study, correlation

analysis, iron, neuromelanin
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Introduction

Parkinson’s disease (PD) is a common neurodegenerative

disease characterized clinically by rest tremor, bradykinesia,

rigidity, and postural instability. Clinical features are only apparent

after a significant (50–70%) loss of dopaminergic neurons in the

substantia nigra (SN) (Sulzer et al., 2018). The clinical diagnosis

of PD may be difficult (Rizzo et al., 2016; Beach and Adler,

2018), and a recent poll of PD patients reported misdiagnosis in

26%, and a further 21% saw a general practitioner three times

before a specialist referral was made (Parkinson’s UK, 2020). Non-

invasive neuroimaging holds promise in improving confidence in

the clinical diagnosis and management of PD. High-resolution

neuromelanin- and iron-sensitive MRI of the midbrain are useful

sequences in delineating radiological biomarkers in the SN in PD

patients (Pavese and Tai, 2018; Pyatigorskaya et al., 2020; Cho

et al., 2021a,b). However, the value of their quantitative markers

is moot.

Human cadaveric studies have shown that neurons rich in the

dark-brown cytoplasmic neuromelanin pigment in the midbrain

are susceptible to degeneration in PD (Sasaki et al., 2006; Sulzer

and Surmeier, 2013). The loss of dopaminergic neurons in these

vulnerable neuromelanin-rich brain regions in the SN underlies

the characteristic motor symptoms of the disease (Sasaki et al.,

2006; Sulzer et al., 2018). In vivo neuromelanin-sensitive MRI

reliably quantified nigral damage and distinguished PD from

healthy subjects (Wang et al., 2019). Iron also plays an important

role in the neurodegenerative process in PD; free iron promotes

the production of toxic-free radicals leading to dopaminergic cell

death (Dexter et al., 1989). Iron-sensitive MRI such as quantitative

susceptibility mapping (QSM) has consistently found increased

TABLE 1 Subject clinical demographics.

Healthy controls PD patients p-value

Number 111 80

Age 65.6± 6.5 65.0± 9.3 0.66

Sex (M/F) 52/59 55/25 0.003

Motor

Disease duration (years) N.A. 6. 7± 5.5 N.A.

Age of onset N.A. 58.1± 11.4 N.A.

PD subtype N.A. 44 Tremor

14 Bradykinesia

12 Rigidity

10 Mixed

N.A.

UPDRS-II 0.5± 1.7 7.8± 6.2 <0.0001

UPDRS-III 3.4± 4.4 29.4± 13.3 <0.0001

H&Y 0 2.0± 0.5 <0.0001

LEDD N.A. 452.9± 280.5 N.A.

Non-motor

UPDRS-I 1.6± 2.9 5.6± 5.8 <0.0001

MMSE 27.3± 2.1 25.9± 3.0 0.0002

Statistical significance is defined at p < 0.05 (bold). F, Female; H&Y, Hoehn and Yahr staging; LEDD, Levodopa equivalent daily dose; M, Male; MMSE, Mini-Mental State Examination; N.A.,

Not applicable; PD, Parkinson’s Disease; UPDRS, Unified Parkinson’s Disease Rating Scale.

susceptibility in the SN of PD patients (Pyatigorskaya et al., 2020;

Tan et al., 2021). Pathological correlates on ultrahigh field MRI

support preferential dopaminergic cell loss in nigrosome-1, a main

sub-component of the SN, as an accurate MRI biomarker in PD

(Blazejewska et al., 2013; Sung et al., 2018; Bae et al., 2021a).

Although the literature suggests good results for differentiating

PD patients from healthy controls using neuromelanin- and iron-

sensitive MRI techniques, these studies are limited by small sample

sizes, non-comparative single modal evaluations, inadequate

discriminant reliability for clinical adoption, or lack of evaluation

by readers of differential training and systematic or detailed clinical

characteristics for robust correlation with imaging markers. To

address these gaps, we conducted a large prospective case–control

study to evaluate the diagnostic accuracy and clinical association

of quantitative iron–neuromelanin parameters and compared

these against a qualitative visual evaluation of nigrosome-1 and

neuromelanin hyperintensity as proxies of nigral dopaminergic

neurodegeneration across radiological readers of differential

training. We hypothesized that quantitative iron–neuromelanin

parameters can add value to the radiological workflow in the

clinical evaluation andmanagement of Parkinsonism, beyond a role

in research settings.

Materials and methods

Subjects

This study was approved by the local ethics board, and

informed consent was obtained from all participants. Patients

were clinically diagnosed with PD by four movement disorders

neurologists (two with 24, one with 15, and the last with
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8 years of experience) using the Movement Disorder Society

Clinical Diagnostic Criteria for Parkinson’s disease (Postuma et al.,

2015), and prospectively recruited from the clinics at our tertiary

referral center. Only patients with clinically established PD were

recruited. Age-matched healthy controls without neurological

conditions were recruited from the community, health screening

clinics and among the spouses of patients in the hospital

clinics. Subjects with MRI contraindications, claustrophobia,

known neurological/psychiatric diagnosis other than PD, chronic

debilitating medical conditions, or poor cognitive function

that would hinder patients’ understanding of the study were

excluded. All participants underwent clinical motor and non-motor

assessments, including the Unified Parkinson’s Disease Rating Scale

motor sub-score (UPDRS-III), motor (UPDRS-II), and non-motor

(UPDRS-I) aspects of experiences of daily living, and the Mini-

Mental State Examination (MMSE). Demographic and clinical

information were recorded in Table 1.

Image acquisition and processing

All subjects underwent brain MRI on a 3T scanner (Siemens

Skyra, Erlangen, Germany). High-resolution midbrain sequences

used the following MRI parameters: (1) 3D T2∗ susceptibility

weighted imaging (SWI) multi-echo gradient echo sequence (TR

48ms, TE 13.77/26.39/39ms, FA 20◦, voxel size 0.5 × 0.5 × 1

mm3, slices 32, duration 4.15min); (2) neuromelanin-sensitive T1

TSE sequence (TR/TE 938/15ms, voxel size 0.5 × 0.5 × 3 mm3,

slices 13, duration 10.42min). The details of the standardized

MRI scan planning protocol are found in Supplementary material

and shown in Supplementary Figure S1. QSM and susceptibility

map-weighted imaging (SMWI) images were reconstructed from

the multi-echo GRE images using proprietary SMWI software

(Seoul National University, Seoul, South Korea) (Nam et al.,

2017). Quantitative susceptibility in parts per billion (ppb) was

computed from QSM based on the STI Suite embedded in

SMWI software (Li et al., 2014). Representative QSM, SMWI,

and neuromelanin-sensitive MRI images in control and PD

subjects illustrating the presence and absence of nigrosome-1

and substantia nigra hyperintensity, respectively, are shown in

Supplementary Figure S1.

Qualitative visual evaluation

SMWI and neuromelanin-sensitive anonymized MRI

images of the first 80 study participants (47 PD patients

and 33 healthy controls) were separately and independently

reviewed by four radiologist readers of different training and

experience (Table 2) using syngo.via (Siemens, Germany) on

a clinical reporting workstation, blinded to the subject status.

Readers 1, 2, and 3 had more than 2 decades, 1 decade,

and only a year of neuroradiology practice, respectively,

and Reader 4 had 6 years of non-neuroradiology practice.

Reader 1 also completed a visual evaluation for the full

cohort. Standardized slice selection (Figure 1) and the rating

protocol were employed for PD classification, based on the T
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FIGURE 1

Anatomical landmarks for slice selection for qualitative visual evaluation and segmentation of the substantia nigra for quantitative image analysis.

