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Abstract

Neurodegeneration of the substantia nigra affects putamen activity in Parkinson's

disease (PD), yet in vivo evidence of how the substantia nigra modulates putamen

glucose metabolism in humans is missing. We aimed to investigate how substantia

nigra modulates the putamen glucose metabolism using a cross-sectional design.

Resting-state fMRI, susceptibility-weighted imaging, and [18F]-fluorodeoxyglucose-

PET (FDG-PET) data were acquired. Forty-two PD patients and 25 healthy controls

(HCs) were recruited for simultaneous PET/MRI scanning. The main measurements

of the current study were R�
2 images representing iron deposition (28 PD and

25 HCs), standardized uptake value ratio (SUVr) images representing FDG-uptake

(33 PD and 25 HCs), and resting state functional connectivity maps from resting state

fMRI (34 PD and 25 HCs). An interaction term based on the general linear model was

used to investigate the joint modulation effect of nigral iron deposition and nigral-

putamen functional connectivity on putamen FDG-uptake. Compared with HCs, we

found increased iron deposition in the substantia nigra (p = .007), increased FDG-

uptake in the putamen (left: PFWE <0.001; right: PFWE < 0.001), and decreased func-

tional connectivity between the substantia nigra and the anterior putamen (left

PFWE <0.001, right: PFWE = 0.007). We then identified significant interaction effect

of nigral iron deposition and nigral-putamen connectivity on FDG-uptake in the puta-

men (p = .004). The current study demonstrated joint modulation effect of the sub-

stantia nigra iron deposition and nigral-putamen functional connectivity on putamen

glucose metabolic distribution, thereby revealing in vivo pathological mechanism of

nigrostriatal neurodegeneration of PD.
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1 | INTRODUCTION

Parkinson's disease (PD) is the second most common neurodegenera-

tive disease after Alzheimer's disease, which manifests clinical fea-

tures such as resting tremor, bradykinesia, or rigidity (Maiti

et al., 2017). Over the past decades, a variety of animal as well as

post-mortem studies have established pathological models of PD in

which the neurodegeneration of the substantia nigra as well as the

nigrostriatal pathway (Dauer & Przedborski, 2003) are characterized

as the hallmark features (Iravani et al., 2005; Porras et al., 2012).

Dopaminergic cell loss as well as iron deposition in the substantia

nigra are consistently described as the neurodegeneration hallmark of

PD (Dauer & Przedborski, 2003). Excessive iron deposition was a

potential cause of dopaminergic neuron loss in the substantia nigra

pars compacta (Langley et al., 2019) due to iron accumulation induced

α-synuclein aggregation which could cause the increases of toxicity

effect and downregulation of the dopamine marker (Chu et al., 2019;

Ostrerova-Golts et al., 2000; Ward et al., 2014). Observations from

various studies have pointed toward increased nigral iron load in

patients with PD (Graham et al., 2000; Guan et al., 2019; Zhang

et al., 2010). Therefore, iron deposition in the substantia nigra has

been characterized as a phenotype that is closely associated with

nigral neurodegeneration.

Abnormal glucose metabolism in the striatum has been consis-

tently reported in PD as revealed by 18F-FDG PET imaging in the past

decades (Albrecht et al., 2019; Meyer et al., 2017; Ruppert

et al., 2020; Schindlbeck & Eidelberg, 2018). An early study by

Wooten and Collins had shown that lesion in the substantia nigra can

induce disinhibition to the striatum in a rat model (Wooten &

Collins, 1981). Neurodegeneration of the substantia nigra could cause

abnormal activity in the striatal loop and further contributes to PD's

core symptoms (DeLong, 1990; McGregor & Nelson, 2019). Indica-

tively therefore, as a hallmark of neurodegeneration in the substantia

nigra, excessive iron deposition may lead to impaired activity in the

striatum. However, clarification of in vivo evidence linking substantia

nigra iron deposition to striatal metabolism in PD is still pending.

