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Resum en català 

Ressonància magnètica, cognició i diferències entre sexes en 

la malaltia de Parkinson amb trastorn de conducta del son 

REM 

Introducció 

La tesi doctoral se centra en l'estudi de la malaltia de Parkinson (MP) amb 

trastorn de conducta del son REM (TCR) com a subtipus clínic de la MP. 

En recerca translacional, la caracterització de subtipus és un dels 

principals objectius en l’estudi de les malalties neurodegeneratives. Així 

mateix, s'espera en el futur que la identificació de subtipus tingui un 

paper important en les estratègies de prevenció, diagnòstic i tractament 

en l’àmbit de la medicina de precisió. En aquest context, la MP amb TCR 

apareix com a un subtipus clínic greu que prèviament s’ha associat amb 

pitjors característiques clíniques, cognitives, d’atròfia cerebral i pronòstic 

més desfavorable. Malgrat els estudis previs de ressonància magnètica 

(RM), la connectivitat funcional del cervell mai ha estat explorada en 

aquest subtipus clínic i l’evidència pel que fa als correlats cerebrals del 

seu deteriorament cognitiu és encara molt escassa. 

D’altra banda, la influència del sexe en les malalties neurodegeneratives 

és un aspecte rellevant que no ha estat degudament atès fins fa poc. Les 

principals troballes prèvies mostren un perfil de deteriorament cognitiu i 

de neurodegeneració més greu en pacients homes amb MP. L’estudi de 

l’efecte del sexe en diferents estadis de la malaltia, particularment en 

etapes inicials, i més en concret en aquells subtipus més greus, com ara 

la MP amb TCR, podria suposar un avanç en el coneixement de l’impacte 

d’aquesta variable. En un futur, aquest tipus de troballes podrien afavorir 
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la implementació d’estratègies més acurades de diagnòstic i tractament 

individualitzat. 

Hipòtesis 

Les principals hipòtesis d’aquesta tesi són : 

1.  Els pacients amb MP amb probable TCR presentaran característiques 

diferencials en mesures de RM estructural i funcional respecte als 

pacients sense TCR. El major deteriorament cognitiu estarà associat a 

les alteracions cerebrals regionals més marcades en la MP amb 

probable TCR. 

2. S’identificaran diferències entre sexes en cognició i atrofia regional en 

pacients amb MP de novo. S’espera trobar major afectació en homes. 

Les diferències entre sexes en MP de novo seran més extenses en el 

grup de MP amb probable TCR en comparació amb el grup sense TCR. 

Objectius 

Els principals objectius d'aquesta tesi són: 

1. Caracteritzar estructuralment i funcionalment mitjançant anàlisis 

d’imatges de RM la MP amb probable TCR i correlacionar les seves 

característiques amb el deteriorament cognitiu. 

2. Explorar les diferències entre sexes en cognició i mesures de RM 

estructural en MP de novo i en MP de novo amb probable TCR. 
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Mètodes 

Aquesta tesi doctoral es presenta com a un compendi de quatre articles, 

els quals responen als objectius anteriorment esmentats. 

Els estudis es van dur a terme tot emprant dues mostres diferents. La 

primera d’elles, corresponent als estudis ,  i , incloïa ͲͰ͵ pacients amb 

MP de novo (recentment diagnosticats i sense medicació) i Ͷ͹ controls 

sans (CS) del consorci Parkinson’s Progression Markers Initiative (PPMI). 

La segona mostra, corresponent a l’estudi , va consistir en ͵͹ pacients 

amb MP, amb més durada de la malaltia i majoritàriament medicats, de 

la Unitat de Parkinson i Trastorns del Moviment (Hospital Clínic de 

Barcelona, Barcelona, Catalunya) i ͳͰ CS procedents de l’Institut Català 

de l’Envelliment (Universitat Autònoma de Barcelona, Barcelona, 

Catalunya) i de familiars o amics dels pacients. 

En els estudis ,  i , es van obtenir mesures estructurals de gruix cortical 

i volumetria a partir d’adquisicions d’imatges de RM pontenciades en Tͱ, 

i es van analitzar amb el programari FreeSurfer. En l’estudi , es van 

extreure mesures locals i globals per l’estudi quantitatiu de grafs a partir 

d’adquisicions d’imatges de RM funcional en estat de repòs tot emprant 

el programari Brain Connectivity Toolbox. A més a més, en l’estudi , la 

connectivitat funcional del cervell es va caracteritzar amb l’ús de la 

tècnica threshold-free network-based statistics. 

En els estudis  i , el grup de MP amb probable TCR es va comparar amb 

el grup sense TCR i els CS en mesures cognitives i de RM. Altrament, per 

a posar en relació les característiques cerebrals i el deteriorament 

cognitiu en el grup de MP amb probable TCR es van aplicar models de 

regressió lineal múltiple (estudi ) i anàlisis de correlacions (estudi ). En 

els estudis  i , es van explorar les diferències entre sexes en mesures 
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clíniques, cognitives i estructurals de RM en la mostra de MP de novo 

sencera (estudi ) i en la mateixa mostra dividida en els grups de MP amb 

probable TCR i sense TCR (estudi 4). 

Resultats 

A les anàlisis estructurals de RM en els pacients amb MP de novo es va 

trobar una reducció del tàlem esquerre en el grup de MP amb probable 

TCR en comparació amb el grup sense TCR. A més a més, es van trobar 

reduccions en el grup de MP amb probable TCR en els volums 

d’estructures límbiques i també de l’estriat en comparació amb els CS. Els 

pacients amb MP sense TCR només tenien decrements a l’amígdala dreta 

(estudi ). Les mesures d’atròfia global van mostrar que els pacients amb 

MP amb probable TCR en comparació amb els CS tenien reduccions de la 

substància grisa cortical i subcortical, amb el corresponent augment del 

volum del sistema ventricular. A més a més, l’anàlisi regional del gruix 

cortical va mostrar un aprimament a la circumvolució superior temporal 

dreta en el grup de MP amb probable TCR en comparació amb els CS. 

