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REVIEW

Circuit imaging biomarkers in preclinical 
and prodromal Parkinson’s disease
Sanne K. Meles1*  , Wolfgang H. Oertel2,3 and Klaus L. Leenders4 

Abstract 

Parkinson’s disease (PD) commences several years before the onset of motor features. Pathophysiological understand-
ing of the pre-clinical or early prodromal stages of PD are essential for the development of new therapeutic strategies. 
Two categories of patients are ideal to study the early disease stages. Idiopathic rapid eye movement sleep behavior 
disorder (iRBD) represents a well-known prodromal stage of PD in which pathology is presumed to have reached 
the lower brainstem. The majority of patients with iRBD will develop manifest PD within years to decades. Another 
category encompasses non-manifest mutation carriers, i.e. subjects without symptoms, but with a known mutation or 
genetic variant which gives an increased risk of developing PD. The speed of progression from preclinical or prodro-
mal to full clinical stages varies among patients and cannot be reliably predicted on the individual level. Clinical trials 
will require inclusion of patients with a predictable conversion within a limited time window. Biomarkers are neces-
sary that can confirm pre-motor PD status and can provide information regarding lead time and speed of progression. 
Neuroimaging changes occur early in the disease process and may provide such a biomarker. Studies have focused 
on radiotracer imaging of the dopaminergic nigrostriatal system, which can be assessed with dopamine transporter 
(DAT) single photon emission computed tomography (SPECT). Loss of DAT binding represents an effect of irreversible 
structural damage to the nigrostriatal system. This marker can be used to monitor disease progression and iden-
tify individuals at specific risk for phenoconversion. However, it is known that changes in neuronal activity precede 
structural changes. Functional neuro-imaging techniques, such as 18F-2-fluoro-2-deoxy-D-glucose Positron Emission 
Tomography (18F-FDG PET) and functional magnetic resonance imaging (fMRI), can be used to model the effects of 
disease on brain networks when combined with advanced analytical methods. Because these changes occur early in 
the disease process, functional imaging studies are of particular interest in prodromal PD diagnosis. In addition, fMRI 
and 18F-FDG PET may be able to predict a specific future phenotype in prodromal cohorts, which is not possible with 
DAT SPECT. The goal of the current review is to discuss the network-level brain changes in pre-motor PD.

Keywords:  Parkinson’s disease, Idiopathic REM sleep behavior disorder, 18F-FDG PET, fMRI, Biomarkers, Brain networks, 
Neuro-imaging

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

Introduction
Parkinson’s disease (PD) is a common neurodegenera-
tive disorder which probably has a multifactorial dis-
ease etiology, consisting of environmental, genetic and 

epigenetic risk factors. The disease is associated with a 
sequential propagation of abnormal α-synuclein aggre-
gates throughout the central and peripheral autonomic 
nervous system. It is unclear where alpha-synuclein 
pathology originates and how it spreads. A recent com-
pelling hypothesis states that roughly two subtypes of 
PD exist (Borghammer and van den  Berge 2019). A 
brain-first type, where α-synuclein initially arises in the 
brain with secondary spreading to the peripheral auto-
nomic nervous system, and a body-first type, where the 
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pathology originates in the enteric or peripheral auto-
nomic nervous system and then spreads to the brain via 
the brainstem. This hypothesis is supported by recent in-
vivo multimodality imaging studies of PD patients at dif-
ferent disease stages (Knudsen et al. 2018; Horsager et al. 
2020).

The symptoms that PD patients experience depend 
on which neuronal systems are affected, and in which 
sequence. Currently, PD is definitively diagnosed when 
typical motor symptoms are present, as a result of degen-
eration of the presynaptic dopaminergic system (Postuma 
et  al. 2015). These motor symptoms become apparent 
after 50–70% of nigrostriatal dopamine function has been 
lost (Berg et al. 2018; Kordower et al. 2013). By extrapo-
lation, the disease process in the substantia nigra begins 
several years before the onset of motor symptoms (Hilker 
et  al. 2005). In patients with the body-first subtype, the 
prodromal phase may be especially prolonged, and can be 
characterized by several non-motor symptoms, including 

constipation, hyposmia, sleep disorders (especially REM 
sleep behavior disorder), and depression, which are likely 
to be associated with neurotransmitter deficits other 
than dopamine.

This implies that by the time PD is definitively diag-
nosed, disease progression is already advanced. Inter-
vention at the stage of established PD may be too late in 
the pathological process for potential disease-modifying 
therapies to have any effect. In order to advance our 
understanding of the disease and develop therapeutic 
strategies, efforts are being made to further characterize 
the earliest stages of PD (Stern et al. 2012; Heinzel et al. 
2019). In the preclinical stage, the neurodegenerative 
process has commenced, but there are no symptoms or 
signs. In the prodromal stage, symptoms and signs are 
present, but are yet insufficient to definitively diagnose 
PD (Fig. 1).

Individuals with a known genetic risk of Parkin-
son’s disease but without motor symptoms are suitable 

Fig. 1  Schematic of preclinical, prodromal and clinical stages in PD. The y-axis shows the percentage of dopaminergic neurons in the substantia 
nigra. The exact course of dopaminergic attrition is unknown and is provided here schematically. The x-axis depicts the number of years before 
(left) and after (right) diagnosis. The exact duration of the preclinical and prodromal stages is unknown. The order of prodromal symptoms may 
vary between patients and are mentioned here in random order. The disease course depicted in this schematic only applies to patients with the 
so-called ‘body-first’ subtype of Parkinson’s disease
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candidates to study the preclinical and prodromal stages 
of PD. Although patients with a specific gene mutation 
may be different from those with sporadic (‘idiopathic’) 
PD, genetic PD provides a model for studying disease 
onset and progression. Approximately 5–10% of all PD is 
caused by penetrant monogenes. These range from rare 
variants with very high penetrance, to genetic variants 
that are relatively common in the general population but 
exert only a modest effect on PD risk (Cherian and Divya 
2020). A simplified overview of some of the genes impli-
cated in PD is provided in Table 1. Mutations in LRRK2 
and GBA genes are relevant in the context of studying 
pre-clinical or prodromal PD, because they are relatively 
frequent, give a clinical phenotype which is similar to 
sporadic (non-familial) PD, and have an age-dependent 
penetrance.

GBA encodes glucocerebrosidase, and some muta-
tions in the GBA gene cause the autosomal-recessive 
lysosomal storage disorder Gaucher’s disease in bial-
lelic carriers. It is hypothesized that glucocerebrosidase 
plays a role in α-synuclein degradation. PD patients who 
carry GBA mutations and variants appear to have a more 
rapid progression of both motor and cognitive symp-
toms (Davis et  al. 2016). GBA mutations and variants 
in PD have drawn attention because glucocerebrosidase 
provides a possible target for causative therapies (Greuel 
et al. 2020).

PD patients with LRRK2 mutations have a slower 
motor progression than idiopathic PD and are less likely 
to have cognitive impairment (Saunders-Pullman et  al. 

2018). An interesting finding is that in animal models, 
LRRK2-G2019S mutations cause a gain-of-abnormal 
function to striatal excitatory circuits during a critical 
early stage of development. It is thought that during this 
stage, a heightened activity of striatal spiny projection 
neurons permanently affects striatal circuit structure and 
function, possibly causing a risk of PD later in life (Mati-
kainen-Ankney et al. 2016).

The prodromal disease stage can be investigated in 
individuals who have one or several non-motor symp-
toms that are known to precede the onset of typical 
motor symptoms in PD. Symptoms such as olfactory loss, 
constipation and depression are common in the general 
population and have low specificity and positive predic-
tive values for conversion from probable prodromal PD 
to clinical PD. The strongest prodromal clinical marker 
thus far, is the presence of idiopathic rapid eye movement 
(REM) sleep behavior disorder (iRBD), a parasomnia that 
can be diagnosed with a polysomnography. Patients with 
iRBD fail to suppress muscle tone during the REM sleep 
stage, leading to dream enactment. Longitudinal stud-
ies have shown that > 80% of patients initially diagnosed 
with iRBD converted to clinical PD or dementia with 
Lewy bodies (DLB) in the following decades (Postuma 
et al. 2009, 2012; Iranzo et al. 2014, 2013; Schenck et al. 
2013). DLB is also characterized by α-synuclein aggre-
gates and overlaps with PD in terms of clinical character-
istics and pathology. PD and DLB are often considered to 
be part of the same disease spectrum. Patients with iRBD 
may also develop multiple system atrophy (MSA), albeit 

Table 1  Simplified overview of some of the genes implicated in Parkinson’s disease

PD  Parkinson’s disease, SNCA  α-synuclein, LRRK2  leucine-rich repeat kinase 2, GBA  glucocerebrosidase, RBD  REM sleep behavior disorder, YOPD  young onset PD, 
PINK1  PTEN induced putative kinase 1

*As determined by Heinzel et al. (2019)

Gene Nomenclature (locus) Known mutations/variants Clinical features Penetrance by age 80*

Autosomal dominant forms of PD

SNCA PARK1 and PARK 4 Missense mutations: A53T, A30P, E46K, G50D
Duplications and triplications

YOPD, atypical and severe phenotypes 
depending on the specific mutation 
(i.e. triplications give a more severe 
phenotype)

probably high, > 90% for 
A53T, unknown for others

LRRK2 PARK8 G2019S: a missense mutation which is a 
frequent determinant of familiar and 
sporadic PD

R1441G, Y1699C, I2020T

Classical (late-onset) PD G2019S: 25–74%

GBA1 – Mutations in GBA1 gene (NM_000157.3), 
also associated with Gaucher disease: 
N370S, S2716, L444P

GBA1 variants (not associated with Gaucher 
disease)

Classical PD but with a slightly earlier 
onset age, severe motor impairment 
and higher prevalence of dementia 
and RBD

N370S, S2716: low risk, 7.6%
L444P: high risk, 11–29.7%

Autosomal recessive forms of PD

Parkin PARK2 YOPD 100%

PINK1 PARK6 YOPD 100%

DJ-1 PARK7 YOPD 100%
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much less frequently than PD or DLB. MSA is also an 
α-synucleinopathy, but is a distinct disease entity which 
should be seen separately from PD/DLB.