The striatum receives dopaminergic input from the substantia

nigra via the nigrostriatal pathway. In rodent models, applications of

6-hydroxydopamine (6-OHDA) on the nigrostriatal pathway could

lead to nigral dopaminergic cell loss as well as striatal fiber degenera-

tion (Jeon et al., 1995; Rentsch et al., 2019). Resting-state functional

magnetic resonance imaging (RS-fMRI) provides a noninvasive

approach for in vivo estimation of the functional nigrostriatal path-

way. Functional connectivity (FC) study by Hacker and colleagues

identified decreased FC between the putamen and midbrain regions

including the substantia nigra (Hacker et al., 2012). A comparable

result was later presented in another RS-fMRI study (Manza

et al., 2016) where decreased FC between the anterior putamen and

the substantia nigra was correlated with more severe behavioral

impairment, demonstrating that the reduced connectivity between

the putamen and the substantia nigra is reproducible in vivo feature

representing the impaired nigrostriatal pathway.

Collectively, increased iron deposition and glucose metabolism

may characterize the neurodegeneration feature of the substantia

nigra and the abnormal activity of the putamen respectively.

Decreased FC was also detected as a representation of impairment of

the nigrostriatal pathway. Questions regarding whether the nigral iron

deposition can independently influence the putamen metabolism or it

modulates the putamen metabolism jointly with nigro-putamen FC

are critical for revealing the pathological mechanisms of the

nigrostriatal loop of PD.

PET/MRI scanner acquires functional and metabolic data simulta-

neously, which is critical for capturing the dynamically-changing brain

activities. Therefore, we acquired simultaneous 18F-fluorode-

oxyglucose (FDG) PET/fMRI as well as susceptibility-weighted imag-

ing data during resting state. Two aims were addressed: first, based

on previous neuroimaging findings (Guan et al., 2019; Hacker

et al., 2012; Schindlbeck & Eidelberg, 2018), we intended to replicate

increased iron deposition in the substantia nigra and increased FDG-

uptake in the putamen as well as a decreased FC between the sub-

stantia nigra and the putamen in group comparisons. Second, we

aimed to investigate how nigral iron deposition and nigrostriatal FC

modulate putamen glucose metabolism.

2 | MATERIALS AND METHODS

2.1 | Participants

All participants provided written informed consent before the mea-

surement. The current study was approved by the ethics committee

of Xuanwu Hospital.

Cross-sectional data were collected at Xuanwu Hospital, Capi-

tal Medical University in the year 2019 and 2020. We recruited PD

patients according to the following criteria: (1) All patients were

diagnosed with MDS-PD criteria (Postuma et al., 2015, 2018);

(2) age between 40–75 years old; (3) right-handed; (4) no history of

head trauma, cerebral vascular disease, and psychiatric disease;

(5) no current alcohol or drug abuse. In total, 42 PD patients were

recruited for RS-fMRI scan, SWI-plus scan and simultaneous
18F-FDG PET scan from the department of functional neurosur-

gery. We further excluded participants according to: (1) over 30%

time points that exceeded 0.5 mm frame-wise displacement during

RS-fMRI scan and (2) incidental findings of visible brain impairment.

As a result, we excluded eight PD subjects with large head motion

during RS-fMRI scan, leaving 34 PD patients and 25 age and

sex-matched healthy controls (HC) for further analyses. The

right-handed HCs (1) reported no history of substance drug abuse,

traumatic brain injury, cerebrovascular events, neuroinflammation,

neurological and psychiatric conditions and (2) did show signs of

movement problem and cognitive impairment during the interview

with the neurologists. PD patients were instructed to not use dopa-

minergic medication for at least 12 h prior to the scan. The detailed

information of all participants was provided in Table 1.
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2.2 | Hybrid PET/MR data acquisition

All subjects underwent hybrid PET/MR examination (averaged dura-

tion between tracer injection and scan was 1 h) by using hybrid

PET/MR system (uPMR790, UIH), which features simultaneous PET

imaging with 3.0 T MR with a 24-channel head/neck coil. All patients

were fasted for at least 6 h before PET/MR examination. The injected

dose of 18F-FDG of subject was 3.7 MBq/kg. PET acquisition time of

one bed position lasted 10 min covering from the top of the skull. PET

data were reconstructed with TOF technology. The reconstruction

parameters were: 4 iterations, 20 subsets, Gaussian filter is 3 mm,

matrix size is 256 � 256, thickness is 2.8 mm. Field of view (FOV):

300 mm � 300 mm, voxel size: 2.4 mm � 2.4 mm � 2.8 mm.