Corresponding consecutive (cranio-caudal—left-to-right) midbrain iron- (SMWI) and neuromelanin-sensitive MRI slices demonstrate the relations of

the three slices (boxed in red) used between modalities. Loss of the normal hyperintense nigrosome-1 within the hypointense substantia nigra

(yellow arrow) was assessed on SMWI slices just below the inferior pole of the red nucleus (asterisk). Loss of normal hyperintensity in the substantia

nigra was assessed on neuromelanin-sensitive slices from the last slice through the interpeduncular fossa (star). Permission had been granted by the

participating control subject for the publishing of these images.

visual assessment of a hyperintense nigrosome-1 substructure

within the hypointense SN on SMWI images, and SN

hyperintensity on neuromelanin-sensitive images, as detailed

in Supplementary material.

Quantitative analysis

SN masks (Supplementary Figure S2) and background regions

of interest were manually drawn using MRIcroGL (University

of South Carolina, USA) independently and separately by

Readers 1 and 5 (postdoctoral researcher), blinded to subject

status and using a standardized protocol (Figure 1), as detailed

in Supplementary material. Quantitative MRI parameters from

these, viz. susceptibility (QSM) or signal intensity (SMWI,

neuromelanin-sensitive) values, and mask sizes, were extracted.

The entire operational workflow from bilateral SN segmentation to

quantitative parameter extraction was completed within 10min on

average per subject.

Statistical analysis

Statistical analysis was performed using RStudio. Group

comparisons were performed using chi-squared tests for categorical

variables and two-tailed t-tests, or Kruskal–Wallis rank sum tests

for continuous variables. Inter-rater agreement for qualitative

visual evaluation was assessed using Fleiss’ and Cohen’s kappa.

Inter-rater reliability of quantitative measures extracted from SN

masks was assessed by intraclass correlation coefficient (ICC).

Qualitative visual evaluation and quantitative SN parameters

from Reader 1 were used for full cohort analysis. Receiver

operating characteristic (ROC) analysis was performed to evaluate

(a) the discriminative reliability of SMWI and neuromelanin-

sensitive MRI in qualitative visual evaluation across readers and

(b) the sensitivity and specificity of quantitative parameters as

screening diagnostic discriminant tools between groups. Bivariate

association between quantitative MRI parameters which were

highly discriminant (AUC > 80%), and clinical parameters was

performed using Spearman’s correlation. A default statistical

significance level was set at a p-value of < 0.05, and Bonferroni

correction was performed for multiple comparisons.

Results

Clinical characteristics

Four subjects were excluded because of incomplete scans due

to claustrophobia or poor image quality due to motion. A total

of 191 subjects, comprising 80 PD patients and 111 age-matched

healthy controls were finally included. Table 1 details the full

clinico-demographics, and motor and non-motor characteristics of

the study subjects. The patients had mild bilateral disease (mean

UPDRS-III scores<33) without impaired balance, and themajority

were of the tremor-dominant subtype (Table 1).

Qualitative visual evaluation

Image quality was good or acceptable for all included subjects.

Inter-rater agreement was substantial for SMWI (Fleiss’ κ = 0.743)

and fair for neuromelanin-sensitive MRI (κ = 0.366) across all

Readers 1–4. For senior Readers 1–2, this was excellent for SMWI

(Cohen’s κ = 0.922) and substantial for neuromelanin-sensitive

MRI (κ = 0.634).

PD classification performance was variable across Readers 1–4

for SMWI (sensitivity 74–100%, specificity 80–98%, and accuracy

78–99%) and neuromelanin-sensitive (58–100%, 59–93%, and 58–

88%) MRI but superior among senior Readers 1-2 (Table 2).
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Quantitative analysis

The quantitative neuromelanin, QSM, and SMWI parameters

extracted from SN masks segmented by Readers 1 and 5 showed

excellent ICC (0.88, 0.95, and 0.97). ICC was also excellent

(0.95) for area of SN masks segmented on SMWI and QSM.

Group differences, effect sizes, and classification performance for

quantitative parameters are detailed in Table 3.

SN masks on neuromelanin-sensitive MRI were more

hyperintense (p = 0.091) and contained a higher (p < 0.0001)

contrast range (ratio of 90th to 10th percentile signal intensity) in

controls than in patients. These masks were three times smaller

(p < 0.0001) in patients after optimized thresholding for high

signal voxels (Supplementary Figure S2). Good PD classification

performance was seen with both contrast range (sensitivity 80.2%,

specificity 84.1%, and AUC 0.86) and smaller SN mask size after

optimized thresholding for high signal voxels (79.3%, 74.4%,

and 0.83).

QSM masks contained a higher (p < 0.0001) mean

susceptibility (iron) in patients than in controls. These were

13% smaller (p < 0.0001) in patients, and the difference was

magnified 4.6 times (p < 0.0001) after thresholding for voxels with

low susceptibility (<70 ppb). The latter yielded good classification

performance (sensitivity 76.6%, specificity 81.7%, and AUC 0.84).

SMWImasks were darker and smaller (p< 0.0001) in patients than

controls but were 1.8 times larger (p = 0.0006) in patients upon

optimized thresholding for low-signal voxels. The latter showed

decent PD classification performance (sensitivity 65.6%, specificity

78.7%, and AUC 0.79).

Based on the above findings, we derived a composite

neuromelanin–iron marker using the product of the

best-performing quantitative SN mask parameters

(Supplementary Figure S3), viz. (i) neuromelanin contrast

range, and mask sizes after optimized thresholding for voxels with

(ii) high neuromelanin signal, and (iii) low susceptibility on QSM:

Composite Marker =

Neuromelanin90th
Neuromelanin10th

∗Size Neuromelaninhigh
∗Size QSMlow

ROC analyses, as detailed in Table 4, showed the composite marker

as the best-performing among quantitative parameters (Figure 2).

Its AUC of 0.94 (at cut-offs: sensitivity 85%, specificity 94%, and

accuracy 90%) compared favorably to qualitative PD classification

(Reader 1) using SMWI (sensitivity 99%, specificity 95%, and

accuracy 97%) and neuromelanin-sensitive MRI (79, 93, and 87%).

Association between clinical and
quantitative MRI parameters from SN masks

On neuromelanin-sensitive MRI, segmented SN mask size

negatively correlated with age (r = −0.22, p = 0.002). Multiple

significant correlations were found between clinical motor and

non-motor scores and quantitative neuromelanin and QSM

parameters, which survived correction for multiple comparisons

(Table 5). Specifically, there were moderate associations (87.5%:

0.4 < | r | < 0.6) between motor scores (UPDRS-II and UPDRS-

III) and various neuromelanin and QSM parameters. There were T
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TABLE 4 Comparison of classification performance between qualitative visual and quantitative substantia nigra (SN) parameters using iron- and

neuromelanin-sensitive MRI.

MRI MRI SN feature Accuracy AUC (95% CI)

Qualitative

visual categoric

SMWI (iron) Nigrosome-1 97% N.A.

Neuromelanin Signal intensity and size 87% N.A.

Quantitative

from substantia nigral

masks

Neuromelanin Contrast range (ratio of 90 to 10% signal

intensity)

82% 0.86 (0.80–0.91)

SN mask size after thresholding for high

signal voxels (mm2)

76% 0.83 (0.76–0.88)

QSM (iron) SN mask size after thresholding for

voxels χ < 70 ppb (mm2)

80% 0.84 (0.79–0.90)

Composite marker product of

neuromelanin and iron

parameters

Neuromelanin90th
Neuromelanin10th

∗

Size Neuromelaninhigh ∗ Size QSMlow

90% 0.94 (0.90–0.97)

AUC, area under the ROC curve; CI, confidence interval; N.A., Not applicable.