Les anàlisis de RM funcional van palesar que el grup de MP amb probable 

TCR en comparació amb el grup sense TCR tenia una connectivitat 

alterada entre dues subregions del cíngol dret i del precúneus esquerre, i 

també una alteració de la integritat de la xarxa cerebral (estudi ). 

Altrament, el grup de MP amb probable TCR va mostrar una alteració de 

la connectivitat funcional global en comparació amb el grup de CS, tant 

de les connexions cortico-corticals com de les cortico-subcorticals. 

Pel que fa a la cognició, en MP de novo, el grup amb probable TCR va 

mostrar deteriorament respecte al grup sense TCR en la fluïdesa verbal i 

la funció visuoespacial (estudi ). A més a més, vam trobar associacions 

significatives en el grup de MP amb probable TCR entre el deteriorament 
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cognitiu i les reduccions de substància grisa, principalment de regions 

subcorticals. En la mostra de MP més avançada, el grup amb probable 

TCR va mostrar deteriorament en velocitat de processament i inhibició 

en comparació amb el grup sense TCR (estudi ). El deteriorament de la 

velocitat de processament, la memòria verbal i la funció visuoespacial es 

va relacionar amb l’alteració de la connectivitat funcional en el grup de 

MP amb probable TCR. 

L’anàlisi de la influència del sexe en el deteriorament cognitiu, en MP de 

novo, va mostrar que els pacients homes tenien major afectació en 

cognició general, fluïdesa verbal, velocitat de processament i memòria 

verbal (estudi ). Altrament, les pacients dones tenien un pitjor 

rendiment que els pacients homes en funció visuoespacial. Amb la mostra 

dividida segons presència de TCR, al grup de MP amb probable TCR els 

pacients homes tenien una major afectació en cognició general, fluïdesa 

verbal i velocitat de processament (estudi 4). 

Pel que fa a les diferències sexuals en l’atròfia cerebral en MP de novo, els 

pacients homes mostraven reduccions de volum en comparació a les 

pacients dones en els volums totals de substància grisa cortical i 

subcortical, en el tàlem, el caudat, el putamen, el pàl·lid, l’hipocamp i el 

tronc cerebral (estudi ). En la mateixa direcció, els pacients homes tenien 

reduccions regionals del gruix cortical a les àrees postcentral esquerra i 

precentral dreta en comparació amb les pacients dones. En el grup de MP 

amb probable TCR, els pacients homes en comparació amb les pacients 

dones mostraven major atròfia en les mesures globals de substància grisa 

cortical i subcortical, i també en la volumetria dels nuclis caudat i pàl·lid 

i del tronc cerebral (estudi ). Les diferències entre sexes en mesures 

d’atròfia i alteracions neuropsicològiques en el grup de MP sense TCR  

anaven en la mateixa direcció (major afectació en homes), però eren 
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menys extenses. Es va observar només un pitjor rendiment en fluïdesa 

verbal i menor volum del tronc cerebral. 

Conclusions 

Hem identificat característiques cerebrals que assenyalen una atròfia a la 

substància grisa subcortical (a regions talàmiques, límbiques i de l’estriat) 

en la MP amb probable TCR en fases inicials de la malaltia (estudi ). La 

reducció del tàlem és la principal diferència entre els dos grups de 

pacients. 

El perfil cognitiu distintiu de la MP amb probable TCR es caracteritza en 

les fases inicials de la malaltia per un deteriorament incrementat en 

fluïdesa verbal i funció visuoespacial en comparació amb el grup sense 

TCR (estudi ). L’atròfia de la substància grisa subcortical s’associa al 

deteriorament cognitiu en la MP amb probable TCR (estudi ). En 

pacients amb MP més avançada es troba un deteriorament incrementat 

en velocitat de processament mental i funció inhibitòria en el grup amb 

probable TCR (estudi 2). 

Els pacients amb probable TCR mostren un decrement de la connectivitat 

funcional amb implicació cortico-cortical i cortico-subcortical (estudi ). 

La característica diferencial entre els dos grups de MP és la reducció de la 

connectivitat posterior cortico-cortical, així com l’alteració de l’eficiència 

global de la xarxa cerebral. 

La reducció de la connectivitat funcional es relaciona amb el 

deteriorament visuoespacial, i l’alteració de l’eficiència de la xarxa 

cerebral es relaciona amb el deteriorament de la velocitat de 

processament i de l’aprenentatge verbal en la MP amb probable TCR en 

estadis més avançats (estudi ). Així doncs, la connectivitat funcional 
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alterada explica part del deteriorament cognitiu dels pacients amb MP 

amb probable TCR. 

Pel que fa al paper diferencial del sexe en el procés degeneratiu, hem 

trobat  que els homes amb MP de novo mostren un aprimament del gruix 

cortical en regions frontoparietals i reduccions de volums d’estructures 

subcorticals en comparació amb les dones (estudi ). Les diferències són 

més extenses en el grup de MP amb probable TCR (estudi ). En la 

mateixa línia, les dades cognitives mostren que els homes amb MP de 

novo tenen un deteriorament cognitiu incrementat en comparació amb 

les dones, el qual inclou deteriorament en cognició general, fluïdesa 

verbal, velocitat mental de processament i memòria verbal (estudi ). A 

més a més, el pitjor rendiment cognitiu en els homes respecte a les dones 

és més extens en el grup de MP amb probable TCR (estudi ). Podem 

concloure per tant, que l’efecte del sexe en el cervell i la cognició 

s’evidencia en MP de novo, i no s’explica per l’edat per si mateixa. 

Altrament, la presència de TCR és un factor que contribueix a les 

diferències entre sexes en la MP. 