Resting-state fMRI was acquired using an echo-planar imaging

(EPI) sequence with the following parameters: TR = 2000 ms, TE =

30 ms, slice thickness = 3.5 mm, voxel size = 3.5 � 3.5 � 3.5 mm3,

0.7 mm slice gap, 31 slices, 230 � 230 mm FOV, and 90� flip angle.

Before resting-state data acquisition, we instructed participants to

close their eyes, relax, and not engage in any particular mental activity

during the scan (230 volumes). After each scan, the participants

reported that they did not fall asleep in the scanner. In addition, we

acquired high-resolution three-dimensional T1-weighted images with

the following parameters: TR = 7.9 ms, TE = 3.8 ms, 176 slices,

FOV = 256 � 256 mm, and 1 mm3 spatial resolution.

A three-dimensional (3D) multi-echo gradient-echo (GRE)

sequence was used for SWI-plus data acquisition with the following

parameters: FA = 15�, voxel size = 1 � 1 � 2 mm3 (interpreted as

1 mm3), repetition time = 29 ms, six echo times =

3.1/6.4/9.7/13.0/16.3/19.6 ms, and bandwidth = 500 Hz/px, acquisi-

tion matrix: 256 � 256, number of slices: 68, slice orientation: F-H,

parallel imaging, acceleration factor: 2, and monopolar readout gradi-

ents were used with a total scan time of 5 min and 41 s.

2.3 | R�
2 image calculation and processing

Among all 59 subjects (25 HC and 34 PD), we acquired and analyzed

SWI-plus images for 53 subjects (SWI-plus images from six patients

with PD were failed for image reconstruction, leaving 25 HC and

28 PD). After image acquisition, the raw images were processed using

the package implemented on the scanner system. In detail, a complex

multi-dimensional integration (MDI) approach was adopted to achieve

R�
2 calculation (Ye et al., 2021). In the MDI framework, R�

2 is extracted

as the amount of signal relaxation ΔS during the echo spacing interval,

which can be written for each channel as:

ΔS ncð Þ� S neþ1,ncð Þ
S ne,ncð Þ ¼ e

�ΔTE
T�
2
þiΔωΔTE

, ð1Þ

where S is the complex image signal of the corresponding echo and

channel, ΔTE is the echo spacing, Δω is the total off-resonant effects,

and nc represents each channel. MDI yields the numerical solution of

ΔS, that is, ΔS0, by solving the following optimization problem:

minΔS0
XNe�1

ne¼1

XNc

nc¼1
Sneþ1,nc�Sne,nc �ΔS0

�� ��2
2
, ð2Þ

where Nc is the total number of coil channels. Then R�
2 value can be

determined as:

R�
2 ¼� ln ΔS0

�� ��
ΔTE

: ð3Þ

Finally, the R�
2 images were normalized to standard MNI space. R�

2

values were extracted from the bilateral substantia nigra for further

analyses.

2.4 | PET images processing

PET images were processed in Statistical Parametric Mapping soft-

ware (SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/).

PET images were firstly coregistered to T1 images and then spatially

normalized to standard MNI coordinates. An 8-mm full width at half

maximum (FWHM) Gaussian kernel was used for spatial smoothing.