FIGURE 2

Comparison of receiver operating characteristics (ROC) curves from best performing quantitative MRI parameters of: neuromelanin signal contrast

range within segmented substantia nigral mask, substantia nigra mask size after thresholding for high neuromelanin signal voxels, and low

susceptibility (<70 ppb) voxels on QSM, and composite marker (product of three aforesaid parameters) in PD classification.

also significant but weaker correlations between worse non-motor

(higher UPDRS-I) scores and narrower neuromelanin contrast

range and higher iron and smaller SN masks on QSM after

thresholding. Additionally, cognitive impairment (low MMSE)

was also associated with higher iron and smaller SN masks on

QSM after thresholding. In the subset correlation analysis of PD
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TABLE 5 Association between clinical and quantitative MRI parameters from SN masks.

MRI Substantia Nigra Mask
Parameter

Age MMSE UPDRS-I UPDRS-II UPDRS-III

Coe�cient r (p-value)

Neuromelanin Contrast range (ratio of 90% to 10% signal

intensity)

−0.051 (0.487) 0.196 (0.008) −0.274 (<0.001) −0.466 (<0.001) −0.532 (<0.001)

Size after thresholding for high signal voxels

(mm2)

–0.220 (0.002) 0.126 (0.087) −0.173 (0.018) −0.372 (<0.001) –0.417 (<0.001)

QSM (iron) Mean susceptibility, χ (ppb) 0.027 (0.713) –0.273 (<0.001) 0.298 (<0.001) 0.453 (<0.001) 0.443 (<0.001)

Size after thresholding for voxels χ < 70 ppb

(mm2)

0.012 (0.865) 0.272 (<0.001) –0.360 (<0.001) –0.479 (<0.001) –0.445 (<0.001)

Statistical significance is defined at a p-value of < 0.0025 (marked in bold) after Bonferroni correction (0.05/20). a.u., arbitrary units; MMSE, Mini-Mental State Examination; PD, Parkinson’s

Disease; UPDRS, Unified Parkinson’s Disease Rating Scale.

patients alone, only QSM mask size after thresholding for low

susceptibility correlated with MMSE (r = 0.306, p = 0.006) after

Bonferroni correction.

Discussion

This is a large case–control PD cohort study with complete

clinico-imaging data, assessing the value add of quantitative

multimodal neuromelanin–iron MRI parameters of the midbrain

for screening and diagnosis, their clinical associations, and

comparative performance against radiological qualitative

evaluation across readers of varied experience and training.

Our senior neuroradiology readers excelled in visual PD

classification using SMWI, and this was superior to using

unprocessed neuromelanin-sensitive MRI for both accuracy

and inter-rater agreement. Reader experience affected visual

classification performance whether SMWI or neuromelanin-

sensitive MRI was used. Unique information from quantitative

neuromelanin and iron (QSM) parameters in the segmented SN

masks discriminated the groups with excellent performance (AUC

0.94) when harnessed in composite neuromelanin–iron marker

and showed robust association with age, motor, and non-motor

severity. Its disease classification performance also matched

with that of senior neuroradiologists using SMWI in qualitative

visual evaluation. Quantitative neuromelanin–iron MRIs are

complementary techniques that provide high diagnostic accuracy

and hold promise to more objectively aid PD diagnoses that are

accurate, timely, and cost effective on a wide scale in the clinic.

Qualitative visual evaluation of nigrosome-1 on SMWI by

senior neuroradiologists (Readers 1 and 2) showed excellent

diagnostic accuracy (98%) for PD classification (Sung et al., 2019,

2022) and fared better than that in the literature using other iron-

sensitive methodologies or quantitative analysis (Cho et al., 2021b).

Diagnostic accuracy using unprocessed neuromelanin-sensitive

MRI by our senior neuroradiology readers (85.5%) also compared

favorably to that reported by small studies using qualitative visual

evaluation, with or without thresholding for voxels with high signal

(Pyatigorskaya et al., 2018; Cho et al., 2021a). Overall, our results

and the literature suggest that visual evaluation of the midbrain

for PD classification by radiologists using SMWI yielded the best

performance. Between techniques, qualitative evaluation for loss

of nigrosome-1 using iron-sensitive techniques provided better

results than evaluation for loss of hyperintensity on neuromelanin-

sensitive MRI as was also reported by the few small studies with

cross-modal evaluation (Pyatigorskaya et al., 2018; He et al., 2021).

The superior sensitivity of SMWI is related to the ease of

identification of the hyperintense nigrosome-1 within the iron-

rich hypointense SN, making it an ideal visual tool for quick

radiological reading. SMWI are multi-echo iron-sensitive post-

processed images that combine local susceptibility from phase

information and SWImagnitude images to improve the delineation

of nigrosome-1 on clinical 3T scanners (Nam et al., 2017). SMWI

heightens the contrast between voxels containing high and low

susceptibility, sharply demarcating the SN margins and depicting

the small nigrosome-1 substructure precisely within. The lower

specificity of SMWI, and other iron-sensitive methodologies in

the literature, compared to its supreme sensitivity in qualitative

nigrosome-1 evaluation (Pyatigorskaya et al., 2018; Zorzenon et al.,

2021; Sung et al., 2022), could be related to the occasional instance

of an intact but tiny nigrosome-1 substructure, which was read as

partially lost. In contrast, the posterolateral to the anteromedial

gradient of depigmentation in the SN from neurodegeneration

related to aging and PD (Supplementary Figure S2) is visually

problematic on neuromelanin-sensitive MRI (Table 2) when

incomplete. Image postprocessing through thresholding for high-

signal voxels within the SN mask could assist in qualitative visual

evaluation (Supplementary Figure S2).

Our quantitative analysis showed SN atrophy in PD patients

compared to controls on iron-sensitive images (p < 0.0001,

Table 3). On neuromelanin-sensitive MRI, the hyperintense SN

margins were less distinct for patients (Supplementary Figure S2)

and manifested as counter-intuitively larger SN masks

(insignificant after Bonferroni correction, Table 3). Table 3

also shows how optimized thresholding for voxels with high-signal

intensity (neuromelanin surrogate) or low susceptibility and SMWI

signal (iron surrogate) helped accentuate volumetric differences in

the dopaminergic midbrain neurodegeneration between groups

(Kim et al., 2018; Cho et al., 2021a). Even though neuromelanin has

a high binding affinity for iron, no significant correlation between

NM and iron content in the SN has been reported (Reimão et al.,

2016). This could account for the additive value of combined

quantitative neuromelanin–iron MRI in a high-resolution protocol

for midbrain evaluation in PD (He et al., 2021).
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The composite quantitative neuromelanin–iron MRI marker

achieved excellent classification performance (AUC 0.94) akin to

the best qualitative visual evaluation using SMWI (97% accuracy,

Table 4). This is important as SMWI is not widely available

even though its diagnostic performance has been exceptional.

Other image acquisition and post-processing techniques generating

images with similar contrasts to SMWI (He et al., 2021; Liu et al.,

2021) have reported lower classification performances (AUC 0.891–

0.91) as spatial resolution (SMWI 0.5 × 0.5 × 1 mm3) affects the

classification performance of the tiny nigrosome-1 as a radiological

marker (Cho et al., 2021b; He et al., 2021; Liu et al., 2021).