The positive predictive value of iRBD for conversion to 
clinical PD is high and exceeds even that of LRRK2 muta-
tion carrier status. Prodromal individuals with iRBD are 
thought to have a ‘body-first’ subtype of PD, because they 
show marked autonomic damage before involvement 
of the dopaminergic system (Borghammer and Berge 
2019). Patients with a premotor phase that includes iRBD 
usually develop a severe akinetic-rigid PD phenotype 
with prominent cognitive dysfunction (often dementia) 
(Fereshtehnejad and Postuma 2017).

The speed of progression from preclinical or prodro-
mal to full clinical stages varies among patients and, at 
this time, cannot be reliably predicted on the individual 
level. Clinical trials will require inclusion of patients with 
a predictable conversion within a limited time window. 
Biomarkers are necessary that can confirm pre-motor PD 
status and can provide information regarding lead time 
and speed of progression. Imaging changes occur in the 
early phase of PD and are likely to become a standard 
part of early diagnosis. A combination of 123I-ioflupane 
single photon emission computed tomography (123I-FP-
CIT SPECT or DAT SPECT) of the brain and 123I-meta-
iodobenzylguanidin (123I-MIBG) SPECT of the heart may 
be especially informative. A clearly abnormal 123I-FP-CIT 
SPECT scan reflects a presynaptic deficit in the nigros-
triatal dopamine system and indicates imminent con-
version to clinical PD. An abnormal 123I-MIBG SPECT 
scan reflects cardiac sympathetic denervation, indicat-
ing severe damage to the component of the autonomic 
peripheral nervous system (Heinzel et al. 2019).

In large iRBD cohorts, approximately 50% of patients 
have nigrostriatal dopamine innervation within normal 
limits (Bauckneht et  al. 2018). In cases with an abnor-
mal 123I-FP-CIT SPECT scan, the dopaminergic deficit 
is usually less severe compared to established PD. If a 
patient has a reduction of more than 25% of normal in 
putaminal DAT binding, phenoconversion within three 
years is likely (Bauckneht et al. 2018; Iranzo et al. 2017). 
123I-MIBG SPECT is nearly always abnormal in iRBD 
(94.3% of cases) (Borghammer and Berge 2019). This 
means that patients with iRBD, who can be considered to 
have prodromal (i.e. pre-motor) PD, almost always have 
cardiac sympathetic denervation, but their nigrostriatal 
dopamine system can still be relatively intact.

Limited data exists on 123I-FP-CIT and 123I-MIBG 
SPECT imaging studies in asymptomatic PD gene 
mutation carriers (for review see (Matarazzo et  al. 
2018; Varrone and Pellecchia 2018)). A 4-year longi-
tudinal study in 32 asymptomatic LRRK2 mutation 
carriers showed that a lower striatal DAT binding at 

baseline predicted subsequent conversion to clinical 
PD (which was 12%) (Sierra et  al. 2017). To the best of 
our knowledge, 123I-MIBG SPECT has not been evalu-
ated extensively in pre-symptomatic carriers of PD 
associated genes. In patients with manifest LRRK2 PD, 
approximately half have an abnormal 123I-MIBG SPECT. 
123I-MIBG SPECT is pathological in almost all patients 
with manifest PD due to GBA or SNCA gene mutations 
(Borghammer and Berge 2019).

123I-FP-CIT SPECT reflects structural brain changes 
as a result of pathology in the nigrostriatal dopaminer-
gic system. However, it is known that changes in neu-
ronal activity precede such structural changes. The main 
principle of functional neuro-imaging techniques is that 
localized changes in neuronal activity can be mapped by 
measuring changes in energy metabolism or hemody-
namics, which reflect the underlying cellular events. The 
radiotracer 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) 
is a glucose analogue, and allows assessment of cere-
bral glucose metabolism in-vivo with positron emission 
tomography (PET). Functional magnetic resonance imag-
ing (fMRI) is based on the blood oxygen level dependent 
(BOLD) response to neuronal activity. When combined 
with advanced analytical methods, 18F-FDG PET and 
fMRI can be used to model the effects of disease on the 
disintegration of normal brain networks. Because these 
changes occur early in the disease process, functional 
imaging studies are of particular interest in prodromal 
and preclinical PD diagnosis. In addition, fMRI and 18F-
FDG PET may be able to predict a specific future phe-
notype in prodromal cohorts, which is not possible with 
123I-FP-CIT SPECT and 123I-MIBG SPECT alone. In this 
review, we discuss resting-state functional neuro-imag-
ing studies in iRBD and non-manifest mutation carriers.

Univariate cerebral metabolism and blood flow 
studies in iRBD
In PD, abnormal accumulation of α-synuclein in neurons 
impairs synaptic signaling, causing disintegration of spe-
cific neural networks. Neuro-imaging with 18F-FDG PET 
can capture synaptic dysfunction in vivo. The radiotracer 
18F-FDG provides an index for the cerebral metabolic 
rate of glucose, which is strongly associated with neu-
ronal activity and synaptic integrity (Reivich et al. 1979). 
Brain regions with altered 18F-FDG uptake can be identi-
fied with univariate group-comparisons (patients versus 
controls) using Statistical Parametric Mapping (SPM). 
PD is typically characterized by relatively increased 
metabolism in the putamen, thalamus, cerebellum, pons 
and sensorimotor cortex, and relatively decreased metab-
olism in the lateral frontal and parieto-occipital areas 
(Peng et al. 2014). The pattern in DLB is similar but with 
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more extensive hypometabolism of the occipital cortex 
and posterior parietotemporal areas (Yousaf et al. 2019).

Studies evaluating brain metabolic differences between 
controls and iRBD have shown some overlap with find-
ings in PD and DLB but also show inconsistencies. Most 
studies found relative hypometabolism of the occipi-
tal cortex compared with controls (Fujishiro et al. 2010, 
2013; Ge et al. 2015; Carli et al. 2020a), but others only 
reported decreased metabolism in parieto-temporal 
regions (Caselli et  al. 2006; Liguori et  al. 2019). Hyper-
metabolic areas were also variable, including brainstem, 
hippocampus, frontal cortex, supplementary motor area, 
and putamen (Ge et  al. 2015; Carli et  al. 2020a; Liguori 
et al. 2019).

To investigate individual variation in brain metabolism 
further, Carli et al. performed an SPM-based single-sub-
ject procedure, in which the 18F-FDG PET scan of each 
individual iRBD patient was compared to a large data-
base of healthy controls (Carli et  al. 2020a). The result-
ing single-subject SPM maps were evaluated by expert 
raters blinded to the diagnosis. Several distinct hypo-
metabolism patterns were identified: selective occipital 
hypometabolism (n = 5), occipitoparietal hypometabo-
lism (n = 13), and occipital and cerebellar hypometabo-
lism (n = 13). There was one case with isolated cerebellar 
hypometabolism, of which the authors suspected an eti-
ology of prodromal MSA. Individual hypermetabolism 
patterns were also heterogeneous, variably including 
(para)hippocampus, amygdala, caudate, putamen/palli-
dum and cerebellum. Five cases had a completely normal 
18F-FDG PET scan. The authors suggest that iRBD is an 
intrinsic heterogeneous condition. One explanation may 
be that in these cross-sectional studies, each individual 
is scanned at a different time point on his/her course of 
disease progression towards manifest PD/DLB (or MSA). 
In addition, patients may follow distinct trajectories 
towards their final diagnoses in which different neuronal 
networks are affected over time, perhaps due to differen-
tial vulnerability of cell populations or certain compensa-
tory effects.

One longitudinal study analyzed regional 18F-FDG PET 
brain changes in 20 iRBD patients at baseline, and after 
2 and 4  years (Kim et  al. 2021). Significant metabolic 
increases over time were observed in the putamen (left 
and right) and bilateral cuneus and lingual gyrus across 
all time points. Metabolism decreased significantly in the 
bilateral premotor cortex, supplementary motor area, 
and superior frontal gyrus. During a median of 5.4 years, 
8 iRBD patients converted to manifest PD (n = 3), DLB 
(n = 4) and MSA (n = 1). Converters had greater meta-
bolic increases in the bilateral putamen. PD and DLB 
converters showed decreases in metabolism in the 

premotor cortex, superior frontal gyrus and supplemen-
tary motor area over time, whereas the MSA-P converter 
showed increases in these regions. Changes in the occipi-
tal cortex were inconsistent.