For SUVr calculation, we applied an iterative data-driven approach

for the identification of reference region to account for global confounds

(Nie et al., 2018). At first, (1) Whole brain was selected as the initial refer-

ence region, named Ref0; (2) Voxel-wised two-sample t test was per-

formed between the preprocessed images of PD patients and HC, using

the mean value of Ref0 to account for global confounds; (3) Then, the

TABLE 1 Demographic information
of subjects

Healthy controls Parkinson's disease p-Value Test statistics

Number 25 34 (42 recruited)

Sex (m/f) 8/17 13/21 .62 χ2 = 0.24

Age (±SD) 60.00 ± 4.54 62.32 ± 6.40 .13 T = �1.55

FD power (±SD) 0.22 ± 0.09 0.21 ± 0.08 .60 T = 0.53

HY-stage (±SD) 3.00 ± 0.83

UPDRSIII (±SD) 59.71 ± 15.00

Disease duration (±SD) 9.59 ± 4.04

Note: Mean ± standard deviations are shown.

Abbreviations: FD, frame-wise displacement; HY-stage, Hoehn and Yahr stage; UPDRSIII, Unified

Parkinson's Disease Rating Scale—III.
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significant regions in PD patients are yielded based at a threshold of

p < .05 (uncorrected), named SigRegion; (4) Excluding SigRegion from

Ref0, and these remained voxels were selected as the new reference

region, named Ref1; (5) Chose Ref1 as the new Ref0, and repeat the

steps 2–5 until the residual deviation between the Ref1 and Ref0 was

reduced by less than 5%; (6) The latest Ref1 was accepted as the data-

driven unbiased reference region.

One patient was excluded due to enormous imaging artifact,

resulting in 58 subjects in total for further PET-related analyses

(25 HC, 33 PD).

2.5 | fMRI data processing

Image processing was performed using the SPM12. All images were

realigned for head motion correction, slice timing, coregistered to the

high-resolution 3D T1 images, segmentation of six tissue possibility

templates (SPM12), and normalization of functional images via T1

images (resampled to 3 � 3 � 3 mm3). The normalized functional

images were then spatially smoothed with an 8-mm FWHM Gaussian

kernel. After spatial smoothing, we further regressed out the time

series of white matter (WM 99% probability SPM map), cerebrospinal

fluid (CSF 90% probability SPM map) (Zang et al., 2018), global mean

time course, six head motion parameters from the realignment step,

and the frame-wise displacement (FD) (Power et al., 2012). As men-

tioned above, we excluded subjects with over 30% time points that

exceeded 0.5-mm FD. Eight PD subjects were excluded, leaving

34 PD patients and 25 HC for fMRI analyses.

2.6 | Substantia nigra seed selection and
coherence calculation

After image processing, the substantia nigra was selected based on a

previously defined atlas (Pauli et al., 2018). In detail, we merged the

bilateral substantia nigra as well as the substantia nigra pars reticulata

and compacta together in order to generate a relatively large ROI for

further analyses (Figure S1). Coherence was calculated based on

MATLAB “mscohere.m” function which generates power spectrum

coherence outputs for 129 frequency bins from 0 to 0.25 Hz as

described in previous study (Salami et al., 2018). We used coherence

not only because it has been widely applied in fMRI studies (Bassett

et al., 2015; Braun et al., 2016), but also due to the reason that it esti-

mates the signal synchronicity in the frequency domain, which is not

influenced by signal phase difference. We then averaged the coher-

ence outputs between 0.01 and 0.1 Hz band and considered the aver-

aged coherence as the FC between the bilateral substantia nigra and

other voxels. Since we had a prior hypothesis of the nigral-putamen

loop, we therefore only focus on the voxels within the putamen

(i.e. overlap with AAL's putamen mask).

Substantia nigra grey matter volume calculation.

To calculate the grey matter volume of the substantia nigra, we

applied a voxel-based morphometry toolbox (VBM8, http://dbm.neuro.

uni-jena.de/vbm8/) using default parameters. The preprocessing was

performed as described in a previous study (Zang et al., 2018). Briefly,

brain tissue was classified and normalized to MNI space with a dif-

feomorphic image registration algorithm, correction for image intensity

non-uniformity, a thorough cleaning up of gray matter partitions, applica-

tion of a hidden Markov random field model, transformation of grey mat-

ter density values into volume equivalents, and smoothing with an 8-mm

FWHM Gaussian kernel. Averaged grey matter volume was extracted

from the pre-defined substantia nigra ROI.