QSM images are readily reconstructed from multi-echo gradient

echo sequences using open-source software (https://github.com/

mathieuboudreau/qsm-tools). Adding a second neuromelanin-

sensitive sequence to the MRI protocol prolongs total scan time

and requires patient cooperation. Fortunately, recent multiband

technology incorporated into neuromelanin-sensitive (standard T1

true spin echo) MRI acquisitions significantly reduces scan times

(from 10 to 3 min).

The composite quantitative neuromelanin–iron marker has

the potential for objective wide-scale diagnostic evaluation

of Parkinson’s disease through ease of accessibility and

implementation in the clinical workflow. In our workflow,

quantitative parameters from SN masks drawn by non-radiologist

assistants were efficiently extracted in our image post-processing

pipeline, with results made available in <10min. While this could

benefit non-expert readers the most, experienced readers could

also use the additional data point to assist in the evaluation of

borderline cases, with potential impact on clinical management

(e.g., when to commence levodopa treatment; titrating levodopa

dose). Clinical evaluation and MRI qualitative visual evaluation of

the SN are not always straightforward, particularly in the presence

of vascular co-morbidities or early PD, respectively (Reimão et al.,

2016; Beach and Adler, 2018; He et al., 2021). More confident

diagnoses could reduce costs by screening and triaging only

clinico-radiologically borderline or atypical cases of parkinsonism

for further radionuclide dopamine transporter imaging evaluation.

The latter is more expensive, invasive, less available in some parts

of the world, and incurs a radiation dose penalty. This is relevant

to growing numbers of patients with parkinsonian syndrome in

rapidly aging populations.

Our large case–control cohort demonstratedmultiple moderate

correlations between motor dysfunction (higher UPDRS-II and

III scores) and SN iron (QSM mean susceptibility), narrower

neuromelanin contrast range, and smaller SN masks after

optimized thresholding on both QSM and neuromelanin-sensitive

MRI (Table 5). Physiological neurodegeneration and nigral

pathology increase with age, and mild parkinsonian signs are also

common in elders without PD (Louis and Bennett, 2007; Buchman

et al., 2012; Aye et al., 2020). The inclusion of a considerable

number of control subjects who also underwent full clinical

assessments in our cohort could explain our robust findings on

correlation analyses. In contrast, individual small studies have

reported limited, weak, or lateralized correlation of contralateral

motor score in PD using either iron-sensitive or optimized

neuromelanin-sensitive MRI methodologies (Schwarz et al., 2011,

2017; Miyoshi et al., 2013; Wang et al., 2018; He et al., 2021) or

pooled meta-analysis for improved correlations (Pyatigorskaya

et al., 2020). Older subjects in our cohort had smaller SN masks on

neuromelanin-sensitive MRI (r = −0.22, p = 0.002), suggesting a

trajectory of depigmentation in the SN with advancing age. This

negative association of SN neuromelanin-related hyperintensity

with age agrees with a lifespan study that included a small cohort

(n = 30) of elderly aged >60 years, using a suprathreshold volume

based on neuromelanin-sensitive MRI signal (Xing et al., 2018).

Postmortem histological studies (Ma et al., 1999) also observed

volume reductions of the pigmented SN from middle age. In

addition to concordance with dopamine transporter imaging,

quantitative neuromelanin-sensitive MRI has been reported to be

more effective as a predictor of motor fluctuations in advanced PD

(Okuzumi et al., 2019).

We found fewer and weaker associations between non-motor

(MMSE and UPDRS-I) scores and midbrain MRI parameters. This

is not surprising as non-motor features in PD are also known

to be related to extranigral multisystem neuropathology involving

neurotransmitter pathways beyond dopamine deficiency (Sulzer

and Surmeier, 2013). Taken together, the observed quantitative

MRI correlations with clinical scores, as measures of parkinsonian

motor and non-motor dysfunction across a continuum of nigral

and related extranigral neurodegeneration, from normal aging to

PD, indicate the potential of quantitative iron–neuromelanin MRI

as objective tools to track dopaminergic denervation, iron toxicity,

and PD progression. Neuromelanin is thought to protect neurons

against oxidative damage by inactivating free radicals or chelating

transition metals (Pyatigorskaya et al., 2020). The degeneration

of dopaminergic neurons in the SN (Cassidy et al., 2019) and

breakdown of neuromelanin is thus accompanied by an increase in

iron content, leading to further oxidative damage which manifests

as the progression of the disease. Therefore, it is expected that

excess iron deposition within the SN also serves as a specific

imaging biomarker for PD progression.

Our study has its limitations. First, our manual SN

segmentation is limited to three representative slices, while

fully or semi-automated segmentation may enable interrogation

of the entire SN volume and be less prone to variability,

particularly for neuromelanin-sensitive MRI images (Cho et al.,

2021a). Nonetheless, our inter-rater agreement for quantitative

neuromelanin-sensitive MRI, QSM, and SMWI measures extracted

from the manually segmented SN masks by radiology and non-

radiology readers was excellent and yielded positive correlation

results. These indicate that our technique can be practicably

performed in the real-world clinical setting, with confidence

that the manual segmentations are reliable. Second, we used

SMWI for qualitative visual evaluation when it is not widely

available as an open-source post-processing software. However,

SMWI has produced superior results in visual analyses and has

been extensively validated against dopamine transporter imaging

evaluation for concordance (Sung et al., 2019, 2022; Bae et al.,

2021b). Third, we did not perform deep learning analysis to

further improve the diagnostic performance of our quantitative

analysis (Jung et al., 2022). This could be the work of a future large

cohort study. Fourth, our non-motor clinical assessments were

limited and inadequately framed for the wide scoping non-motor

symptomatology that exists in PD, including rapid eye movement
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sleep behavior disorder, which would be relevant for future study

in prodromal PD in relation to composite midbrain quantitative

neuromelanin–iron parameters.

Conclusion

Our large, cross-modal, case–control study in PD showed (i)

moderate associations between quantitative iron–neuromelanin

MRI and motor and non-motor dysfunction, (ii) composite

quantitative neuromelanin–ironmarker matching best-performing

qualitative radiological PD classification using SMWI, and (iii)

potential for these techniques to be adopted to improve diagnostic

confidence, tracking of disease progression and response to

neuroprotective therapies in both clinical and research settings.
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Altered dynamic functional 
network connectivity in 
drug-naïve Parkinson’s disease 
patients with excessive daytime 
sleepiness
Zhiyi Tan 1†, Qiaoling Zeng 1†, Xuehan Hu 1, Duoduo Di 1, Lele Chen 1, 
Zhijian Lin 2* and Guanxun Cheng 1*
1 Department of Medical Imaging, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China, 
2 Department of Neurology, Peking University Shenzhen Hospital, Shenzhen, Guangdong, China

Background: Excessive daytime sleepiness (EDS) is a frequent nonmotor 
symptoms of Parkinson’s disease (PD), which seriously affects the quality of life 
of PD patients and exacerbates other nonmotor symptoms. Previous studies 
have used static analyses of these resting-state functional magnetic resonance 
imaging (rs-fMRI) data were measured under the assumption that the intrinsic 
fluctuations during MRI scans are stationary. However, dynamic functional 
network connectivity (dFNC) analysis captures time-varying connectivity over 
short time scales and may reveal complex functional tissues in the brain.

Purpose: To identify dynamic functional connectivity characteristics in PD-EDS 
patients in order to explain the underlying neuropathological mechanisms.

Methods: Based on rs-fMRI data from 16 PD patients with EDS and 41 PD patients 
without EDS, we applied the sliding window approach, k-means clustering and 
independent component analysis to estimate the inherent dynamic connectivity 
states associated with EDS in PD patients and investigated the differences between 
groups. Furthermore, to assess the correlations between the altered temporal 
properties and the Epworth sleepiness scale (ESS) scores.