En resum, la present tesi doctoral significa un progrés en la 

caracterització de la MP amb TCR com a un subtipus clínic de la MP. Per 

primera vegada, vam descriure en aquest grup de pacients les bases 

fonamentalment subcorticals del seu deteriorament cognitiu (estudi ), 

així com l’alteració de la connectivitat funcional global del cervell 

mitjançant network-based statistics i la seva associació amb el rendiment 

cognitiu (estudi ). Una altra aportació potencialment rellevant va ser el 

fet de trobar diferències entre sexes en mesures estructurals de RM i de 

cognició, les quals indiquen una major vulnerabilitat dels homes en la MP 

que es fa molt més palesa en aquest subtipus (estudis 3 i 4). 
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Abstract 

Magnetic resonance imaging, cognition, and sex differences 

in Parkinson’s disease with REM sleep behavior disorder 

Introduction 

This doctoral thesis is centered on Parkinson’s disease (PD) with rapid 

eye movement sleep behavior disorder (RBD) as a clinical subtype. 

Characterizing subtypes is one of the main ongoing objectives of 

translational research on neurodegenerative diseases. Therefore, 

subtyping is expected to play a relevant role in future precision medicine 

prevention, diagnosis, and treatment approaches. In this context, PD 

with RBD appears as a severe clinical subtype previously associated with 

worse clinical, cognitive, and neurodegenerative outcomes. However, the 

whole-brain functional connectivity of this clinical subtype has never 

been explored, and evidence about the brain correlates of its cognitive 

impairment is still scarce. 

The influence of sex in neurodegenerative diseases has been overlooked 

by previous research. Prior findings point to severe cognitive impairment 

and neurodegenerative profile in male PD patients. Besides, the study of 

the effect of sex at different stages of the disease, particularly in an early 

phase and on the eventual severe clinical subtypes, such as PD with RBD, 

could enhance the current understanding of the impact of this variable in 

PD. This knowledge might lead to more appropriate diagnostic strategies 

and specific therapeutic options in the future. 
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Hypotheses  

The main hypotheses of this thesis are: 

1. PD-pRBD will be characterized by specific structural and functional 

MRI brain features associated with cognitive impairment. 

2. There will be identified sex differences in cognition and structural 

MRI brain features in de novo PD, with worse cognitive profile and 

pattern of neurodegeneration in males than females. The sex 

differences among de novo PD patients will be more extended in the 

PD-pRBD group compared with the PD without probable RBD (PD-

non pRBD) group. 

Objectives 

The main objectives of this thesis are: 

1. To characterize structural and functional magnetic resonance 

imaging (MRI) brain substrates in PD with probable RBD (PD-pRBD) 

and their correlates with cognitive impairment. 

2. To explore sex differences in cognition and structural MRI brain 

features in de novo PD and de novo PD-pRBD. 

Methods 

This doctoral thesis is presented as a compendium of four articles 

performed to achieve the mentioned objectives. 

Studies comprised two different samples. The first one, used in studies , 

, and , was a sample of ͲͰ͵ de novo PD patients (newly diagnosed and 

drug-naïve) and Ͷ͹ healthy controls (HC) from the Parkinson’s 

Progression Markers Initiative (PPMI). The second sample, examined in 

study , consisted of ͵͹ PD patients with more disease duration and 
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mostly medicated recruited from the Unitat de Parkinson i Trastorns del 

Moviment (Hospital Clínic de Barcelona, Barcelona, Catalunya) and ͳͰ 

HC recruited from the Institut Català de l’Envelliment (Universitat 

Autònoma de Barcelona, Barcelona, Catalunya) and patients’ relatives. 

Different clinical and cognitive measures were collected for both samples. 

In studies , , and , cortical thickness and volumetric measures were 

obtained from Tͱ-weighted acquisitions using FreeSurfer. In study , local 

and global graph metrics were obtained from resting-state functional 

MRI acquisitions with Brain Connectivity Toolbox, and whole-brain 

functional connectivity was characterized using threshold-free network-

based statistics.  

In studies  and , the PD-pRBD group was compared with PD-non pRBD 

and HC groups in cognitive and MRI measures. Additionally, to relate 

brain characteristics and cognitive impairment of the PD-pRBD group, 

multiple linear regression models (study ) and correlation analyses 

(study ) were used. In studies  and , sex differences were explored in 

clinical, cognitive and structural MRI measures in the de novo PD sample 

and divided the sample into PD-pRBD and PD-non pRBD, respectively. 

Results 

Structural MRI analyses revealed, in de novo PD, a left thalamic reduction 

in PD-pRBD compared with PD-non pRBD and reductions in limbic and 

striatal subcortical volumes compared with HC. Decrements in PD-non 

pRBD compared with HC were limited to the right amygdala (study ). 

Moreover, cortical thickness analysis reported thinning in the right supe-

rior temporal gyrus in PD-pRBD compared with HC. Regarding global at-

rophy measures, reduced total cortical and subcortical GM volumes and 

enhanced ventricular system volume were found in PD-pRBD compared 
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with HC. Reductions were limited to total cortical GM volume in PD-non 

pRBD compared with HC. 

Functional MRI analyses in more advanced PD showed that the PD-pRBD 

group had an altered connection between two subregions from the right 

cingulate and left precuneus and abnormal network integrity compared 

with the PD-non pRBD one (study ). Besides, the PD-pRBD group 

showed altered whole-brain connectivity involving cortico-cortical and 

cortico-subcortical connections when compared with the HC group. On 

the other hand, the functional connectivity in the PD-non pRBD group 

seemed preserved. 

Regarding cognitive outcomes, in de novo PD patients, the PD-pRBD 

group showed verbal fluency and visuospatial impairment compared with 

the PD-non pRBD group (study ). In addition, we found significant asso-

ciations in PD-pRBD between cognitive impairment and gray matter vol-

ume decrements, mainly subcortical ones. In the sample of more ad-

vanced PD patients, the PD-pRBD group showed mental processing 

speed and inhibition impairment compared with the PD-non pRBD 

group (study ). Further, mental processing speed, verbal memory, and 

visuospatial impairment significantly correlated with altered functional 

connectivity in PD-pRBD (study ). 