2.7 | Group-level analyses

Comparisons of the FC and 18F-FDG uptake (standardized uptake

value ratio, SUVr) between HC and PD were conducted using two-

sample t test from the SPM General Linear Model (GLM). We only

focus on the voxels in bilateral putamen (AAL mask) according to our

hypothesis. Since age was not perfectly balanced (p = .13), we con-

trolled age as covariate of non-interest for group comparisons. In

addition, averaged FD was controlled as covariate of non-interest for

FC group analysis to further constrain the influence of head motion.

Clusters with voxels surviving family-wise error (FWE) within the

putamen were considered as significant (small volume correction).

Comparisons were only performed within the AAL-putamen mask.

Comparisons of the grey matter volume, iron deposition as well

as the 18F-FDG uptake in the substantia nigra were done using the

mean values of each imaging modality from the pre-defined ROI.

Since the grey matter volume and iron deposition may influence

each other (Lee et al., 2013), we controlled the substantia nigra

grey matter volume (SN-GMV) as a covariate of non-interest for

iron deposition analyses.

Post hoc comparisons and correlation analyses were done using

SPSS26 (https://www.ibm.com/analytics/spss-statistics-software) soft-

ware. Results with p < .05 were considered significant. In order to

increase the sample size in the correlation analyses, we combined both

HC and PD groups and controlled group as covariate of non-interests.

Since the nigrostriatal FC may be a critical factor in modulating glu-

cose metabolism in the putamen, we next aimed to investigate the joint

effect of nigral iron deposition and nigral-putamen FC on putamen FDG

SUVr. We introduced an interaction term into the GLM as shown:

FDG PUTð Þ ¼ Iron SNð Þ þFC SN�PUTð Þ þ Iron SNð Þ �FC SN�PUTð Þ þCovariates:

ð4Þ

In this model, we were interested in the Iron SNð Þ �FC SN�PUTð Þ
interaction term while controlling for group and SN-GMV as

covariates of non-interests. PUTFDG refers to the SUVr values

extracted from the putamen. FC SN�PUTð Þ refers to the FC between the

substantia nigra and the putamen and Iron SNð Þ refers to iron deposition

in the substantia nigra. We extracted the mean SUVr and FC values

from the voxels that were considered significant in the putamen

(voxels with PFWE< 0.05) for this analysis. Group and SN-GMV were

controlled as covariates of non-interests.
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3 | RESULTS

3.1 | Clinical and demographic data

The clinical and demographic data are summarized in Table 1. Thirty-

four PD patients and 25 age (p = .13) and sex (p = .62) matched HC

were used for fMRI analysis. Fifty-three subjects (28 PD and 25 HC,

SWI-plus images from six PD were failed for image reconstruction)

were analyzed for R�
2 and 58 subjects (33 PD and 25 HC, PET image

from one PD were excluded due to huge image noise) were analyzed

for PET. Joint analyses of all imaging modalities were carried out

based on 53 subjects (28 PD and 25HC). The number of subjects

available for all analyses were provided in Table S1.

3.2 | Grey matter atrophy in the substantia nigra

Compared with the HC group, we found a significantly decreased grey

matter volume of the substantia nigra while controlling for age and

total intracranial volume (TIV) as covariate of non-interests

(T[55] = �2.79, p = .007). There was a trend-to-significance correla-

tion between SN-GMV and iron deposition (R = �0.24, p = .09).

Therefore, controlling for SN-GMV as covariate of non-interest in the

analyses associated with iron deposition was necessary. No significant

correlations were found between the SN-GMV and the HY-stage,

UPDRS III score, and the disease duration (p values >.09).

3.3 | Increased iron deposition in the substantia
nigra

We compared the averaged R�
2 values from the bilateral substantia

nigra ROI and found a significant increase of iron deposition in the PD

group compared with the HC group (T[49] = 2.81, p = .007, η2 = 0.14,

age and SN-GMV as covariates of non-interests, Figure 1a,b).