Three longitudinal studies have been performed in 
iRBD which used 99mTc-Ethylene Cysteinate Dimer 
(99mTc-ECD) SPECT to quantify regional cerebral blood 
flow (Dang-Vu et al. 2012; Sakurai et al. 2014; Baril et al. 
2020). In normal conditions, glucose metabolism and 
cerebral blood flow are closely coupled (Fox and Raichle 
1986; Fox et al. 1988). Similar disease patterns have been 
obtained with 18F-FDG PET and 99mTc-ECD SPECT 
(Peng et  al. 2014). Cerebral blood flow studies in iRBD 
have also yielded similarly heterogeneous results as those 
using 18F-FDG PET (Caselli et  al. 2006; Sakurai et  al. 
2014; Mazza et al. 2006; Vendette et al. 2011; Hanyu et al. 
2011).

Dang-vu et al. studied the association between regional 
cerebral blood flow changes in 20 iRBD patients at base-
line and subsequent conversion to PD or DLB over the 
course of three years of clinical follow-up. Ultimately five 
iRBD patients converted to PD, and five converted to 
DLB. Hippocampal perfusion was increased in convert-
ers compared to non-converters, and was significantly 
correlated with motor and color vision scores (Dang-Vu 
et  al. 2012). No clear differences in cerebral blood flow 
were reported between iRBD patients who converted to 
PD (n = 5) and those who converted to DLB (n = 5).

Sakurai et  al. performed blood flow SPECT in nine 
iRBD patients at baseline and after approximately 2 years 
(Sakurai et  al. 2014). Three-dimensional stereotactic 
surface projections (3D-SSP (Minoshima et  al. 1995)) 
were created for each scan and compared to data from 
18 controls. Overall, patients had lower cerebral blood 
flow in the bilateral parietotemporal and occipital areas. 
Although these nine patients did not phenoconvert dur-
ing the study, there was a progressive decrease in perfu-
sion of the posterior cingulate cortex.

Baril et  al. performed 99mTc-HMPAO SPECT in 
37 iRBD patients at baseline and after a median of 
12  months (Baril et  al. 2020). At baseline, they found 
relatively decreased perfusion of the anterior frontal 
and lateral parietotemporal cortex compared to healthy 
controls (n = 23). Interestingly, perfusion of these areas 
increased to normal levels at follow-up. Areas of rela-
tively increased metabolism were not clearly identified. 
It must be noted that cerebellum and brainstem were 
excluded from the analysis. During follow-up (1–5 years 
after imaging), 5 developed parkinsonian features, and 4 
subjects were diagnosed with DLB; subgroup analyses in 
converters were not performed. The authors suggest that 
this renormalization of the perfusion pattern over time 
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reflects compensatory mechanisms of the brain to cope 
with alpha-synuclein pathology.

Metabolic connectivity networks in PD
Regions with correlated metabolic activity are considered 
to be functionally interconnected. Therefore, 18F-FDG 
PET can visualize the effect of local pathology on brain 
networks, when combined with computational algo-
rithms based on pattern recognition and machine learn-
ing. Spatial covariance analysis has been used to identify 
relevant disease-related patterns in 18F-FDG PET data by 
taking into account the relationship (covariance) between 
voxels across subjects. This way, abnormal brain net-
works typical for the disease can be identified. Moreover, 
once a disease-related pattern is uncovered, the degree to 
which a single patient’s 18F-FDG PET scan resembles the 
pattern can be determined. This degree of pattern expres-
sion is reflected by a single numeric value (the subject 
score), usually represented by a z-score. A healthy con-
trol group typically has a mean z-score of zero, and a high 
z-score reflects more extreme changes of cerebral metab-
olism in the direction of the pattern.

By quantifying disease-related pattern expression 
on a scan-by-scan basis, this technique allows objec-
tive assessment of disease activity in individual subjects 
(Eidelberg 2009; Meles et  al. 2021). With spatial covari-
ance analysis, a metabolic network has been identified 
in PD, referred to as the PD related pattern (PDRP). The 
PDRP has been thoroughly validated and identified in 
multiple populations (Schindlbeck and Eidelberg 2018; 
Meles et  al. 2019), and resembles the regional changes 
found in univariate SPM studies of PD (Peng et al. 2014; 
Ma et al. 2009).

The PDRP is consistently characterized by rela-
tive hypermetabolism in the thalamus, putamen/palli-
dum, pons, cerebellum and motor cortex, and relatively 
decreased metabolism in the lateral premotor and pari-
eto-occipital cortex. This topography reflects synaptic 
dysfunction in sporadic PD measured in  vivo, and pro-
vides important insights into the pathophysiology of PD. 
The relatively hyperactive (‘red’) regions in the PDRP 
(i.e. thalamus, putamen/pallidum, pons, cerebellum and 
motor cortex) are thought to be central in brain network 
dysfunction in PD. These structures comprise impor-
tant nodes in widely distributed cortico-striatal-pallido-
thalamo-cortical (CSPTC) circuits, which are modulated 
by dopaminergic input to the striatum (DeLong and 
Wichmann 2007; Alexander et al. 1986; Rodriguez-Oroz 
et al. 2009). The fact that these regions are hyper- rather 
than hypometabolic, may be explained by alterations in 
neuronal firing rates and firing patterns in networks of 
cortico-basal ganglia neurons, caused, at least in part, by 

focal loss of dopaminergic drive to the striatum (Rivlin-
Etzion et al. 2006).

Neuronal firing rates in the subthalamic nucleus (STN) 
and globus pallidus pars interna (GPi) are increased in 
PD. Positive correlations have been found between PDRP 
subject scores obtained from pre-operative 18F-FDG PET 
data of PD patients undergoing deep-brain stimulation 
and intra-operatively recorded STN and GPi firing rates 
(Lin et al. 2008; Eidelberg et al. 1997). On a regional level, 
positive correlations were especially apparent between 
STN firing rates and putamen, globus pallidus, and pri-
mary motor cortex (Lin et al. 2008).

In addition to increased firing rates, the pattern of dis-
charge is altered in the STN and GPi, with neighboring 
neurons shifting from spontaneous firing to synchro-
nized oscillations (Oswal et  al. 2013; Wichmann and 
DeLong 2003). Increased synchronicity of neural firing 
rates is associated with an increased functional coupling 
of neurons. In terms of network structure, networks that 
facilitate synchronization are associated with a small-
world configuration. In small-world networks, there is a 
shortened communication distance between regions and 
increased connectivity between neighboring neurons. 
These properties normally serve to optimize the effi-
ciency of information transfer in a network, at reduced 
energetic cost (Reijneveld et al. 2007). Excessive synchro-
nization of local neural activity may be detrimental to 
circuit performance (Brittain and Brown 2014).

Spatial covariance patterns, such as the PDRP, are 
whole-brain maps in which each voxel is assigned a value 
according to its relative importance in the pattern (and 
by extension, its relative importance in determining the 
subject score). It discloses no information on connec-
tions between major regions. In other words, the PDRP 
represents changes in brain function but not network 
structure. To better understand the structural organi-
zation of hyper- and hypometabolic regions in the PD 
network, Ko et  al. applied graph theoretical analysis to 
18F-FDG PET scans of PD patients (Ko et al. 2018). Graph 
theory independently identified the hypermetabolic 
(‘red’) PDRP regions as the core of an abnormal PD net-
work with exaggerated small world properties. There are 
pathological links between the ‘red’ regions, which incur 
a high energetic cost. In turn, the more weakly connected 
peripheral nodes in the graph corresponded to the hypo-
metabolic cortical regions of the PDRP.

It appears that regions with relatively increased metab-
olism in the PDRP are especially relevant to the early 
stages of the disease. In a longitudinal study, 15 early 
stage (unilaterally affected) PD patients were scanned 
three times over a period of four years with 18F-FDG PET 
and DAT SPECT (Huang et  al. 2007). Disease progres-
sion was associated with increasing metabolism in the 
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STN, GPi, dorsal pons and primary motor cortex; and 
with declining metabolism in the prefrontal and inferior 
parietal regions. PDRP expression increased progres-
sively over time, and was correlated with concurrent 
declines in striatal DAT binding and increases in motor 
ratings (Huang et al. 2007). The rate of progression was 
relatively greater in the regions with relatively increased 
metabolism (the red network core), compared to the 
regions with relatively decreased metabolism (peripheral 
nodes). Changes in this metabolically active PDRP core, 
which involves regions connected to the substantia nigra, 
basal forebrain and para-limbic structures, in fact appear 
to precede those in the (blue) peripheral nodes (Ma et al. 
2009).