Concerning sex differences in cognition, in de novo PD, males showed 

general cognition, verbal fluency, mental processing speed, and verbal 

memory impairment compared with females (study ). On the other 

hand, females had worse performance than males in visuospatial func-

tions. In the de novo PD sample divided, in PD-pRBD, males had general 

cognition, verbal fluency, and mental processing speed impairment com-

pared with females (study ). 
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As regards structural MRI measures, in de novo PD, males showed volume 

decrements compared with females in total cortical and subcortical GM; 

and in the thalamus, caudate, putamen, pallidum, hippocampus, and 

brainstem (study ). Moreover, males showed thinning in the left post-

central and right precentral areas compared with females. In PD-pRBD, 

males had volume decrements compared with females in total cortical 

and subcortical GM; and caudate, pallidum, and brainstem (study ). In 

PD-non pRBD, the sex differences followed the same direction but were 

less widespread: females outperformed males in verbal fluency, and males 

had decreased brainstem volume compared with females. 

Conclusions 

We identified structural brain characteristics that point towards early GM 

subcortical atrophy (involving thalamic, limbic, and striatal regions) and 

temporocortical atrophy in PD-pRBD (study ). The smaller thalamic 

volume is the main characteristic that differentiates PD-pRBD from PD-

non pRBD. 

The distinctive cognitive profile of PD-pRBD is characterized, in de novo 

PD, by an increased impairment in verbal fluency and visuospatial 

function compared with PD-non-pRBD (study ). The subcortical GM 

atrophy is associated with cognitive impairment in de novo PD-pRBD 

(study ). In PD-pRBD patients with more advanced disease, the cognitive 

profile is characterized by an increased impairment in mental processing 

speed and inhibitory function (study ). 

The PD-pRBD patients show decreased functional connectivity involving 

cortico-cortical and cortico-subcortical connections in more advanced 

PD (study ). The differential characteristics of PD-pRBD from PD-non 
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pRBD are the reduced posterior cortico-cortical connectivity and the 

network efficiency alteration. 

The reduced connectivity strength correlates with visuospatial 

impairment in more advanced PD-pRBD. Further, the network efficiency 

alteration correlates with mental processing speed and verbal learning 

impairment (study ). Therefore, altered functional connectivity is also 

associated with cognitive impairment in PD-pRBD patients. 

Regarding sex differences, de novo PD males show cortical thinning in 

frontoparietal regions and smaller volume in several subcortical regions 

compared with de novo PD females (study ), more extended in PD-pRBD 

than PD-non pRBD (study ). Cognitive data show that de novo PD males 

have increased neuropsychological impairment than de novo PD females, 

including general cognition, verbal fluency, mental processing speed, and 

verbal memory impairment (study ). Notable, cognitive impairment in 

males compared with females is more extended in de novo PD-pRBD than 

in PD-non pRBD (study ). Then, the sex effect on brain and cognition is 

already evident in de novo PD, not explained by age per se. Furthermore, 

the presence of RBD is a contributing factor to sex differences in PD. 

In summary, the present doctoral thesis has progressed in characterizing 

PD with RBD as a clinical PD subtype. For the first time, we described in 

this group of patients the subcortical basis of cognitive impairment (study 

), the functional connectivity disruption using whole-brain network-

based statistics, and its association with cognitive performance (study ). 

As a novelty, we found sex differences in structural brain features and 

cognition, which indicate a more marked male vulnerability in this PD 

clinical subtype (studies  and ). 
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Chapter  

Introduction
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The world population is aging; according to estimations, the population 

over Ͷ͵ years old will rise from ͱͰ% in ͲͰͲͲ to ͱͶ% in ͲͰ͵Ͱ (ͱ). Besides, 

age is one of the main risk factors for neurodegeneration. Thus, the 

prevalence of neurodegenerative diseases will increase in the near future. 

In this context, aging is one of the biggest challenges in clinical settings 

and translational research. For this purpose, the development and 

implementation of disease biomarkers are fundamental. Two major 

research fields are early detection and disease subtyping, which allow 

distinguishing patterns with different associated features. Moreover, 

there has been a growing interest in the impact of sex and gender on 

neurodegeneration. Disease subtyping and the effect of sex are relevant 

in the context of precision medicine for prevention, diagnosis, and 

treatment approaches in the upcoming years. 

Rapid eye movement (REM) sleep behavior disorder (RBD) is one of the 

main prodromal symptoms of neurodegenerative diseases, mainly 

Parkinson's disease (PD) and other synucleinopathies. In addition, RBD 

allows characterizing a clinical subtype of PD associated with worse 

clinical, cognitive, and brain atrophy features. The focus of this 

dissertation is PD with RBD and the impact of sex on this clinical subtype. 

The Introduction is organized into three main sections to cover these 

aspects. The first section is an overview of RBD, from its diagnosis to its 

cerebral basis. In the second section, I will review the relation between 

RBD and PD, beginning with its role as a prodromal symptom and ending 

with PD with RBD as a clinical subtype. In the last section, I will introduce 

the role of sex and gender in PD. 
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. REM sleep behavior disorder: an overview 

Rapid eye movement sleep behavior disorder is a parasomnia 

characterized by dream enactment and loss of REM atonia, described for 

the first time by Schenck et al. in ͱ͹͸Ͷ (2) and recognized as a diagnostic 

category in ͱ͹͹Ͱ in The International Classification of Sleep Disorders, 

First Edition (ICSD-I) (3). The patients with RBD show REM sleep without 

atonia (RWA), which enables the displaying of motor actions presumably 

related to the dream content. Furthermore, the dream content in these 

patients is frequently unpleasant; situations in which, for example, the 

person is being attacked or persecuted, arguing with someone, or falling 

off a cliff (4,5). Thus, the associated enacting usually is characterized by 

violent behaviors (4). Although non-violent elaborated behaviors, even 

pleasant, have been reported (6). The complexity of the motor behaviors 

ranges from simple (such as switching or jerking) to complex movements 

(such as talking, punching, or jumping from the bed) (2). These behaviors 

in RBD are associated with the causation of injuries by patients to 

themselves or bed partners (4,7). Moreover, RBD has been related to 

worse quality of life (͸). 