Results: We found four distinct functional connectivity states in PD patients. 
The patients in the PD-EDS group showed increased fractional time and mean 
dwell time in state IV, which was characterized by strong connectivity in the 
sensorimotor (SMN) and visual (VIS) networks, and reduced fractional time in state 
I, which was characterized by strong positive connectivity intranetwork of the 
default mode network (DMN) and VIS, while negative connectivity internetwork 
between the DMN and VIS. Moreover, the ESS scores were positively correlated 
with fraction time in state IV.

Conclusion: Our results indicated that the strong connectivity within and 
between the SMN and VIS was characteristic of EDS in PD patients, which may 
be a potential marker of pathophysiological features related to EDS in PD patients.

KEYWORDS

Parkinson’s disease, excessive daytime sleepiness, resting-state functional magnetic 
resonance imaging, dynamic functional brain connectivity, neural network
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Introduction

Parkinson’s disease (PD) is the second most common 
neurodegenerative disease, with more than 8.5 million individuals 
suffering from PD worldwide (Grover et al., 2022). Excessive daytime 
sleepiness (EDS) is a frequent nonmotor symptoms in PD patients, 
affecting up to 20–60% of PD patients (Liu et al., 2022). EDS mainly 
manifests as the inability to stay awake and alert during typical waking 
periods, leading to unintended lapses into drowsiness or sleep states 
(Liu et al., 2022). EDS in PD patients not only has a negative impact 
on the patients’ quality of life (Bloem et  al., 2021), including 
occupational, psychological, and social abilities, but may also worsen 
nonmotor symptoms such as mood, apathy, anxiety, and cognitive 
function (Chan et al., 2020). Therefore, there is a strong interest in 
identifying the neurobiological abnormalities underlying EDS in PD 
patients. A better understanding of the pathogenesis of EDS and the 
identification of its biomarkers are essential for PD patients.

Resting-state functional magnetic resonance imaging (rs-fMRI) 
is a novel noninvasive neuroimaging method with high temporal and 
spatial resolution that has been widely used to explore the pathogenesis 
of EDS in PD patients. The amplitude of low-frequency fluctuation 
(ALFF), fractional ALFF and regional homogeneity methods reflect 
the intensity and consistency of spontaneous activities among brain 
regions. Previous studies have displayed increases in spontaneous 
neural activity in the medial prefrontal cortex, paracentral lobule, 
thalamus, putamen and pons and decreases in the inferior frontal 
gyrus, angular gyrus, cingulate cortex and cerebellum in patients of 
PD with EDS (PD-EDS) (Wen et al., 2016; Wang et al., 2020; Zi et al., 
2022; Zheng et al., 2023). Functional connectivity analysis can be used 
to evaluate correlations and synchronization at brain regions and the 
whole brain network levels. Multiple studies have demonstrated that 
EDS in PD patients may be  associated with abnormal functional 
connectivity among various brain regions, including the default mode 
network (DMN), cognitive executive network (CEN), salience 
network (SN) and cerebellum (CB) (Wen et al., 2016; Ooi et al., 2019; 
Wang et al., 2020; Zi et al., 2022; Zheng et al., 2023). However, these 
static rs-fMRI data were measured under the assumption that the 
intrinsic fluctuations during MRI scans are stationary, ignoring the 
temporal dynamic properties of functional connectivity.

In fact, the functional connectivity of brain networks changes 
during rs-fMRI scanning sequences (Hutchison et al., 2013). Dynamic 
functional connectivity analysis can capture variability in connectivity 
among brain regions over short periods (Hutchison et  al., 2013), 
providing greater insights from a time-varying perspective. In recent 
years, emerging evidence based on dynamic functional connectivity 
analyses has shown that abnormal dynamic properties are associated 
with motor and nonmotor symptoms in patients with PD. For example, 
the mean dwell time of the functional separation state was negatively 
correlated with the severity of motor symptoms (Kim et al., 2017) and 
positively correlated with the severity of cognitive impairment 
(Fiorenzato et al., 2019) in patients with PD. In addition, PD patients 
with the tremor-dominant subtype and PD patients with rapid eye 
movement sleep behavior disorder both had longer dwell times and 
sparser network connectivity than other PD patients without these 
symptoms (Gan et al., 2021; Zhu et al., 2021). Additionally, PD patients 
with depression preferred to remain in states characterized by 
DMN-dominated and CEN-disconnected patterns (Xu et al., 2021). A 
recent study demonstrated that PD patients with levodopa-induced 

dyskinesia were more frequently in and dwelled longer in strongly 
connected states, characterized by strong positive connectivity between 
the visual network (VIS) and sensorimotor network (SMN) (Si et al., 
2023). Another study showed that PD patients with impulse control 
disorders preferred to be in states with brain configuration patterns 
characterized by sparse internetwork connectivity and strong 
intranetwork connectivity involving the limbic circuit (Navalpotro-
Gomez et al., 2020). However, to date, the dynamic functional network 
connectivity (dFNC) characteristics and underlying neuropathological 
features of PD-EDS have remained unclear.

The purpose of this study was to identify dFNC characteristics in 
patients with PD-EDS to explain the potential neuropathological 
mechanisms underlying this condition. Considering the possible 
effect of drugs on the dynamic functional measures of patients with 
PD-EDS, we focused on drug-naïve PD patients in this study (Arnone 
et al., 2018; Si et al., 2023).

Materials and methods

Participants

The data used in this study were obtained from the Parkinson’s 
Progression Marker Initiative (PPMI) database, an ongoing, 
multicenter, international study aimed at identifying biomarkers 
related to PD progression. The inclusion and exclusion criteria have 
been published in PPMI (Marek et al., 2011).

A total of 152 PD patients with functional magnetic resonance 
imaging (fMRI) scans acquired between December 2020 and March 
2023 were recruited from the PPMI dataset. The inclusion criteria for 
our research were as follows: (1) patients had never taken anti-
Parkinson’s medications or sleep-disrupting drugs before data 
collection; and (2) patients completed all clinical assessment scales 
and fMRI sequence scans. The exclusion criteria were as follows: (1) 
intracranial organic lesions, such as tumors, hematomas, and cerebral 
infarction; (2) patients with Parkinson’s syndrome or Parkinson’s 
superposition syndrome caused by other definite diseases; and (3) 
previous traumatic brain injury. The Epworth sleepiness scale (ESS) 
contains 8 items with scores ranging from 0 to 24 and is used to 
measure the subject’s expectation of drowsiness in 8 daily situations 
during the past 1 week. Based on the ESS scores, PD patients were 
divided into two groups. Patients with ESS scores of 10 or greater were 
classified as the PD-EDS group (n = 23), while those with ESS scores 
of 3 or less were classified as the PD patients without EDS (PD-noEDS) 
group (n  = 42). Patients with ESS scores of 4 to 9 were excluded 
(n = 87) (Wang et al., 2020). In addition, seven patients with ESS 
scores ≤3 or ≥ 10 who had already been treated were excluded. Then, 
one PD-EDS patient was excluded due to its head movement 
exceeding translation of 3 mm or rotation of 3°in the later MRI data 
preprocessing. Finally, our study included 57 drug-naïve PD patients, 
including 16 PD-EDS patients and 41 PD-noEDS patients. A flowchart 
of the patient inclusion was provided in Figure 1.