Note that Figure 1a was a display of voxel-wise R�
2 comparison to

show the spatial distribution of the voxels with increased iron deposi-

tion in PD. Post hoc statistical analyses and inference were all based

on the results shown in Figure 2b. The R�
2 value of the substantia nigra

significantly positively correlate with the HY-stage (R = 0.43,

p = .023, η2 = 0.18) and the disease duration (R = 0.49,

p = .009, η2 = 0.24).

3.4 | Increased SUVr values in the putamen

We found significant increased SUVr in the bilateral putamen (left puta-

men: peak voxel [�33, –4, 1], T(55) = 6.42, PFWE < 0.001, η2 = 0.39; right

putamen: peak voxel [36, –5, 3] T(55) = 6.65, PFWE < 0.001, η2 = 0.39,

Figure 2). Voxels with T > 3.48 were considered significant after small

volume correction. The averaged SUVr of the bilateral substantia nigra

was not significantly different between the two groups (p = .84). No sig-

nificant correlations were found between the putamen SUVr and the

clinical measurements (p values >.14).

3.5 | Decreased nigral-putamen FC

We found significant decreased FC between the substantia nigra and

the anterior putamen (left peak voxel at [�18, 18, –6], T(55) = �5.43,

PFWE < 0.001, η2 = 0.36; right peak voxel at [24, 9, 12], T(55) = �4.42,

PFWE = 0.007, η2 = 0.26 Figure 3a,b). Voxels with T < �3.79 were con-

sidered significant after small volume correction. Post hoc Lilliefors tests

(Lilliefors, 1967) demonstrated that the FC and iron deposition in the

substantia nigra were normally distributed (p values >0.19). The FC

value from the left peak voxel was further negatively correlated with

HY-stage (R = �0.35, p = .04, η2 = 0.08, Figure 3c). and iron deposition

in the substantia nigra (R = �0.29, p = .04, η2 = 0.12, group and SN-

F IGURE 1 Increased SN iron deposition panel (a) shows the spatial distribution of increased iron deposition in the bilateral substantia nigra
with a p < .005 uncorrected threshold. Please note that (a) was only for illustration purpose and we did not perform further statistical analyses.
Panel (b) shows the bar plot of averaged iron deposition extracted from the bilateral substantia nigra ROI. There was an increased iron deposition
in PD group (p = .007). Further statistical analyses as well as inference was based on the results showing in Figure 2b. Error bars represent
standard error. Age and SN-GMV were controlled as covariates of non-interests
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GMV as covariates of non-interests, Figure 4). No significant correla-

tions were found between the nigral-putamen FC and UPDRS III as well

as disease duration (p values >.91). We in addition replicated our FC

finding using more stringent head motion correction approach (scrub-

bing) (Power et al., 2012) and different mask for the definition of sub-

stantia nigra (AAL3) (Rolls et al., 2020). As a result, we found decreased

FC between the substantia nigra and putamen using the scrubbing (left

peak PFWE = 0.02, Figure S2A) or the substantia nigra mask from AAL3

(left peak PFWE = 0.04, right peak PFWE = 0.008, Figure S2B). These

results demonstrated that the nigral-putamen FC finding was robust

against different choice of head motion correction approach and sub-

stantia nigra ROI definition.

3.6 | Nigral iron deposition and nigral-putamen
connectivity jointly modulate putamen glucose
metabolism

Neither the nigral-putamen FC (p = .70) nor nigral iron deposition

(p = .93) alone showed significant association with the putamen

SUVr value. However, there was a significant interaction effect of

Iron SNð Þ � FC SN�PUTð Þ to putamen SUVr value (F[1,46] =8.97, p = .004,

η2 = 0.16, Figure 5), indicating that the iron deposition in the sub-

stantia nigra and nigral-putamen FC can jointly modulate putamen

FDG-uptake.