Concerning the diagnosis, the cardinal features of RBD are the presence 

of RWA and dream-enacting behaviors. The RWA is the hallmark of RBD 

diagnosis. Further, dream-enacting behaviors are associated with 

excessive electromyographic (EMG) activity during REM sleep. These 

characteristics of REM sleep are tested in patients through a 

polysomnography (PSG) study. The main set of diagnostic criteria for 

RBD comes from The International Classification of Sleep Disorders, Third 

Edition (ICSD- ) (9), which are complemented by the PSG characteristics 

described in the American Academy of Sleep Medicine Manual for the 

Scoring of Sleep and Associated Events, Version .  (10). 



30 
 

For more detail about the diagnostic criteria, see Panel A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Clinicians and researchers use validated questionnaires to screen RBD 

when a PSG study for RBD diagnosis is not available. According to the 

cut-offs of these RBD questionnaires, the patients or participants with 

significant RBD symptomatology receive the denomination of “probable 

RBD” (pRBD), in contrast to a PSG-based RBD diagnosis. Other 

promising methods for RBD screening are being developed, such as a 

wrist home-screening actigraphy tools (ͱͱ). 

  

Panel A. RBD Diagnostic 
 
The International Classification of Sleep Disorders, Third Edition 
(ICSD- ) 
 
RBD Diagnostic criteria: A-D must be met 

A. Repeated episodes of sleep-related vocalization and/or complex mo-
tor behaviors. 

B. These behaviors are documented by polysomnography to occur dur-
ing REM sleep or, based on clinical history of dream enactment, are 
presumed to occur during REM sleep. 

C. Polysomnographic recording demonstrates RWA. 
D. The disturbance is not better explained by another sleep disorder, 

mental disorder, medication or substance abuse. 
 
American Academy of Sleep Medicine Manual for the Scoring of Sleep 
and Associated Events, Version .  
 
Scoring polysomnographic features of RBD: RBD is characterized by either 
or both of the following: 

A. Sustained muscle activity (tonic activity) in REM sleep: 
An epoch of REM sleep with at least ͵Ͱ% of the duration of the 
epoch having a chin EMG amplitude greater than minimum 
amplitude than in no REM sleep (NREM). 

B. Excessive transient muscle activity (phasic activity) in REM sleep: 
In a ͳͰs epoch of REM sleep divided into ͱͰ sequential ͳs mini-
epochs, at least five (͵Ͱ%) of the mini-epochs contain bursts of 
transient muscle activity. In RBD, excessive transient muscle activity 
bursts are Ͱ.ͱ–͵.Ͱs in duration and at least ʹ times as high in 
amplitude as the background EMG activity. 
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At this point and before continuing, it is relevant to differentiate other 

terminology, apart from RBD and pRBD. Other basic terms in this context 

are “idiopathic RBD” and “isolated RBD” (iRBD); they refer to cases of 

RBD without a primary cause known (called “secondary RBD”). 

Nowadays, the term “isolated RBD” is preferred (12) because these 

patients eventually convert to overt an alpha-synucleinopathy (13,14), and 

related positive biomarkers (15) and neurodegeneration are already 

present (16). Concerning PD, the term PD-RBD corresponds to those 

patients with a PSG-based diagnosis of RBD, and PD-pRBD corresponds 

to those patients categorized using questionnaires (as complementary, 

PD-non RBD and PD-non pRBD are used). In this thesis, “PD with RBD” 

will be used as a general term when referring broadly to this population 

and when referring to results from PD samples with and without a PSG-

based classification. 

The most recent meta-analysis on the epidemiological aspects of iRBD 

reports that its prevalence is Ͱ.Ͷ͸%, and pRBD prevalence is ͵.Ͷ͵% (17). 

Isolated RBD is usually diagnosed in individuals older than ͵Ͱ years 

(18,19). Although iRBD is considered a predominantly male condition, the 

sex ratio in iRBD varies depending on the type of study. Thus, Schenck et 

al. in ͱ͹͹ͳ reported a close to ͹:ͱ male-to-female ratio, and subsequent 

clinical cohorts have also reported male predominance (͵,ͱ͹–Ͳͱ). 

However, a recent general population-based study did not show 

differences in iRBD prevalence between males and females (22). 

Considering this discrepancy between clinical and population-based 

samples, RBD underdiagnosis in females seems possible. In this regard, 

some authors have suggested that RBD is underrecognized in females 

because they have less dream-enacting (23) and less aggressive behaviors  

(24), which could lead to less likelihood of seeking medical attention. 
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The hypothesized pathophysiology of RBD proposes an alteration of the 

brain circuitry involved in the regulation of muscle tone during the REM 

phase. In the system involved in REM sleep atonia, different nuclei from 

the subcoeruleus/pre-coeruleus complex play a key role (Ͳ͵). During 

REM sleep, these nuclei have excitatory projections to the inhibitory 

ventromedial medulla. The nucleus of the spinal cord has inhibitory 

projections to spinal motor neurons. These chained events result in a 

reduction of the skeletal muscle tone through temporary paralysis. REM 

sleep behavior disorder appears when the mentioned circuitry is impaired 

and presents a chemical imbalance. The disequilibrium could occur in 

one of the two steps: in the excitatory glutamatergic projection, from the 

subcoeruleus/pre-coeruleus complex to the ventromedial medulla; or in 

the inhibitory GABA/Glycinergic projection, from the ventromedial 

medulla to spinal motor neurons. However, RWA is only one of the 

components of RBD, which is also characterized by the presence during 

the REM phase of vivid dreams and increased EMG activity associated 

with complex movements and dream enactment (25,26). In this regard, 

the suspected pathophysiology and dysfunction extension in RBD 

involves other neural circuits and neurotransmitters explored using 

neuroimaging techniques (27). For example, the "cortical hypothesis" 