Clinical assessment

All patients were diagnosed by experienced neurologists. The 
patients’ age, sex, years of education, age at onset and duration of 
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disease were recorded. All patients were evaluated with comprehensive 
clinical neuropsychological assessments including motor and 
nonmotor symptom-related scales, including the Unified Parkinson’s 
Disease Rating Scale III (UPDRS III), Hoehn and Yahr (H&Y) staging 
scale, Montreal Cognitive Assessment (MoCA), State–trait Anxiety 
Inventory (STAI), Geriatric Depression Scale (GDS), rapid eye 
movement sleep behavior disorder questionnaire (RBDSQ) and ESS.

MRI data acquisition and preprocessing

All participants underwent rs-fMRI scans on 3.0 T MRI scanners 
(Siemens, Germany). Gradient-echo T2∗-weighted echo-planar 
imaging sequences (GE-EPI) were applied for functional brain activity 
imaging, and 240 time points were acquired during the scan. The 
rs-fMRI acquisition parameters were as follows: repetition 
time = 2,500 ms, echo time = 30 ms, flip angle = 80 degrees, 
thickness = 3.5 mm, voxel size = 3.5 mm3 and number of axial 
slices = 44.

The fMRI data were preprocessed using GRETNA software.1 To 
equilibrate the MRI signals and ensure subjects were adapted to the 
scanning environment, the first 10 time points were removed. The 
fMRI images acquired at the remaining 230 time points were then 
slice-time corrected and realigned to the mean echo-planar image. In 
addition, all corrected fMRI images were spatially normalized into the 
Montreal Neurological Institute (MNI) standard space using EPI 
templates, resampled with a 3 mm isotropic voxel, and spatially 
smoothed with a 6 mm 3D-Gaussian filter. To reduce the potential 
effects of head movements, we excluded patients with mean frame 
displacement (FD) > 0.5 mm or head movements exceeding a 
maximum translation of 3 mm or rotation of 3° (excluding one 

1 https://www.nitrc.org/projects/gretna/

PD-EDS patient) from further analysis, referring to two previous 
studies (Navalpotro-Gomez et al., 2020; Xu et al., 2021). There were 
no significant group differences in head movements among the 
patients in the PD-EDS group (mean FD = 0.09 ± 0.06 mm) and the 
PD-noEDS group (mean FD = 0.11 ± 0.07 mm) (Mann–Whitney U 
test, p = 0.40).

Group independent component analysis

Independent component analysis (ICA) was performed based on 
the preprocessed data using the group ICA in the functional MRI 
toolbox (GIFTv4.0b, http://mialab.mrn.org/software/gift/) to obtain 
specific data components. First, voxel-level variance normalization 
was performed based on all subject data. Next, the number of 
independent components (ICs) was estimated to be 36 on average 
using the minimum description length method. To improve accuracy, 
the subject data were reduced to 120 ICs using principal component 
analysis (PCA) and further decomposed into 50 components, as 
performed in previous studies (Si et al., 2023). Finally, the Infomax 
ICA algorithm in ICASSO was repeated 20 times to ensure stability 
and validity (Himberg et al., 2004). The spatial functional networks 
for each subject and corresponding time courses were created using 
the ICA back reconstruction method.

Among the 50 ICs, 27 ICs were identified as meaningful according 
to the following criteria by Allen et al. (2014), (1) peak coordinates of 
spatial maps located primarily in the gray matter; (2) low spatial 
overlap with known vascular, motion, and susceptibility artifacts; (3) 
time courses dominated by low-frequency signals (ratio of the integral 
of spectral power < 0.10 Hz to 0.15–0.25 Hz); and (4) time courses 
characterized by high dynamic range (range difference between the 
minimum and maximum power frequencies). These 27 ICs were then 
sorted into seven functional networks based on the spatial correlation 
values between the ICs and the template and the visual inspection 
results (Shirer et al., 2012). The seven functional networks were the 

FIGURE 1

A flowchart of the selection of patients.
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auditory (AUD), basal ganglia (BG), cerebellum (CB), cognitive 
executive (CEN), default mode (DMN), sensorimotor (SMN), and 
visual (VIS) networks.

The time courses of the 27 ICs were postprocessed to remove 
remaining noise sources. The time courses were detrended with the 
3DDESPIKE algorithm. Then, temporal bandpass filtering with a high 
frequency cutoff frequency of 0.15 Hz was performed (Allen et al., 
2014). To obtain the static functional connectivity matrix, paired 
Pearson correlations were calculated and converted to z values before 
further analysis (Kim et al., 2017).

Dynamic functional network connectivity

We used the k-means clustering algorithm in GIFT software and 
a sliding window to calculate the dFNC (Allen et al., 2014; Kim et al., 
2017). To examine changes in the functional connectivity matrix 
across time, we created a sliding window of 45 s (width of 18 TRs) with 
a Gaussian distribution (σ = 3 TRs) in steps of 1 TR, resulting in 212 
sliding windows per patient. We selected a window length of 45 s 
because the window size is approximately 30–60 s, this length could 
optimize the balance between the temporal resolution and the quality 
of the functional connectivity estimates (Li et al., 2014; Si et al., 2023). 
The windows for each dFNC matrix were obtained using paired 
Pearson’s correlation values between the time courses of the 27 ICs, 
forming a time series of FNC matrices (27 × 27) for the subsequent 
analysis. Next, all dFNC windows for each patient were classified by 
applying a k-means clustering method based on the Euclidean 
distance, which was repeated 100 times to reduce the bias of the 
random initialization of the centroid positions (Friedman et al., 2008). 
A k value of four (k = 4) was identified as the optimal cluster size using 
the elbow criterion. Furthermore, three different variables, including 
the fractional time, mean dwell time and number of transitions, were 
assessed to examine the temporal properties of the dynamic functional 
connectivity states. The fractional time was the percentage of time 
spent in one state. The mean dwell time was measured by averaging 
the number of consecutive windows in a specific state. The number of 
transitions was the number of conversions that occurred between 
different states.

The differences between the two groups (PD-EDS and PD-noEDS) 
were investigated using two-sample t tests or Mann–Whitney U tests. 
p values were corrected by the false discovery rate (FDR) for multiple 
comparisons. The threshold for statistical significance was set at 
p < 0.05.

Statistical analyses

Statistical analyses were conducted using SPSS Statistic 24.0 
(Chicago, IL, United States). Two-sample t tests or Mann–Whitney U 
tests were applied to compare the PD-EDS and PD-noEDS groups. 
Chi-squared tests were used to compare categorical variables such as 
sex. Spearman’s correlation analyses were conducted to assess the 
correlations between the detected temporal properties and the ESS 
scores (age and gender as covariates). Multiple comparison corrections 
were performed for dynamic functional connectivity parameters 
statistical analysis, and p < 0.05 with FDR correction was set as a 
threshold for statistical significance.

Results

Demographic and clinical characteristics

A total of 16 PD-EDS and 41 PD-noEDS patients were included 
in the analysis. There were no significant differences in demographics, 
disease duration and severity, cognition, anxiety, depression between 
groups. The ESS scores of the patients in the PD-EDS group were 
significantly higher than those of the patients in the PD-noEDS group 
(p < 0.001) (Table 1).

Group independent components analysis

The spatial map of all 27 ICs defined by using the group ICA is 
illustrated in Figure 2. These 27 ICs made up the following seven 
networks: auditory (AUD, IC 18), basal ganglia (BG, IC 20), 
cerebellum (CB, IC 16), cognitive executive (CEN, IC 32, 36, 38, 43, 
44), default mode (DMN, IC 12, 19, 24, 28, 37, 49), sensorimotor 
(SMN, IC 1, 7, 10, 14, 31, 42, 50) and visual (VIS, IC 4, 22, 26, 35, 
40, 41).