Considering that there was no spatial overlap between the voxels

showing increased FDG-uptake and decreased nigral-putamen FC

after small volume correction, we further extracted the mean FC value

from the voxels showing increased FDG-uptake within the bilateral

putamen with less stringent thresholds (p < .005 uncorrected and

p < .05 uncorrected). The FC values extracted using these two thresh-

olds were not significantly different between the two groups (p = .24

and .61, respectively). We still found significant Iron SNð Þ � FC SN�PUTð Þ
interaction effect on FDG-uptake in the posterior putamen (putamen

masked with p< .005 uncorrected cluster: F(1,46) = 4.48, p = .04,

η2 = 0.09; p< .05 uncorrected cluster: F(1,46) = 4.06, p = .049,

η2 = 0.08). In addition, since we recruited moderate to severe PD

patients, to further exclude the effect of disease severity on the

Iron SNð Þ � FC SN�PUTð Þ interaction effect on putamen FDG-uptake, we

conducted the same analysis in PD patients while controlling the

F IGURE 3 Decreased SN-
PUT FC. Panel (a) shows p < .05
corrected results of decreased FC
between the substantia nigra and

the putamen (14 voxels, masked
by bilateral putamen of the AAL
template). Age and FD were
controlled as covariates of non-
interests. Panel (b) shows the post
hoc bar plots of the peak voxel in
the putamen (error bars are
standard errors). Panel (c) shows
the regression plot between the
peak FC [�18, 18, �6] and the
HY-stage (R = �0.35, p = .04)

F IGURE 2 Increased putamen FDG
uptake. Panel (a) shows the p < .05
corrected results of increased FDG uptake
in the bilateral putamen. Results were
masked with bilateral putamen from the
AAL template. Age was controlled as
covariates of non-interests. Panel
(b) shows the bar plot of averaged
putamen SUVr extracted from the clusters

shown in panel (a). Error bars represent
standard errors
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HY-stage as an additional covariate. Result indicated that the interac-

tion effect was significant (F[1,21] =8.62, p = .008).

4 | DISCUSSION

In the current cross-sectional study, we detected increased R�
2 value

in the substantia nigra, increased FDG-uptake in the putamen and

decreased nigrostriatal FC distributed between the bilateral substantia

nigra and the anterior putamen in the PD group compared to the

healthy controls. The impaired FC was further correlated negatively

with HY-stage and iron deposition in the substantia nigra. By applying

a general linear model that contains the interaction term of nigral iron

deposition and nigral-putamen FC, a significant joint effect of the two

features on the putamen FDG-uptake was detected. In the following

paragraphs, we discuss our findings in detail.

4.1 | Nigral iron deposition, putamen FDG-uptake,
and the nigral-putamen FC

We acquired simultaneous PET/MRI data which highly benefits bet-

ter and more accurate function-metabolism coupling. As a result, we

found increased iron deposition in the substantia nigra, increased

FDG-uptake in the putamen and decreased nigral-putamen FC as

replications of previous studies. First, in line with the existing litera-

ture (Graham et al., 2000; Langley et al., 2019; Liu et al., 2017;

Zhang et al., 2010), we observed a significant increase of iron con-

tent in the bilateral substantia nigra in PD group which was recog-

nized as a pathological hallmark in PD as revealed by post-mortem

studies (Dexter et al., 1989; Riederer et al., 1989). Such findings can

be reliably replicated by in vivo R�
2 (Langley et al., 2019) and QSM (Li

et al., 2018) imaging technique. We then detected a significant

decreased FC between the bilateral substantia nigra and the putamen

in the patients with PD as an estimation of the impaired nigrostriatal

pathway. The reduced FC finding in patients with PD was not only an

independent replication of previous resting state fMRI (Hacker

et al., 2012; Manza et al., 2016) and diffusion tractographic studies

(Tan et al., 2015; Theisen et al., 2017), but also highly in line with the

well-established nigrostriatal circuit model in PD (Dauer &

Przedborski, 2003; McGregor & Nelson, 2019; Wichmann &

DeLong, 2003).