One study examined PDRP expression in manifest 
PD patients with LRRK2-2019S mutations (PD-LRRK2) 
and GBA1 variants (PD-GBA) (Schindlbeck et al. 2020). 
Both PD-LRRK2 and PD-GBA groups had PDRP subject 
scores that were higher compared to controls. PDRP sub-
ject scores in PD-GBA were higher than in idiopathic PD 
matched for age, symptom duration and off-medication 
motor disability ratings. This possibly reflects the more 
progressive nature of PD-GBA. PDRP scores in PD-
LRRK2 were on average slightly lower, reflecting a more 
benign disease course.

Analogous to the study by Ko et  al. in idiopathic PD 
(Ko et al. 2018), a graph theoretical analysis was applied 
to investigate the effects of genotype on the organiza-
tion of the PD network (Schindlbeck et  al. 2020). Both 
PD-LRRK2 and PD-GBA patients exhibited abnormal 
increases in network connectivity that were not present 
in sporadic PD. The PD-LRRK2 group showed increased 
functional connectivity within the red core of the PDRP 
network, especially within cerebello-thalamo-putamen 
pathways. This reorganization may mirror findings of 
altered striatal circuit structure and function found in 
animal models during development. In PD-GBA, func-
tional connections were gained outside the ‘red’ core, 
in the peripheral nodes, involving cortico-cortical path-
ways, consistent with a more aggressive disease course 
and cognitive dysfunction seen in PD-GBA. To the best 
of our knowledge, PDRP network expression and struc-
ture has not been investigated in pre- or asymptomatic 
gene carriers. It is therefore difficult to determine if these 
findings of altered connectivity are compensatory or 
pathogenic.

PDRP network expression in iRBD
PDRP expression can be detected in PD patients 
before the onset of motor features. One study calcu-
lated PDRP expression in each hemisphere instead of in 
the whole brain, and found that PDRP expression was 
already higher compared with healthy controls in the 

presymptomatic hemisphere (i.e., ipsilateral to the symp-
tomatic body side) of patients with early-stage PD with 
unilateral motor involvement (Tang et al. 2010). This net-
work change anteceded the onset of motor signs on the 
opposite body side by approximately 2 years. In the pre-
symptomatic hemisphere, reductions in putamen DAT 
binding were inversely related to concurrent increases 
in metabolic activity in this structure. In contrast, 
hypermetabolism in the putamen of the symptomatic 
hemisphere remained stable across all time points. The 
authors suggest that the increases in metabolic activity 
in the putamen are a functional response to nigrostriatal 
dopamine depletion beyond a specific threshold, and that 
the onset of motor features is closely linked to putamen 
hyperactivity.

Several studies have shown that expression of the PDRP 
is elevated in iRBD patients compared to controls, and is 
on average lower compared to established PD (Holtbernd 
et al. 2014; Wu et al. 2014; Meles et al. 2017; Yoon et al. 
2019; Huang et al. 2020) (Fig. 2A).

In a cohort of 17 patients, high baseline PDRP expres-
sion (a PDRP subject score of > 1) on brain perfusion 
imaging (99mTc-ECD SPECT) was more likely in iRBD 
patients (n = 8) who developed PD or DLB 4.6 ± 2.5 years 
after getting scanned. In contrast, 3 iRBD patients who 
developed MSA 2–4 years later did not express the PDRP 
at baseline. These findings indicate that network expres-
sion has potential as a marker for phenoconversion and 
may have additional value in predicting which phenotype 
a patient with idiopathic RBD will develop (Holtbernd 
et al. 2014).

Kogan et al. performed 18F-FDG PET twice in 20 iRBD 
subjects, approximately 4  years apart, and calculated 
PDRP expression at each time point (Kogan et al. 2020) 
(Fig.  2B). PDRP subject scores showed consistent, sig-
nificant increases between baseline and follow-up imag-
ing in all iRBD subjects, which corresponded to changes 
in motor function. Four subjects (20%) with high PDRP 
z-scores converted to manifest PD at follow-up.

Kim et al. studied 20 iRBD patients with 18F-FDG PET 
at baseline, 2 and 4 years. During a median of 5.4 years, 
8 iRBD patients converted to manifest PD (n = 3), DLB 
(n = 4) and MSA (n = 1). There was a trend of higher 
PDRP z-scores in converters compared to non-convert-
ers, but this was not extensively analyzed, as this was not 
the focus of the study (Kim et al. 2021).

Metabolic brain networks that characterize 
the iRBD state
Three cross-sectional studies have identified an abnormal 
disease-related pattern in 18F-FDG PET scans of iRBD 
patients using spatial covariance analysis (i.e. the RBD-
related pattern, iRBDRP), with similar inconsistencies 
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as was the case in univariate 18F-FDG PET studies. Wu 
et al. describe an iRBDRP which is characterized by rela-
tive hypermetabolism of the pons, thalamus, medial 
frontal and sensorimotor areas, hippocampus, supra-
marginal and inferior temporal gyri, and posterior cer-
ebellum, and relative hypometabolism in the occipital 
and superior temporal regions. This iRBDRP was signifi-
cantly expressed in iRBD and patients with early, unilat-
eral PD, but subject scores were lower in patients with 
more advanced PD, indicating that the metabolic changes 
from iRBD to advanced PD do not follow one pattern. 
The authors suggest that the iRBDRP topography breaks 
down with disease progression (Wu et al. 2014).

A very similar iRBDRP topography was found in a 
Korean cohort (Yoon et al. 2019). Kim et al. subsequently 
investigated iRBDRP expression in 20 iRBD patients at 
baseline, and after 2 and 4 years of follow-up (Kim et al. 
2021). Expression of the iRBDRP decreased over time in 
patients, supporting the hypothesis of Wu et al. The  iRB-
DRP breakdown was explained by attenuation of relative 
hypermetabolism of the frontal cortex over time.

In contrast to the aforementioned studies, Meles et al. 
identified an iRBDRP which was expressed in both early 
and more advanced PD patients (Meles et al. 2018). This 
iRBDRP showed striking overlap with the PDRP (Fig. 3). 
In comparison with the other iRBDRPs, cerebellar hyper-
metabolism was a more prominent feature, and frontal 
hypermetabolism and occipital hypometabolism were 
less pronounced. The fact that these iRBDRP topogra-
phies are not as universal as the PDRP is perhaps unsur-
prising given that the metabolic changes at the early 
stages of neurodegeneration are subtle, subject to both 
ongoing neurodegeneration and functional compensa-
tion, and heterogeneity of patient samples.

Neurotransmitter networks in iRBD
PDRP expression is inversely correlated to dopaminer-
gic decline in PD. This correlation is typically modest in 
magnitude (Niethammer and Eidelberg 2012; Holtbernd 
et  al. 2015). In a cross-sectional combined 18F-FDG 
PET and DAT SPECT study in 21 iRBD patients, PDRP 

Fig. 2  A PDRP z-scores across groups. PDRP expression was calculated in all groups and z-transformed to the healthy controls. PDRP expression 
z-scores were compared across groups with a one-way analysis of variance. Post-hoc comparisons were Bonferroni-corrected. Triangles indicate 
patients with an abnormal DAT scan, squares indicate patients with a normal DAT scan. From: (Meles et al. 2017). The dashed line indicates z = 1.98, 
scores above this line are considered supra-threshold (see (Kogan et al. 2020)). B PDRP expression z-score changes between baseline and follow-up 
18F-FDG PET imaging in 20 iRBD patients. PDRP expression increased in all subjects. Four subjects (indicated by Burgundy lines), all with baseline 
significant PDRP z-scores, phenoconverted to clinical PD during the study. Diamonds denote point of clinical phenoconversion. From: (Kogan et al. 
2020)
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subject scores were not significantly correlated with loss 
of DAT binding, although a trend was observed (Meles 
et  al. 2017). In a larger study (n = 37), PDRP expression 
z-scores correlated significantly with DAT binding in a 
subgroup of iRBD patients with abnormal DAT binding 
(n = 18), but not in subjects with normal DAT binding 
(n = 19) (Huang et al. 2020). In that study, PDRP z-scores 
were also calculated in each cerebral hemisphere sepa-
rately and were found to be abnormally elevated in both 
hemispheres. A recent study in PD has also shown that 
PDRP expression remains symmetric across hemispheres 
even in later PD stages (Tang et al. 2020). This contrasts 
the asymmetric decline of striatal dopaminergic integrity. 
Taken together, it is likely that the PDRP reflects more 
complex neurodegenerative processes in which, in addi-
tion to derangements in the dopaminergic system, other 
monoaminergic deficiencies may also play a role.

Carli et  al. aimed to investigate the derangement in 
three neurotransmitter systems by applying a region-
of-interest (ROI)-based network analysis to 18F-FDG 
PET data of subjects with iRBD (n = 34), idiopathic PD 
(n = 29), DLB (n = 30) and 50 healthy controls (Carli 
et  al. 2020b). For each neurotransmitter system (nigro-
striatal-cortical dopaminergic, noradrenergic, choliner-
gic), specific ROIs were chosen that were likely involved 
in those particular systems. Connectivity analyses were 
performed on ROI-based 18F-FDG uptake within each 
network and across groups. As expected, the nigro-stri-
ato-cortical dopaminergic network was nearly intact in 
iRBD, but affected in PD and DLB. The noradrenergic 
system was almost equally affected in all three groups, 
whereas derangements in the cholinergic system were 
limited in PD but more extensive in iRBD and DLB, espe-
cially in the thalamus.