proposes that the lack of inhibition of the spinal motor neurons allows 

the complex movements planned in the motor cortex to arise from the 

limbic dream-related inputs (26). Figure  summarizes the main brain 

regions and neurotransmitters involved in normal REM sleep and RBD. 
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Figure . Key brain regions and neurotransmitters involved in regulation and 
maintenance of the REM sleep stage under healthy normative or pathological 
RBD conditions. In RBD, dysfunction within the SubC→VMM→Spinal Motor 
Neuron pathway results in a lack of REM atonia (depicted with dotted line). 
Abbreviations: BF, basal forebrain; LC, locus coeruleus; LDT/PPT, laterodorsal 
tegmentum/pedunculopontine tegmentum; LH, lateral hypothalamus; Subc/PC, 
subcoeruleus/pre-locus coeruleus; TMN, tuberomammillary nucleus; vlPAG, 
ventrolateral periaqueductal gray; VLPO/MnPO, ventrolateral preoptic 
nucleus/median preoptic nucleus; VMM, ventromedial medulla. Adapted from 
“Key brain regions and neurotransmitters involved in regulation and 
maintenance of the REM sleep stage under healthy normative or pathological 
RBD conditions” by Roguski et al. (Ͳ͵) licensed under CC BY-ND ʹ.Ͱ. 
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. RBD and Parkinson’s disease 

This section will review RBD in the context of PD, with a brief overview 

of RBD as a prodromal stage and its presence in neurodegenerative 

diseases. 

. . RBD as a prodromal stage of Parkinson’s disease 

Historically, the first description of iRBD as a precursor of subsequent 

parkinsonism was reported by Schenck et al. in ͱ͹͸Ͷ, the same group 

which introduced the term RBD (2). They observed in iRBD patients a 

phenoconversion of ͳ͸% to overt parkinsonism after a mean interval of 

ͳ.ͷ years (28). In the following update, ͸ͱ% of the pool of patients initially 

diagnosed as iRBD developed an overt parkinsonism or dementia after a 

mean interval of ͱʹ.Ͳ years, of which ͵Ͱ% converted to PD (29). A recent 

meta-analysis including ʹ Ͷ studies concluded that the risk for developing 

a neurodegenerative disease after iRBD diagnosis is ͳͳ.͵% after five years 

and reaches ͹Ͷ.Ͷ% at ͱʹ years, of which ʹͳ% converted to PD (13). 

Similarly, the largest international multicenter study, with a whole 

sample of ͱ,Ͳ͸Ͱ iRBD patients and Ͳʹ participant centers, found that Ͳ͸% 

of patients converted to a neurodegenerative disease after a mean interval 

of ʹ.Ͷ years, of which ͵Ͷ.͵% developed overt parkinsonism (14). In the 

same study, the authors reported an overall phenoconversion rate of 

Ͷ.Ͳ͵% per year and a risk of conversion of ͷͳ.͵% after ͱͲ years. 

Thus, iRBD is associated with the further development of 

neurodegenerative diseases, specifically synucleopathies. De Natale et al. 

revised the existing literature and collected the main predictors of the 

progression of iRBD towards synucleopathies based on the previous 

evidence (30). Some of these predictors distinguish between conversion 

to PD or other synucleopathies, namely multiple system atrophy (MSA) 
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or dementia with Lewy Bodies (DLB). Therefore, progression of motor 

symptoms is faster in PD converters; hyposmia is associated with PD and 

DLB but not MSA conversion; electroencephalogram (EEG) slowing in 

temporal and occipital lobes, as well as alterations in the PD-related 

metabolic pattern are associated with PD conversion. Table  

summarizes the main risk factors of conversion from iRBD to an overt 

neurodegenerative disease; in detail in De Natale et al., ͲͰͲͲ (30). 

Table . List of the most important predictors of progression of isolated RBD 
towards synucleinopathy 

Biomarker Effect 
Clinical   
  

UPDRS-III 
 
 
  

Early appearance of speech and voice 
alterations, followed by bradykinesia, rigidity, 
and rest tremor. Faster progression in PD 
converters 

  

Quantitative autonomic scales 
scores 
  

Urinary symptoms scores more severe in 
MSA converters, decline in systolic blood 
pressure more pronounced in DLB converters 

  

Heart Rate Variability 
  

Decreased in iRBD patients. Conflicting 
results on its predictive value 

  

Cognitive dysfunction 
 
 
 
  

Alterations in attention, executive function, 
and verbal memory associated with faster 
conversion in iRBD. DLB converters show 
more pronounced cognitive alterations at 
baseline and faster progression 

  

Hyposmia 
 
  

Associated with higher risk of 
phenoconversion in iRBD to DLB and PD, 
but not MSA 

Visual dysfunction 
 
  

Abnormal color vision associated with 
increased risk of phenoconversion. Faster 
progression in DLB converters 

  

Genetic  
  

GBA gene variants 
 
  

Higher rate of GBA variants in iRBD patients 
with higher rate of phenoconversion. Risk 
influenced by the severity of the mutation 

  

TMEM  gene mutations 
  

The p.QͶ͵P variant associated with increased 
rate of phenoconversion to a synucleinopathy  
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SNCA gene CpG  
hypomethylation  

Associated with increased risk of progression 
of iRBD symptoms and phenoconversion 