Increased iron deposition in PD may indicate α-synuclein aggrega-

tion through iron-induced oxidative stress that associates with cellular

deleterious in the substantia nigra (Guan et al., 2019; Sian-Hülsmann

F IGURE 5 SN iron deposition and
SN-PUT connectivity jointly modulate
putamen FDG-uptake. Figure illustrates
the significant interaction effect of nigral
iron deposition and nigral-putamen
connectivity on FDG-uptake in the
putamen (p = .004). Panel (a) displays the
concept chart-flow of the joint
modulation effect. Panel (b) shows the
partial regression plot of putamen FDG-
uptake and Iron*FC joint effect from the
general linear model. Group and SN-GMV
were controlled as covariates of non-
interests

F IGURE 4 Association between SN-PUT connectivity and SN
iron deposition. Figure shows the partial regression plot of iron
deposition in the substantia nigra and peak FC [�18, 18, �6]
(R = �0.29, p = .04, group and SN-GMV as covariates of non-
interests)
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et al., 2011). In our data, we obtained significant negative correlation

between the decreased nigral-putamen FC and the HY-stage as well

as iron deposition. Thus, we speculated that there was a connection

between the toxic accumulation of iron in the substantia nigra and the

impairment of the nigrostriatal pathway: the more impaired the path-

way was, the more severe the patient was.

In parallel with the abundant existing 18F-FDG PET studies

(Albrecht et al., 2019; Eidelberg et al., 1994; Ruppert et al., 2020), we

as well detected increased FDG-uptake in the putamen. The increased

FDG-uptake was located mainly in the posterior putamen. While the

reduction of FC was located in the anterior putamen. The location

showing decreased nigral-putamen FC overlapped well with the loca-

tion of decreased putamen resting state activity as shown in a multi-

center meta-analysis study (Jia et al., 2021). In addition, by using

dopamine cell implantation surgery, Ma and colleagues (Ma

et al., 2010) have shown that the baseline 18F-DOPA uptake in the

dorsal anterior putamen, which locates close to the cluster of our FC

finding, can predict UPDRS improvement. These studies demon-

strated that the reduced FC may be associated more with dopaminer-

gic degeneration.

4.2 | Nigral iron deposition and FC jointly
modulate putamen glucose metabolism

Of note, the increased FDG-uptake in the putamen was neither

correlated with nigral-putamen FC nor with iron deposition in the

substantia nigra. Instead, result from the GLM analysis showed a

significant iron deposition-by-nigral-putamen connectivity interac-

tion effect on the putamen glucose metabolism, indicating that iron

deposition in the substantia nigra and connectivity representing

the nigrostriatal pathway can jointly modulate glucose metabolism

of the putamen during resting state. As mentioned earlier, the loca-

tion of the cluster exhibiting increased FDG-uptake in the putamen

did not overlap with that showing reduced FC, we then replicated

the joint modulation effect using the FC from the posterior puta-

men that showed increased FDG-uptake. We still found a signifi-

cant iron deposition-by-nigral-putamen connectivity interaction

effect on the putamen FDG-uptake, demonstrating that the signifi-

cant joint effect was not highly influenced by the spatial distribu-

tion of the FC in the putamen. Although direct evidence was

insufficient, we speculated from our finding that the joint modula-

tion effect may explain the insufficient dopaminergic inhibitory

input to the putamen (Eidelberg et al., 1994). Future studies with

dopaminergic biomarkers are needed for clarification of such

interpretation.

The current study may highlight the pathological role of the iron

deposition in the substantia nigra, as it not only reflected the severity

of the disease, but also explained the abnormal putamen metabolism

together with nigra-putamen FC. From this perspective, a comprehen-

sive neuroimaging examination of the substantia nigra may largely

benefit clinical diagnose and treatment of PD.

4.3 | Limitations

First, we recruited moderate to severe patients with PD which

restricted us to generate the current findings to mild patients. Second,

we acknowledge that the recruitment and medication application of

our patients is a major limitation to the current as well as other

Parkinson' disease studies. The standard 12-h washout period may

not be sufficient enough especially for the severe patients.

5 | CONCLUSIONS

In conclusion, we found significantly increased iron deposition in the

substantia nigra and FDG-uptake in the putamen and decreased FC

between the substantia nigra and putamen in patients with PD com-

pared to the healthy controls. The nigral iron deposition and FC can

jointly modulate putamen glucose metabolism, highlighting the utility

of simultaneous PET/MRI to the understanding of in vivo neuropatho-

logical mechanism of PD.
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