Several radiotracers are available to investigate spe-
cific neurotransmitter systems in  vivo, but literature in 
iRBD is scarce. The noradrenergic locus coeruleus (LC), 
which has a long trajectory in the pons, is affected early 
and extensively in PD, and is associated with RBD and a 
variety of other non-motor symptoms. The LC provides 
the sole source of norepinephrine to the neocortex, hip-
pocampus, cerebellum, and thalamus, and also exerts 
control over other nuclei, such as the substantia nigra 
and the raphe nuclei. The function of cortical projec-
tions from the LC can be visualized using the noradren-
aline transporter PET ligand 11C-MeNER. Reduced 

11C-MeNER binding was found in the sensorimotor cor-
tex in iRBD patients (n = 17) and in PD patients with RBD 
(n = 16) compared with controls. Loss of 11C-MeNER 
binding in the thalamus correlated with loss of putami-
nal 18F-dopa binding, suggesting that the noradrenergic 
and dopaminergic neurotransmitter systems degenerate 
in parallel in iRBD (Andersen et al. 2020).

Two studies have examined the cholinergic system 
in iRBD. One study applied 11C-donepezil PET, an in-
vivo marker of acetylcholinesterase (AChE) levels, in 17 
iRBD patients and 9 controls. Significant reductions in 
11C-donepezil levels were found in the bilateral superior 
temporal cortex, occipital cortex, cingulate cortex and 
dorsolateral prefrontal cortex (Gersel Stokholm et  al. 
2020). This is in accordance with previous studies in 
patients with manifest PD and DLB (Kogan et al. 2019).

Bedard et al. used the radiotracer 18F-fluoroethoxyben-
zovesamicol (FEOBV) in a small study of 5 iRBD sub-
jects and 5 healthy controls (Bedard et al. 2019). FEOBV 
binds to the vesicular acetylcholine transporter, and 
can measure the density of cholinergic nerve terminals. 
Interestingly, this study did not find any cortical cholin-
ergic reductions. Rather, FEOBV binding was increased 
in iRBD compared to controls in the brainstem, thala-
mus, cerebellum, paracentral cortex, anterior cingulate 
and prefrontal cortex. It was suggested that degeneration 
of the cholinergic system starts in the prodromal phase 
and that cholinergic nerve terminals initially increase as 
a compensatory mechanism, and later decrease with pro-
gressive neurodegeneration.

fMRI studies in non‑manifest PD gene carriers
Energy consumption (i.e. glucose metabolism) is tightly 
linked to blood flow (neurovascular coupling), but not to 
oxygen utilization. Functional magnetic resonance imag-
ing (fMRI) is based on the blood oxygen level depend-
ent (BOLD) response, which is measured by the change 
in the magnetic field due to altered ratios in oxygenated 
and deoxygenated blood in response to varying neu-
ronal activity (Fox and Raichle 2007). The BOLD signal 
reflects the net effect of oxygen  consumption (which 
decreases BOLD) and blood flow increase (which 
increases BOLD) in response to neuronal activity (Hall 
et al. 2016). Resting-state fMRI paradigms can give infor-
mation about task-invariant aspects of brain function. A 

Fig. 3  Stable regions in iRBDRP and PDRP overlap. Stable voxels (90% confidence interval not straddling zero after bootstrap resampling) of 
iRBDRP and PDRP are overlaid on T1 MRI template. A Stable, relatively hypermetabolic regions of PDRP (green) and iRBDRP (red). B Stable, relatively 
hypometabolic regions of PDRP (purple) and iRBDRP (blue). L = left. Coordinates in axial (Z) and sagittal (X) planes are in Montreal Neurologic 
Institute standard space. From: (Meles et al. 2018)

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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few resting-state fMRI studies have been performed in 
pre-symptomatic PD gene carriers (for review see Thaler 
(2018)). Here we discuss the most relevant ones.

Two studies in non-manifest LRRK2 mutation carri-
ers have shown that altered connectivity in motor net-
works precedes manifest PD. Helmich et  al. studied 37 
asymptomatic LRRK2 G2019S mutation carriers and 32 
matched, asymptomatic non-carriers (controls) with rest-
ing-state fMRI and a seed-based analysis focused on four 
striatal sub regions (dorsoposterior putamen, ventropo-
sterior putamen, dorsoanterior putamen and caudate). 
In controls, there was a strong connectivity between the 
dorsoposterior putamen and the parietal cortex. In non-
manifest mutation carriers, this connectivity had shifted 
to the ventroanterior part of the putamen, which is less 
affected by dopaminergic depletion. This shift increased 
with age in mutation carriers, but not in controls. A 
similar connectivity shift was seen in idiopathic PD. The 
authors concluded that these changes may reflect premo-
tor basal ganglia dysfunction or circuit-level compensa-
tory changes (Helmich et  al. 2015). A second rsfMRI 
study assessing 18 LRRK2 non-manifest mutation carri-
ers (13 G2019S, 3 R1441G and 2 R1441C) and 18 healthy 
non-carriers (controls), also found decreased connectiv-
ity between the caudal motor part of the striatum and the 
parietal cortex in non-manifest carriers. These subjects 
also showed increased functional connectivity between 
the substantia nigra and the occipital cortex (Vilas et al. 
2016).

Jacob et  al. investigated 44 non-manifest G2019S 
LRRK2 mutation carriers, and 41 non-carriers (controls) 
with rsfMRI to assess a motor network and several non-
motor networks (the default mode, salience and dorsal 
attention networks) using a graph-theory based analysis 
method (Jacob et  al. 2019). Interestingly, no significant 
differences were found between the two groups in the 
organization of the motor network. Yet, non-manifest 
carriers demonstrated reduced connectivity and nodal 
influence in all three non-motor networks compared 
with controls (especially in the salience network), with 
no increased connectivity findings. The authors con-
clude that cognitive networks might be affected before 
the motor network among “at risk” populations for future 
development of PD.

fMRI studies in iRBD
Two seed-based (region-to-region and seed-to-voxel) 
rsfMRI studies have shown reduced functional con-
nectivity within basal ganglia networks (Ellmore et  al. 
2013; Dayan and Browner 2017). Functional connectivity 
between the putamen and substantia nigra was reduced, 
but nonetheless higher in iRBD than PD, indicating a con-
tinuous spectrum of decline in functional connectivity 

(Ellmore et al. 2013). Another study revealed widespread 
aberrant functional connectivity within the basal ganglia 
network in iRBD using independent component analysis 
(Rolinski et al. 2016).

Byun et  al. studied thalamo-cortical functional con-
nectivity in 37 iRBD patients and 15 healthy controls 
using a seed-based approach. They found increased 
functional connectivity between the left thalamus and 
occipital regions (Byun et al. 2020). The authors suggest 
that this reflects a compensatory mechanism, as connec-
tivity in posterior brain regions is progressively lost in 
patients with PD, especially in those patients with cogni-
tive impairment (Olde Dubbelink et  al. 2014). Congru-
ent with findings in PD, a hypothesis-free, whole-brain 
graph-analysis based study of rsfMRI data disclosed dys-
function in posterior brain networks in iRBD (n = 20) 
compared with controls (n = 27). Reduced functional 
connectivity between associative regions of the tempo-
ral and parietal regions correlated with a lower cognitive 
processing speed (Campabadal et al. 2020). Interestingly, 
these abnormal findings had a left-hemisphere predomi-
nance (most iRBD patients were right-handed).

Li et al. aimed to investigate changes in functional con-
nectivity within the central autonomic network (iRBD 
n = 32, controls n = 33). They selected ROIs as seeds for 
the functional connectivity analyses, based on a-priori 
assumptions of regions that may be regarded as central 
autonomic structures (brainstem, hypothalamus, amyg-
dala, anterior cingulate and the insula). Compared with 
controls, functional connectivity was reduced between 
the brainstem and the cerebellum, temporal lobe and 
anterior cingulate. These changes were correlated with 
the severity of autonomic symptoms in patients. That 
said, the connectivity changes that were found may not 
be specific to autonomic systems (Li et al. 2020).

Multi‑modality imaging in prodromal PD
It is currently unknown when in the disease course brain 
networks in PD become abnormal. In the absence of a 
(readily available) α-synuclein tracer, multi-modality 
imaging is currently the only way to further investigate 
this topic in vivo. Knudsen et al. combined several imag-
ing techniques in healthy controls, iRBD and PD to assess 
Braak stages I-III (Knudsen et  al. 2018). Braak stage I 
was assessed with 11C-donepezil PET–CT (cholinergic 
innervation of the gut) and 123I-metaiodobenzylguan-
idine (MIBG) SPECT (noradrenergic innervation of the 
heart). These two imaging studies can be used to deter-
mine the integrity of the dorsal motor nucleus of the 
vagus nerve in the medulla. Integrity of the pontine locus 
coeruleus (stage II) was studied with neuro-melanin sen-
sitive MRI and 11C-methylreboxetine (MeNER) PET, a 
noradrenergic tracer. Presynaptic dopaminergic imaging 
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(18F-Dopa PET) was done to characterize stage III. The 
authors showed that iRBD patients have abnormal stud-
ies in Braak stages I and II, similar to PD patients. Only 
approximately 30% of iRBD patients had abnormal 
18F-Dopa PET scans, in contrast to (by definition) 100% 
of the PD patients. There was a striking separation of 
controls versus iRBD/PD on 123I-MIBG. This suggests 
that any patient with iRBD who has abnormal findings on 
123I-MIBG has an α-synucleinopathy. To date, functional 
neuroimaging studies have not been performed in such 
an extensive multi-modality imaging context.