TABLE 1 Demographic and clinical characteristics of PD-EDS and PD-
noEDS group.

PD-EDS 
(n  =  16)

PD-noEDS 
(n  =  41)

p-value

Age 70.75 (58.93, 74.75) 62.00 (53.50, 

70.60)

0.079a

Gender (M/F) 13/3 23/18 0.077b

Onset age (y) 68.45 (54.43, 72.45) 61.10 (51.70, 

68.55)

0.077a

Disease duration 

(y)

2.45 (1.58, 3.83) 1.80 (1.10, 3.10) 0.324a

Education (y) 17.4 (14.5, 20.0) 18.0 (16.0, 20.0) 0.851a

H-Y staging 2 (1, 2) 2 (1, 2) 0.884a

UPDRS-III 24.50 (16.25, 32.50) 19.00 (14.00, 

32.00)

0.374a

MoCA 26.5 (26.0, 29.0) 27.0 (25.5, 29.0) 0.815a

STAI-S 48.00 (44.25, 49.75) 47.00 (43.50, 

50.00)

0.865a

STAI-T 45.94 ± 1.17 45.88 ± 0.56 0.957c

GDS 2.50 (1.00, 3.75) 1.00 (0, 2.50) 0.069a

RBDSQ 2.0 (1.0, 4.5) 3.0 (2.0, 4.5) 0.109a

ESS 12.00 (11.00,12.75) 2.00 (2.00, 3.00) < 0.001a

Parametric variables are presented as mean ± SD, and non-parametric variables are presented 
as median (interquartile range). PD-EDS, Parkinson’s disease with excessive daytime 
sleepiness; PD-noEDS, Parkinson’s disease without excessive daytime sleepiness; M, Male; F, 
Female; y, Year; H-Y, Hoehn and Yahr scale; UDPRS-III, part III of the Unified Parkinson’s 
Disease Rating Scale; MoCA, Montreal Cognitive Assessment; STAI-S, state–trait anxiety 
inventory-state score; STAI-T, state–trait anxiety inventory-trait score; GDS, geriatric 
depression scale, RBDSQ, rapid eye movement sleep behavior disorder questionnaire; ESS, 
Epworth Sleepiness Scale. *p < 0.05.
aMann–Whitney U test.
bChi-squared test.
cTwo-sample t-test.
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Dynamic functional connectivity state 
analysis

We identified four different dynamic functional connectivity 
states with the k-means clustering algorithm. Combined with the 

visualized clustering centroids, we  retained the 5% strongest 
functional connectivity to better illustrate the connectivity 
characteristics of each state. As shown in Figure 3, state IV (10%) 
occurred least frequently and was characterized by strong positive 
correlations within and between the SMN and VIS, while strong 

FIGURE 2

The 27 independent components identified by group independent component analysis. (A) Independent components spatial maps sorted into seven 
functional networks. (B) Group-averaged static functional connectivity between independent component pairs was computed using the entire resting-
state data. The value in the correlation matrix represents the Fisher’s z-transformed Pearson correlation coefficient. Each of the 27 independent 
components was rearranged by network group based on the seven functional networks. AUD, auditory network; BG, basal ganglia; CB, cerebellum; 
CEN, cognitive executive network; DMN, default mode network; SMN, sensorimotor network; VIS, visual network.

FIGURE 3

Results of the clustering analysis per state. (A) Resulting cluster centroids for each state. The total number of occurrences and percentage of total 
occurrences are listed above each cluster median. (B) Graphical representation of the strongest 5% functional network connectivity in each state. AUD, 
auditory network; BG, basal ganglia; CB, cerebellum; CEN, cognitive executive network; DMN, default mode network; SMN, sensorimotor network; VIS, 
visual network.
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negative connectivity were observed between the SMN and VIS with 
other networks (DMN/CEN/BG/CB). In addition, strong positive 
internetwork connectivity between the BG and CB were also observed 
in state IV. In contrast, the other three states (state I 16%; state II 47%; 
and state III 27%) occurred more frequently. State II occurred most 
frequently and was characterized by extensive sparse weak intra/
internetwork connectivity. State I was characterized by strong positive 
connectivity intranetwork of the DMN and VIS, while negative 
connectivity internetwork between the DMN and VIS. For state III, 
strong positive connectivity within the DMN, positive and negative 
connectivity between DMN and CEN, and negative connectivity 
between DMN with SMN and VIS.

We compared the group differences in the temporal properties of 
each state between the two groups (p < 0.05, FDR-corrected), as shown 
in Figure  4. We  detected significant intergroup differences in the 
fractional time of state I and state IV and the mean dwell time of state 
IV. Specifically, the patients in the PD-EDS group had significantly 
higher fractional time and mean dwell time in state IV (p = 0.015, 
p = 0.027, FDR-corrected) and lower fractional time in state 
I (p = 0.022, FDR-corrected) than the patients in the PD-noEDS group. 
After controlling for the effects of age and gender, we found that the 
fractional time in state IV was slightly positively associated with ESS 
scores for all PD patients (p = 0.032, r = 0.289).

Strength of the dynamic functional 
network connectivity states

We then examined the difference in the connection strengths in 
each state between the two groups. The results of the two-sample t test 
indicated that the patients in the PD-EDS group showed stronger 
dynamic connectivity between the bilateral putamen and middle 
frontal gyrus in state II and state III than the patients in the PD-noEDS 
group (p < 0.001, FDR-corrected), as shown in Figure 5.

Discussion

In this study, dFNC analysis was used to explore the differences in 
dynamic functional network connectivity between the patients in the 

drug-naïve PD-EDS and PD-noEDS groups. Four recurrent distinct 
connectivity states were identified in both PD groups using a sliding 
time window approach. Interestingly, we observed that compared to 
the patients in the PD-noEDS group, the patients in the PD-EDS 
group showed significantly increased fractional time and mean dwell 
time in state IV and decreased fractional time in state I. The fractional 
time was positively correlated with EDS severity in state 
IV. Additionally, the patients in the PD-EDS group showed stronger 
dynamic connectivity between the bilateral putamen and bilateral 
middle frontal gyrus in state II and state III than the patients in the 
PD-noEDS group.

Temporal properties of dynamic functional 
connectivity states

In our study, the patients in the PD-EDS group had significantly 
higher fractional time and mean dwell time in state IV (p = 0.015, 
p  = 0.027, FDR-corrected) and lower fractional time in State 
I  (p  = 0.022, FDR-corrected) than the patients in the PD-noEDS 
group. This meant that PD-EDS patients frequently moved in and out 
of state IV and generally stayed in state IV for a longer period of time 
than PD-noEDS patients. Moreover, the fractional time was positively 
correlated with EDS severity in state IV. These findings showed that 
the state may be  a characteristic state of EDS. State IV was 
characterized by dominant patterns in the SMN and VIS. Strong 
positive correlations within and between the SMN and VIS were 
mainly exhibited in state IV, while strong negative connectivity 
between SMN/VIS and other networks (DMN/CEN/BG/CB) were 
also be found in state IV. In addition, strong positive internetwork 
connectivity between the BG and CB were observed in state IV.