  

Neurophysiological  
RSWA 
 
 
 
 
  

Percentage of RSWA at baseline is a predictor 
of future phenoconversion. Tonic RSWA 
associated with higher risk of future 
conversion to parkinsonism, phasic RSWA 
associated with risk of future 
phenoconversion to dementia 

  

Isolated RSWA 
  

Conflicting results on its predicting role of 
future phenoconversion 

  

EEG abnormalities 
 
 
 
 
  

Higher δ and θ power in the cortex and 
higher slow-to-fast power ratio in converters. 
Diffuse slowing of electrical activity 
associated with DLB; EEG slowing in 
temporal and occipital lobes associated with 
PD 

  

Cyclic Alternating Pattern 
  

CAP rate reduction in future converters to a 
neurodegenerative disease 

  

Fluid   
  

p-tau/total tau ratio in CSF 
  

Reduced ratio in iRBD associated with 
phenoconversion at five years 

  

Imaging   
  

Presynaptic striatal dopamine 
terminals [ͱͲͳI]FP-CIT-SPECT 
and [͹͹mTC]TRODAT-ͱ-SPECT  

Progressive loss of presynaptic dopamine 
terminals in the striatum associated with 
high risk of short-term conversion  

  

Glucose metabolism 
[͹͹mTc]ECD-SPECT and 
[ͱ͸F]FDG-PET 
  

Increased hippocampal perfusion in iRBD 
who phenoconvert at three years. Alterations 
in the PD-related metabolic pattern 
associated with phenoconversion in iRBD 

  

Structural MRI 
 
  

Cortical thinning in frontal, parietal, and 
occipital cortices associated with 
phenoconversion in iRBD 

Abbreviations: CSF, Cerebrospinal fluid; DLB, Dementia with Lewy bodies; EEG, 
Electroencephalogram; GBA, glucocerebrosidase; MRI, Magnetic resonance 
imaging; MSA, Multiple system atrophy; PD, Parkinson’s disease; PET, Positron 
emission tomography; RBD, REM Sleep behavior disorder; RSWA, REM sleep 
without atonia; SNCA, Synuclein; SPECT, Single photon emission computerized 
tomography; TMEM , Transmembrane protein ͱͷ͵; UPDRS, Unified 
Parkinson’s disease rating scale. Adapted from “List of the most important 
predictors of progression of isolated RBD towards synucleinopathy” by De Natale 
et al. (30) licensed under CC BY-ND 4.0. 
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Another important issue is the trajectory of motor and non-motor 

symptoms from iRBD to different synucleopathies. Fereshtehnejad et al. 

described these trajectories of symptoms in a sample of PD and DLB 

converters (31). The results showed that the first symptom to appear is 

olfactory loss (ͲͰ years before phenoconversion); followed by color 

perception impairment, constipation, and erectile dysfunction (ͱͰ-ͱͶ 

years before phenoconversion); then slight urinary dysfunction and 

subtle cognitive decline (ͷ-͹ years before phenoconversion); mild 

alteration of handwriting, turning in bed, walking, salivation, speech, and 

facial expression (ͷ-ͱͱ years before phenoconversion); motor examination 

abnormalities (͵-ͷ years before phenoconversion) with motor 

phenotypes appearing first bradykinesia, and then rigidity and tremor (͵-

Ͷ, ͳ, and Ͳ years before phenoconversion respectively). Figure  shows 

the model of progression from iRBD to PD. 
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Figure . Schematic model for progression of motor and non-motor 
manifestations throughout the prodromal, phenoconversion and advanced 
stages of patients with idiopathic RBD converting to Parkinson’s disease. This 
schematic illustrates the approximate trajectories of the major motor and non-
motor manifestations as patients progress from normal, through idiopathic RBD, 
to advanced Parkinson’s disease. This is based on control data, patients with 
idiopathic RBD tracked through time, and patients with advanced Parkinson’s 
disease who also have RBD. The predicted progressions after phenoconversion 
were dotted due to the uncertainty of real symptomatic severity without the 
influence of dopaminergic treatment. Olfaction is generally the first 
manifestation to become abnormal and reaches near maximum loss at the time 
of phenoconversion. The authors scaled down both cognitive and color vision 
dysfunction slopes by half to avoid the bias driven by DLB subjects (the 
estimated maximum symptoms were based on Parkinson’s disease-RBD subjects 
without dementia at baseline). Autonomic features are similarly present early, 
and approximate ͵Ͱ–ͷͰ% maximal values at phenoconversion. REM atonic loss 
and color vision loss have patterns similar to autonomic loss. By contrast, motor 
and cognitive abnormalities start relatively late, and are at only ͲͰ–ͳͰ% maximal 
values at the time of phenoconversion. Adapted from “Combined progression 
trajectory of motor and non-motor manifestations from prodromal stages to 
phenoconversion based on actual measurements” by Fereshtehnejad et al. (31)
licensed under RightsLink.
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. . RBD in Parkinson’s disease 

There is controversy about the prevalence of RBD in PD, considering 

different factors such as the use of different diagnostic procedures. The 

two most recent meta-analyses reported a pooled RBD prevalence of 

Ͳͳ.Ͷ% and ʹͲ.ͳ % in PD (32,33). The second meta-analysis also explored 

the risk factors for RBD in PD and reported older age and longer disease 

duration as the main ones (33). 

Other studies suggest that the prevalence of RBD in PD may be even 

higher due to the lack of screening of symptoms throughout the disease 

using PSG. An important aspect is that RBD is commonly not evaluated 

along the disease course by PSG. Notwithstanding, clinicians assess RBD 

symptomatology in PD using questionnaires or clinical interviews. In this 

context, Baumann-Vogel et al. in ͲͰͲͰ studied the prevalence of RBD in 

a sample of ͵ʹͰ PD patients in a sleep laboratory using PSG (34). In 

the University Hospital Zurich, ͹Ͱ% of the patients with 

neurodegenerative disease from the Department of Neurology underwent 

PSG. The rationale for this protocol is the high presence of RBD in these 

diseases and its clinical importance. The total prevalence of RBD in PD 

was ͷͷ% which contrasts with the lower prevalence reported by previous 

original studies and meta-analyses. Moreover, the prevalence increased 

with age, reaching around ͹Ͱ% in the group of PD patients between ͷ͵ 

and ͸͹ years old. 