Concluding remarks and future perspectives
Functional neuroimaging studies  have revealed brain 
alterations in prodromal PD, that mirror those found in 
PD and DLB. Most data stem from studies in iRBD. The 
inconsistencies between studies have been described 
in this review and are likely the result of differences in 
modalities and analytical methods, but also heterogene-
ity in patient samples. Studies in preclinical stages (i.e. 
pre-maninfest mutation carries) are scarce.  Because of 
their rarity, studies sometimes clump patients with dif-
ferent mutations together in one group. In iRBD, patients 
at different stages of neurodegeneration are combined in 
one group and cross-sectionally compared with controls. 
Multi-modality imaging is necessary to make inferences 
about the individual’s stage in the neurodegenerative 
process. Longitudinal follow-up is also pertinent in both 
categories. Only when patients are followed longitudi-
nally and the neuroimaging metric under investigation 
is performed more than once over time, can circuit-level 
changes be interpreted as compensatory and pathologic. 
This will require longitudinal studies in large samples, 
with confirmation of additional biomarkers. Such studies 
are currently lacking. Progress is being made in the realm 
of PDRP network expression. A study with sequential 
18F-FDG PET studies in an iRBD cohort enriched with 
DAT SPECT and 123I-MIBG SPECT is currently under-
way, but will take time to reach sufficient numbers and 
follow-up. Another topic for future studies may be the 
genetic risk factors in iRBD. Most neuroimaging studies 
in iRBD are performed without genetic testing, and espe-
cially in smaller cohorts, results could potentially be con-
founded by the genetic risk of included patients.

Abbreviations
BOLD: Blood oxygen level dependent; CSPTC: Cortico-striatal-pallido-thalamo-
cortical; DAT: Dopamine transporter; DLB: Dementia with lewy bodies; 
18F-FDG: 18F-2-fluoro-2-deoxy-d-glucose; fMRI: Functional magnetic resonance 
imaging; GBA: Glucocerebrosidase; GPi: Globus pallidus pars interna; 123I-FP-
CIT: 123I-ioflupane; 123I-MIBG: 123I-metaiodobenzylguanidin; iRBD: Idiopathic 
rapid eye movement sleep behavior disorder; iRBDRP: Idiopathic rapid eye 
movement sleep behavior disorder related pattern; LC: Locus coeruleus; 

LRRK2: Leucine-rich repeat kinase 2; MSA: Multiple system atrophy; PD: 
Parkinson’s disease; PDRP: Parkinson’s disease related pattern; PET: Positron 
emission tomography; PINK1: PTEN induced putative kinase 1; REM: Rapid eye 
movement; ROI: Region-of-interest; SNCA: α-Synuclein; SPECT: Single photon 
emission computed tomography; SPM: Statistical parametric mapping; STN: 
Subthalamic nucleus; 99mTc-ECD: 99MTc-ethylene cysteinate dimer; YOPD: 
Young onset Parkinson’s disease.

Acknowledgements
Not applicable.

Authors’ contributions
SKM drafted and revised the manuscript, WHO and KLL revised the manu-
script. All authors read and approved the final manuscript.

Funding
This study was funded by the Dutch “Stichting ParkinsonFonds” and the Ger-
man “ParkinsonFonds Deutschland”. The authors report no conflicts of interest. 
W.H. Oertel is a Hertie Senior Research Professor (Charitable Hertie Foundation, 
Frankfurt/Main, Germany).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors give consent for publication.

Competing interests
Not applicable.

Author details
1 Department of Neurology, University Medical Center Groningen, University 
of Groningen, Hanzeplein 1, PO Box 30.001, 9700 RB Groningen, The Neth-
erlands. 2 Department of Neurology, Philipps-Universität Marburg, Marburg, 
Germany. 3 Institute for Neurogenomics, Helmholtz Center for Health and Envi-
ronment, Munich, Germany. 4 Department of Nuclear Medicine and Molecular 
Imaging, University Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands. 

Received: 22 February 2021   Accepted: 2 June 2021

References
Alexander GE, DeLong MR, Strick PL. Parallel organization of functionally 

segregated circuits linking basal ganglia and cortex. Annu Rev Neurosci. 
1986;9:357–81.

Andersen KB, Hansen AK, Sommerauer M, Fedorova TD, Knudsen K, Vang K, 
et al. Altered sensorimotor cortex noradrenergic function in idiopathic 
REM sleep behaviour disorder—a PET study. Parkinsonism Relat Disord. 
2020;75:63–9.

Baril AA, Gagnon JF, Pelletier A, Soucy JP, Gosselin N, Postuma RB, et al. 
Changes in regional cerebral perfusion over time in idiopathic REM sleep 
behavior disorder. Mov Disord. 2020;35(8):1475–81.

Bauckneht M, Chincarini A, De Carli F, Terzaghi M, Morbelli S, Nobili F, et al. 
Presynaptic dopaminergic neuroimaging in REM sleep behavior disorder: 
a systematic review and meta-analysis. Sleep Med Rev. 2018. https://​doi.​
org/​10.​1016/j.​smrv.​2018.​04.​001.

Bedard MA, Aghourian M, Legault-Denis C, Postuma RB, Soucy JP, Gagnon JF, 
et al. Brain cholinergic alterations in idiopathic REM sleep behaviour dis-
order: a PET imaging study with (18)F-FEOBV. Sleep Med. 2019;58:35–41.

Berg D, Adler CH, Bloem BR, Chan P, Gasser T, Goetz CG, et al. Movement disor-
der society criteria for clinically established early Parkinson’s disease. Mov 
Disord. 2018;33(10):1643–6.



Page 13 of 14Meles et al. Mol Med          (2021) 27:111 	

Borghammer P, Van Den Berge N. Brain-first versus gut-first Parkinson’s disease: 
a hypothesis. J Parkinsons Dis. 2019;9(s2):S281–95.

Brittain JS, Brown P. Oscillations and the basal ganglia: motor control and 
beyond. Neuroimage. 2014;85(Pt 2):637–47.

Byun JI, Kim HW, Kang H, Cha KS, Sunwoo JS, Shin JW, et al. Altered resting-
state thalamo-occipital functional connectivity is associated with cogni-
tion in isolated rapid eye movement sleep behavior disorder. Sleep Med. 
2020;69:198–203.

Campabadal A, Abos A, Segura B, Serradell M, Uribe C, Baggio HC, et al. Disrup-
tion of posterior brain functional connectivity and its relation to cognitive 
impairment in idiopathic REM sleep behavior disorder. Neuroimage Clin. 
2020;25:102138.

Carli G, Caminiti SP, Galbiati A, Marelli S, Casoni F, Padovani A, et al. In-vivo 
signatures of neurodegeneration in isolated rapid eye movement sleep 
behaviour disorder. Eur J Neurol. 2020a;27(7):1285–95.

Carli G, Caminiti SP, Sala A, Galbiati A, Pilotto A, Ferini-Strambi L, et al. Impaired 
metabolic brain networks associated with neurotransmission systems in 
the α-synuclein spectrum. Parkinsonism Relat Disord. 2020b;81:113–22.

Caselli RJ, Chen K, Bandy D, Smilovici O, Boeve BF, Osborne D, et al. A prelimi-
nary fluorodeoxyglucose positron emission tomography study in healthy 
adults reporting dream-enactment behavior. Sleep. 2006;29(7):927–33.

Cherian A, Divya KP. Genetics of Parkinson’s disease. Acta Neurol Belg. 
2020;120(6):1297–305.

Dang-Vu TT, Gagnon JF, Vendette M, Soucy JP, Postuma RB, Montplaisir J. 
Hippocampal perfusion predicts impending neurodegeneration in REM 
sleep behavior disorder. Neurology. 2012;79(24):2302–6.

Davis MY, Johnson CO, Leverenz JB, Weintraub D, Trojanowski JQ, Chen-Plotkin 
A, et al. Association of GBA mutations and the E326K polymorphism with 
motor and cognitive progression in Parkinson disease. JAMA Neurol. 
2016;73(10):1217–24.

Dayan E, Browner N. Alterations in striato-thalamo-pallidal intrinsic functional 
connectivity as a prodrome of Parkinson’s disease. Neuroimage Clin. 
2017;16:313–8.

DeLong MR, Wichmann T. Circuits and circuit disorders of the basal ganglia. 
Arch Neurol. 2007;64(1):20–4.

Eidelberg D. Metabolic brain networks in neurodegenerative disorders: a func-
tional imaging approach. Trends Neurosci. 2009;32(10):548–57.

Eidelberg D, Moeller JR, Kazumata K, Antonini A, Sterio D, Dhawan V, et al. 
Metabolic correlates of pallidal neuronal activity in Parkinson’s disease. 
Brain. 1997;120(Pt 8):1315–24.