The SMN is involved in motor, auditory and sensory processing 
(Yang et al., 2021). Sensory information processing occurs during 
sleep. Different sensory modalities encoded by particular pathways or 
networks may modify physiological characteristics in the waking and 
sleep states (Velluti, 1997). In PD patients, some regions in the sensory 
network are associated with the formation of PD-EDS. Wen et al. 
found increased regional homogeneity values in the left paracentral 
lobule in early PD-EDS patients compared to PD-noEDS patients by 
using regional homogeneity analysis (Wen et al., 2016). In our study, 

FIGURE 4

Differences in the temporal properties of the functional connectivity states between the two groups. (A) Fractional window spent by all subjects in 
each state as measured by percentage. (B) Mean dwell time between the two groups. (C) Number of transitions between the two groups. *p  <  0.05, PD, 
Parkinson’s disease; EDS, excessive daytime sleepiness; noEDS  =  without excessive daytime sleepiness.
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we  found that the patients in the PD-EDS group showed higher 
activity and information transmission in the SMN (high positive 
connectivity with the VIS and high negative connectivity with the 
CEN and DMN) over longer times than the patients in the PD-noEDS 
group, which was slightly positively correlated with EDS severity. 
These results suggest that the SMN increased the integration of visual 
processes and inhibited cognition and execution processes in patients 
with PD-EDS. Therefore, we concluded that patients with PD-EDS 
may exhibit enhanced SMN control to actively modulate sleep and 
wakefulness to compensate for the damage caused by EDS.

The VIS is one of the most important sensory networks. Previous 
neuroimaging studies have reported hypermetabolism in the visual 
cortex in narcolepsy patients (Dauvilliers et al., 2010; Huang et al., 
2016; Dauvilliers et al., 2017) and increased functional connectivity in 
the visual network in adolescent narcolepsy patients (Fulong et al., 
2020). These findings were similar to our results showing the strong 
positive connectivity within the VIS in state IV, and the fraction time 
in state IV was positively correlated with ESS scores. We inferred that 
one possibility is due to the patient’s subjective efforts to resist falling 
asleep during the scan, and the other may be  a compensatory 
mechanism in the early stage of the disease. Notably, because this 
study included only drug-naïve PD patients with mild EDS, it is 
possible that this compensation occurs only in drug-naïve early 
PD-EDS. Our findings suggest that the fractional time in state IV is a 
potential valuable biomarker for PD-EDS.

In addition, in contrast to the other three states, strong positive 
internetwork connectivity between the BG and CB were observed in 
state IV. As a key function of the BG, the disruption of striatal neuron 
signaling may facilitate the occurrence of EDS symptoms in PD 
patients. In early PD patients, Ooi et al. showed that BG connectivity 
was positively correlated with ESS scores, which suggested the 
existence of compensatory mechanisms in early PD patients (Ooi 
et al., 2019). The CB may also be associated with EDS symptoms in 
PD patients. Compared with the patients in the PD-noEDS group, the 
patients in the PD-EDS group had decreased connectivity within the 
CB, decreased connectivity between the CB and the insula, frontal 
lobe, and BG regions, and enhanced connectivity with the postcentral 
gyrus (Wen et al., 2016; Ashraf-Ganjouei et al., 2019; Zi et al., 2022; 
Zheng et  al., 2023). Strong functional connectivity was observed 
between the CB and BG after sleep deprivation, which was thought to 
be a natural response to the decrease in motor alertness (Zhang et al., 
2019). In our study, the dFNC analysis results demonstrated that 

interactions between the BG and CB were associated with the 
emergence of EDS in PD patients and that this strong positive 
connectivity may be attributed to early compensatory mechanisms.

In our study, compared to the patients in the PD-noEDS group, 
the patients in the PD-EDS group showed significantly decreased 
fractional time in state I. This meat that PD-EDS patients were more 
stable when they stayed in state I. State I was characterized by strong 
positive connectivity intranetwork of the DMN and VIS, while 
negative connectivity internetwork between the DMN and VIS. The 
DMN is a highly integrated task-negative network that is activated 
when people are in waking resting states and is responsible for 
conscious awareness and self-referential introspective states (Qin 
et al., 2015; Mak et al., 2017). A study focusing on early PD-EDS 
reported a positive correlation between the occurrence of EDS and 
DMN connectivity (Ooi et al., 2019), the same with our findings, 
suggesting the presence of compensatory mechanisms in the early 
stages of the disease. As mentioned above, the VIS is one of the most 
important sensory networks. The VIS also showed an intranetwork 
strong positive connectivity in state I. These findings suggested that 
PD-EDS patients may achieve a more stable state (state I) by 
strengthening the internal regulation of DMN and VIS. However, 
we  found state I  was also characterized by negative connectivity 
internetwork between the DMN and VIS. This may be an interesting 
finding. Judging from the strong negative connectivity between the 
DMN and VIS in state I, the DMN and VIS were functionally 
competitive and inhibitory networks. Therefore, we speculated that 
this may be  due to the competition between the DMN and VIS 
networks for brain resource allocation when maintaining brain 
stability. Nevertheless, this finding needs to be  further verified by 
future studies.

Strength of dynamic functional 
connectivity states

We observed that the patients in the PD-EDS group showed 
stronger dynamic connectivity between the putamen and middle 
frontal gyrus in state II and state III than the patients in the PD-noEDS 
group (p < 0.001, FDR-corrected). As mentioned above, compensatory 
mechanisms in the striatum may be related to EDS symptoms in PD 
patients (Gong et al., 2019). The putamen is one of the structures of 
the striatum and is an important node in various neural circuits and 

FIGURE 5

Strength of dynamic functional network connectivity (dFNC) in state II and state III. There were significant differences in state II and state III between 
PD-EDS and PD-noEDS groups (p<0.001, FDR-corrected) in strength of dFNC, located between the putamen and middle frontal gyrus.
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neural networks. Additionally, fALFF values in the putamen and 
functional connectivity between the putamen and medial frontal 
gyrus were elevated in PD-EDS patients (Zheng et al., 2023). These 
findings suggested that EDS symptoms in PD patients are associated 
with abnormal information integration between the putamen and 
middle frontal gyrus. Our study supports this view from the 
perspective of dynamic functional connectivity analysis.

Limitations

This study has some limitations that should be considered. First, 
as in previous studies, head motion has an unavoidable effect on 
rs-fMRI data. Although we  carried out several manipulations to 
mitigate this effect, it was still not completely ruled out. Second, in this 
study, the sample size of patients in the PD-EDS group was relatively 
small and there were differences in gender between the two groups 
(PD with and without EDS group). Future studies with larger sample 
sizes should be performed for further validation. In addition, we did 
not collect detailed information on patients’ sleep habits or quality, 
which prevented us from assessing whether nocturnal sleep 
fragmentation or other sleep difficulties associated with PD impacted 
our analysis (Tandberg et al., 1998; Videnovic and Golombek, 2013). 
However, there was no significant difference in RBDSQ scores 
between the two groups, which ruled out the effect of rapid eye 
movement sleep behavior disorder in PD patients to some extent.

Conclusion

In summary, this study is the first to examine the dynamic 
functional network connectivity characteristics of PD-EDS. The 
dynamic functional connectivity analysis showed that PD-EDS 
patients preferred to be in states dominated by the SMN and VIS, with 
strong positive correlations within and between the SMN and VIS, 
while strong negative connectivity between the SMN/VIS with other 
networks. These findings revealed that SMN-and VIS-dominated 
patterns were specific network aggregation states associated with 
PD-EDS. Moreover, the duration of this state correlated with the 
severity of EDS, suggesting that SMN-and VIS-dominated patterns 
may compensate for EDS damage through high-intensity information 
output. Our research provided new insights into the neural 
mechanisms underlying PD-EDS, and the SMN-and VIS-dominated 
patterns may serve as biomarkers of the pathophysiological features 
of PD-EDS.
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