Ellmore TM, Castriotta RJ, Hendley KL, Aalbers BM, Furr-Stimming E, Hood AJ, 
et al. Altered nigrostriatal and nigrocortical functional connectivity in 
rapid eye movement sleep behavior disorder. Sleep. 2013;36(12):1885–92.

Fereshtehnejad SM, Postuma RB. Subtypes of Parkinson’s disease: what do 
they tell us about disease progression? Curr Neurol Neurosci Rep. 2017. 
https://​doi.​org/​10.​1007/​s11910-​017-​0738-x.

Fox PT, Raichle ME. Focal physiological uncoupling of cerebral blood flow 
and oxidative metabolism during somatosensory stimulation in human 
subjects. Proc Natl Acad Sci U S A. 1986;83(4):1140–4.

Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed 
with functional magnetic resonance imaging. Nat Rev Neurosci. 
2007;8(9):700–11.

Fox PT, Raichle ME, Mintun MA, Dence C. Nonoxidative glucose consumption 
during focal physiologic neural activity. Science. 1988;241(4864):462–4.

Fujishiro H, Iseki E, Murayama N, Yamamoto R, Higashi S, Kasanuki K, et al. Dif-
fuse occipital hypometabolism on [18 F]-FDG PET scans in patients with 
idiopathic REM sleep behavior disorder: prodromal dementia with Lewy 
bodies? Psychogeriatrics. 2010;10(3):144–52.

Fujishiro H, Iseki E, Kasanuki K, Chiba Y, Ota K, Murayama N, et al. A fol-
low up study of non-demented patients with primary visual cortical 
hypometabolism: prodromal dementia with Lewy bodies. J Neurol Sci. 
2013;334(1–2):48–54.

Ge J, Wu P, Peng S, Yu H, Zhang H, Guan Y, et al. Assessing cerebral glucose 
metabolism in patients with idiopathic rapid eye movement sleep 
behavior disorder. J Cereb Blood Flow Metab. 2015;35(12):2062–9.

Gersel Stokholm M, Iranzo A, Østergaard K, Serradell M, Otto M, Bacher Svend-
sen K, et al. Cholinergic denervation in patients with idiopathic rapid eye 
movement sleep behaviour disorder. Eur J Neurol. 2020;27(4):644–52.

Greuel A, Trezzi JP, Glaab E, Ruppert MC, Maier F, Jäger C, et al. GBA variants in 
Parkinson’s disease: clinical, metabolomic, and multimodal neuroimaging 
phenotypes. Mov Disord. 2020. https://​doi.​org/​10.​1002/​mds.​28225.

Hall CN, Howarth C, Kurth-Nelson Z, Mishra A. Interpreting BOLD: towards a 
dialogue between cognitive and cellular neuroscience. Philos Trans R Soc 
Lond B Biol Sci. 2016;371(1705):20150348. https://​doi.​org/​10.​1098/​rstb.​
2015.​0348.

Hanyu H, Inoue Y, Sakurai H, Kanetaka H, Nakamura M, Miyamoto T, et al. 
Regional cerebral blood flow changes in patients with idiopathic REM 
sleep behavior disorder. Eur J Neurol. 2011;18(5):784–8.

Heinzel S, Berg D, Gasser T, Chen H, Yao C, Postuma RB, et al. Update of the 
MDS research criteria for prodromal Parkinson’s disease. Mov Disord. 
2019;34(10):1464–70.

Helmich RC, Thaler A, van Nuenen BF, Gurevich T, Mirelman A, Marder KS, et al. 
Reorganization of corticostriatal circuits in healthy G2019S LRRK2 carriers. 
Neurology. 2015;84(4):399–406.

Hilker R, Schweitzer K, Coburger S, Ghaemi M, Weisenbach S, Jacobs AH, et al. 
Nonlinear progression of Parkinson disease as determined by serial posi-
tron emission tomographic imaging of striatal fluorodopa F 18 activity. 
Arch Neurol. 2005;62(3):378–82.

Holtbernd F, Gagnon JF, Postuma RB, Ma Y, Tang CC, Feigin A, et al. Abnormal 
metabolic network activity in REM sleep behavior disorder. Neurology. 
2014;82(7):620–7.

Holtbernd F, Ma Y, Peng S, Schwartz F, Timmermann L, Kracht L, et al. Dopa-
minergic correlates of metabolic network activity in Parkinson’s disease. 
Hum Brain Mapp. 2015;36(9):3575–85.

Horsager J, Andersen KB, Knudsen K, Skjærbæk C, Fedorova TD, Okkels N, et al. 
Brain-first versus body-first Parkinson’s disease: a multimodal imaging 
case-control study. Brain. 2020;143(10):3077–88.

Huang C, Tang C, Feigin A, Lesser M, Ma Y, Pourfar M, et al. Changes in network 
activity with the progression of Parkinson’s disease. Brain. 2007;130(Pt 
7):1834–46.

Huang Z, Jiang C, Li L, Xu Q, Ge J, Li M, et al. Correlations between dopamin-
ergic dysfunction and abnormal metabolic network activity in REM sleep 
behavior disorder. J Cereb Blood Flow Metab. 2020;40(3):552–62.

Iranzo A, Tolosa E, Gelpi E, Molinuevo JL, Valldeoriola F, Serradell M, et al. Neu-
rodegenerative disease status and post-mortem pathology in idiopathic 
rapid-eye-movement sleep behaviour disorder: an observational cohort 
study. Lancet Neurol. 2013;12(5):443–53.

Iranzo A, Fernandez-Arcos A, Tolosa E, Serradell M, Molinuevo JL, Valldeoriola 
F, et al. Neurodegenerative disorder risk in idiopathic REM sleep behavior 
disorder: study in 174 patients. PLoS ONE. 2014;9(2):e89741.

Iranzo A, Santamaria J, Valldeoriola F, Serradell M, Salamero M, Gaig C, et al. 
Dopamine transporter imaging deficit predicts early transition to synu-
cleinopathy in idiopathic rapid eye movement sleep behavior disorder. 
Ann Neurol. 2017;82(3):419–28.

Jacob Y, Rosenberg-Katz K, Gurevich T, Helmich RC, Bloem BR, Orr-Urtreger A, 
et al. Network abnormalities among non-manifesting Parkinson disease 
related LRRK2 mutation carriers. Hum Brain Mapp. 2019;40(8):2546–55.

Kim R, Lee JY, Kim YK, Kim H, Yoon EJ, Shin JH, et al. Longitudinal changes in 
isolated rapid eye movement sleep behavior disorder-related metabolic 
pattern expression. Mov Disord. 2021. https://​doi.​org/​10.​1002/​mds.​28592.

Knudsen K, Fedorova TD, Hansen AK, Sommerauer M, Otto M, Svendsen KB, 
et al. In-vivo staging of pathology in REM sleep behaviour disorder: a mul-
timodality imaging case-control study. Lancet Neurol. 2018;17(7):618–28.

Ko JH, Spetsieris PG, Eidelberg D. network structure and function in Parkinson’s 
disease. Cereb Cortex. 2018;28(12):4121–35.

Kogan RV, Meles SK, Leenders KL, Reetz K, Oertel WHO. Brain imaging in RBD. 
In: Schenck CH, Högl B, Videnovic A, editors. Rapid-eye-movement sleep 
behavior disorder. Cham: Springer International Publishing; 2019. p. 
403–45.

Kogan RV, Janzen A, Meles SK, Sittig E, Renken RJ, Gurvits V, et al. Four-year 
follow-up of [(18) F]Fluorodeoxyglucose positron emission tomography-
based Parkinson’s disease-related pattern expression in 20 patients with 
isolated rapid eye movement sleep behavior disorder shows prodromal 
progression. Mov Disord. 2020. https://​doi.​org/​10.​1002/​mds.​28260.

Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, et al. Disease 
duration and the integrity of the nigrostriatal system in Parkinson’s 
disease. Brain. 2013;136(Pt 8):2419–31.



Page 14 of 14Meles et al. Mol Med          (2021) 27:111 

Li G, Chen Z, Zhou L, Zhao A, Niu M, Li Y, et al. Altered structure and functional 
connectivity of the central autonomic network in idiopathic rapid eye 
movement sleep behaviour disorder. J Sleep Res. 2020;30:e13136.

Liguori C, Ruffini R, Olivola E, Chiaravalloti A, Izzi F, Stefani A, et al. Cerebral 
glucose metabolism in idiopathic REM sleep behavior disorder is different 
from tau-related and α-synuclein-related neurodegenerative disorders: a 
brain [18F]FDG PET study. Parkinsonism Relat Disord. 2019;64:97–105.

Lin TP, Carbon M, Tang C, Mogilner AY, Sterio D, Beric A, et al. Metabolic 
correlates of subthalamic nucleus activity in Parkinson’s disease. Brain. 
2008;131(Pt 5):1373–80.

Ma Y, Tang C, Moeller JR, Eidelberg D. Abnormal regional brain function in 
Parkinson’s disease: truth or fiction? Neuroimage. 2009;45(2):260–6.

Matarazzo M, Wile D, Mackenzie M, Stoessl AJ. PET molecular imaging in famil-
ial Parkinson’s disease. Int Rev Neurobiol. 2018;142:177–223.

Matikainen-Ankney BA, Kezunovic N, Mesias RE, Tian Y, Williams FM, Huntley 
GW, et al. Altered development of synapse structure and function in 
striatum caused by Parkinson’s disease-linked LRRK2-G2019S mutation. J 
Neurosci. 2016;36(27):7128–41.

Mazza S, Soucy JP, Gravel P, Michaud M, Postuma R, Massicotte-Marquez J, 
et al. Assessing whole brain perfusion changes in patients with REM sleep 
behavior disorder. Neurology. 2006;67(9):1618–22.

Meles SK, Vadasz D, Renken RJ, Sittig-Wiegand E, Mayer G, Depboylu C, et al. 
FDG PET, dopamine transporter SPECT, and olfaction: Combining bio-
markers in REM sleep behavior disorder. Mov Disord. 2017;32:1482–6.

Meles SK, Renken RJ, Janzen A, Vadasz D, Pagani M, Arnaldi D, et al. The 
metabolic pattern of idiopathic REM sleep behavior disorder reflects 
early-stage Parkinson’s disease. J Nucl Med. 2018. https://​doi.​org/​10.​2967/​
jnumed.​117.​202242.

Meles SK, Renken RJ, Pagani M, Teune LK, Arnaldi D, Morbelli S, et al. Abnormal 
pattern of brain glucose metabolism in Parkinson’s disease: replication in 
three European cohorts. Eur J Nucl Med Mol Imaging. 2019. https://​doi.​
org/​10.​1007/​s00259-​019-​04570-7.

Meles SK, Kok JG, Renken RJ, Leenders KL. From positron to pattern: a 
conceptual and practical overview of 18F-FDG PET imaging and spatial 
covariance analysis. In: Dierckx RAJO, Otte A, de Vries EFJ, van Waarde A, 
Leenders KL, editors. PET and SPECT in neurology. Cham: Springer; 2021.

Minoshima S, Frey KA, Koeppe RA, Foster NL, Kuhl DE. A diagnostic approach 
in Alzheimer’s disease using three-dimensional stereotactic surface pro-
jections of fluorine-18-FDG PET. J Nucl Med. 1995;36(7):1238–48.

Niethammer M, Eidelberg D. Metabolic brain networks in translational neurol-
ogy: concepts and applications. Ann Neurol. 2012;24(72):635–47.

Olde Dubbelink KT, Schoonheim MM, Deijen JB, Twisk JW, Barkhof F, Berendse 
HW. Functional connectivity and cognitive decline over 3 years in Parkin-
son disease. Neurology. 2014;83(22):2046–53.

Oswal A, Brown P, Litvak V. Synchronized neural oscillations and the patho-
physiology of Parkinson’s disease. Curr Opin Neurol. 2013;26(6):662–70.

Peng S, Eidelberg D, Ma Y. Brain network markers of abnormal cerebral 
glucose metabolism and blood flow in Parkinson’s disease. Neurosci Bull. 
2014;30(5):823–37.

Postuma RB, Gagnon JF, Vendette M, Fantini ML, Massicotte-Marquez J, Mont-
plaisir J. Quantifying the risk of neurodegenerative disease in idiopathic 
REM sleep behavior disorder. Neurology. 2009;72(15):1296–300.

Postuma RB, Bertrand JA, Montplaisir J, Desjardins C, Vendette M, Rios 
Romenets S, et al. Rapid eye movement sleep behavior disorder and 
risk of dementia in Parkinson’s disease: a prospective study. Mov Disord. 
2012;27(6):720–6.

Postuma RB, Berg D, Stern M, Poewe W, Olanow CW, Oertel W, et al. 
MDS clinical diagnostic criteria for Parkinson’s disease. Mov Disord. 
2015;30(12):1591–601.

Reijneveld JC, Ponten SC, Berendse HW, Stam CJ. The application of graph 
theoretical analysis to complex networks in the brain. Clin Neurophysiol. 
2007;118(11):2317–31.

Reivich M, Kuhl D, Wolf A, Greenberg J, Phelps M, Ido T, et al. The [18F]fluoro-
deoxyglucose method for the measurement of local cerebral glucose 
utilization in man. Circ Res. 1979;44(1):127–37.

Rivlin-Etzion M, Marmor O, Heimer G, Raz A, Nini A, Bergman H. Basal ganglia 
oscillations and pathophysiology of movement disorders. Curr Opin 
Neurobiol. 2006;16(6):629–37.

Rodriguez-Oroz MC, Jahanshahi M, Krack P, Litvan I, Macias R, Bezard E, et al. 
Initial clinical manifestations of Parkinson’s disease: features and patho-
physiological mechanisms. Lancet Neurol. 2009;8(12):1128–39.

Rolinski M, Griffanti L, Piccini P, Roussakis AA, Szewczyk-Krolikowski K, Menke 
RA, et al. Basal ganglia dysfunction in idiopathic REM sleep behaviour 
disorder parallels that in early Parkinson’s disease. Brain. 2016;139(Pt 
8):2224–34.

Sakurai H, Hanyu H, Inoue Y, Kanetaka H, Nakamura M, Miyamoto T, et al. Lon-
gitudinal study of regional cerebral blood flow in elderly patients with 
idiopathic rapid eye movement sleep behavior disorder. Geriatr Gerontol 
Int. 2014;14(1):115–20.

Saunders-Pullman R, Mirelman A, Alcalay RN, Wang C, Ortega RA, Raymond D, 
et al. Progression in the LRRK2-associated Parkinson Disease population. 
JAMA Neurol. 2018;75(3):312–9.

Schenck CH, Boeve BF, Mahowald MW. Delayed emergence of a parkinsonian 
disorder or dementia in 81% of older men initially diagnosed with idi-
opathic rapid eye movement sleep behavior disorder: a 16-year update 
on a previously reported series. Sleep Med. 2013;14(8):744–8.

Schindlbeck KA, Eidelberg D. Network imaging biomarkers: insights and clini-
cal applications in Parkinson’s disease. Lancet Neurol. 2018;17(7):629–40.

Schindlbeck KA, Vo A, Nguyen N, Tang CC, Niethammer M, Dhawan V, et al. 
LRRK2 and GBA variants exert distinct influences on Parkinson’s disease-
specific metabolic networks. Cereb Cortex. 2020;30(5):2867–78.

Sierra M, Martínez-Rodríguez I, Sánchez-Juan P, González-Aramburu I, Jiménez-
Alonso M, Sánchez-Rodríguez A, et al. Prospective clinical and DaT-SPECT 
imaging in premotor LRRK2 G2019S-associated Parkinson disease. 
Neurology. 2017;89(5):439–44.

Stern MB, Lang A, Poewe W. Toward a redefinition of Parkinson’s disease. Mov 
Disord. 2012;27(1):54–60.

Tang CC, Poston KL, Dhawan V, Eidelberg D. Abnormalities in metabolic 
network activity precede the onset of motor symptoms in Parkinson’s 
disease. J Neurosci. 2010;30(3):1049–56.

Tang CC, Holtbernd F, Ma Y, Spetsieris P, Oh A, Fink GR, et al. Hemispheric 
network expression in Parkinson’s disease: relationship to dopaminergic 
asymmetries. J Parkinsons Dis. 2020;10(4):1737–49.

Thaler A. Structural and functional MRI in familial Parkinson’s disease. Int Rev 
Neurobiol. 2018;142:261–87.

Varrone A, Pellecchia MT. SPECT Molecular imaging in familial Parkinson’s 
disease. Int Rev Neurobiol. 2018;142:225–60.

Vendette M, Gagnon JF, Soucy JP, Gosselin N, Postuma RB, Tuineag M, et al. 
Brain perfusion and markers of neurodegeneration in rapid eye move-
ment sleep behavior disorder. Mov Disord. 2011;26(9):1717–24.

Vilas D, Segura B, Baggio HC, Pont-Sunyer C, Compta Y, Valldeoriola F, et al. 
Nigral and striatal connectivity alterations in asymptomatic LRRK2 
mutation carriers: a magnetic resonance imaging study. Mov Disord. 
2016;31(12):1820–8.

Wichmann T, DeLong MR. Pathophysiology of Parkinson’s disease: the 
MPTP primate model of the human disorder. Ann N Y Acad Sci. 
2003;991:199–213.

Wu P, Yu H, Peng S, Dauvilliers Y, Wang J, Ge J, et al. Consistent abnormalities 
in metabolic network activity in idiopathic rapid eye movement sleep 
behaviour disorder. Brain. 2014;137(Pt 12):3122–8.

Yoon EJ, Lee JY, Nam H, Kim HJ, Jeon B, Jeong JM, et al. A new metabolic 
network correlated with olfactory and executive dysfunctions in idi-
opathic rapid eye movement sleep behavior disorder. J Clin Neurol. 
2019;15(2):175–83.

Yousaf T, Dervenoulas G, Valkimadi PE, Politis M. Neuroimaging in Lewy body 
dementia. J Neurol. 2019;266(1):1–26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