Concerning the clinical aspects associated with RBD and PD, the evidence 

collected in a ͲͰͱͷ meta-analysis points to a strong relation with male 

sex, older age, longer disease duration, higher disease stage using the 

Hoehn and Yahr scale (H&Y scale), and more motor symptomatology 

measured by means of the Movement Disorder Society Unified PD Rating 

Scale (MDS-UPDRS) Part III (35). Regarding the higher prevalence of RBD 
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in PD males, it also has been reported in iRBD (5,22). The relevance of sex 

in PD and RBD will be discussed in deep in the last section of the 

Introduction (Section . Sex and gender in Parkinson’s disease). 

Furthermore, longitudinal studies have shown faster progression in PD-

pRBD patients, specifically in motor symptomatology measured using the 

MDS-UPDRS Part III score (36), and also in those PD-pRBD patients 

classified as postural instability and gait dysfunction (PIGD) motor 

phenotype (37). 

REM sleep behavior disorder in PD has been associated with worse 

cognitive impairment and brain abnormalities. The cognitive and 

neuroimaging studies will be presented in further subsections 

(Subsection . . . Cognition in Parkinson’s disease with RBD and 

Subsection . . . Brain imaging in Parkinson’s disease with RBD, 

respectively). 

. . . Neuropathology of Parkinson’s disease with RBD 

So far, only one post-mortem neuropathological study has explored PD 

with RBD symptomatology and revealed that PD-pRBD patients had a 

significant increased alpha-synuclein deposition in ͹ of ͱͰ explored 

regions compared with PD-non pRBD: olfactory bulb, anterior medulla, 

anterior/mid-pons, amygdala, anterior cingulate gyrus, transentorhinal 

cortex, middle temporal gyrus, and inferior parietal lobule (ͳ͸). In 

addition, a recent study showed that RBD symptomatology is associated 

with decreased cerebrospinal fluid (CSF) alpha-synuclein, specifically 

aggressive dreams (ͳ͹). 
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RBD in the Braak model of Parkinson’s disease staging 

The Braak staging is a model which characterizes the disease progression 

in PD in terms of the alpha-synuclein pathology spreading. The model 

establishes six stages based on the topographical and temporal properties 

of the alpha-synuclein spreading. In this context, the alpha-synuclein 

pathology initiates from the brainstem and olfactory regions and then 

spreads to the anteromedial temporal mesocortex and, in the later stages, 

to the neocortex (40).  Concurrently, Braak et al. proposed the dual-hit 

hypothesis, in which the neurodegeneration process has its origin in a 

neurotropic pathogen that enters primary to the brain via nasal with 

anterograde propagation to the temporal lobe and secondary via gastric 

due to swallowing of nasal secretions in saliva (ʹͱ,ʹͲ). Figure  represents 

the Braak stages in PD schematically. According to the literature, the RBD 

starts in the first Braak stages, probably in stage Ͳ, with the degeneration 

of some pontine (e.g., sublaterodorsal nucleus) and brainstem structures 

(e.g., pre-coeruleus and magnocellular reticular formation) involved in 

the REM sleep circuitry (43). 

In that regard, a recent study performed by Knudsen et al. showed an 

equivalent dysfunction in iRBD patients compared with PD patients, 

involving pathological findings in the sympathetic and parasympathetic 

nerves. Nonetheless, in contrast to PD patients, the majority of iRBD 

patients show unaltered dopaminergic innervation (27). The authors 

proposed that these findings support the hypothesis of the propagation 

of the alpha-synuclein from the peripheral autonomic nerves to the 

brainstem before the involvement of the dopaminergic system, which 

corresponds to the first Braak stages. 
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Figure . Six stages of idiopathic Parkinson’s disease. The proposed regional 
distribution pattern of the lesions is depicted using degrees of shading for each 
stage. (a) Stages ͱ–Ͳ are characterized by Lewy pathology in the dorsal IX/X 
motor nucleus, olfactory bulb, and/or intermediate reticular zone of the medulla, 
in the caudal raphe nuclei, gigantocellular reticular nucleus, and coeruleus-
subcoeruleus complex. Stages ͳ-ʹ: expansion into the midbrain, particularly the 
substantia nigra, pars compacta, paranigral nucleus, amygdala, basal forebrain 
nuclei, hypothalamus, thalamus, transentorhinal region, entorhinal region, and 
second sector of the Ammon’s horn. Stages ͵–Ͷ: thalamus expansion into the 
ectorhinal region (ec), insular cortex, high order sensory association areas of the 
neocortex and prefrontal neocortex, first order sensory association areas of the 
neocortex and premotor areas. Adapted from “Six stages of idiopathic 
Parkinson’s disease” by Del Tredici et al. (44) licensed under CC BY-ND 4.0.

More recently, Borghammer et al. analyzed neuropathological evidence 

and proposed that not all PD patients follow a pattern of alpha-synuclein 

spreading from the peripheral nervous system (PNS) to the central 

nervous system (CNS) via retrograde vagal transport (45). This statement 

is based on the fact that a fraction of PD patients does not show pathology 

in the dorsal motor nucleus of the vagus nerve. The authors hypothesized 

the existence of a PNS-first and a CNS-first subtype. Thus, the PNS-first 

is associated with iRBD during the prodromal phase and is characterized 

by autonomic PNS damage before the involvement of the dopaminergic 

system. On the other hand, the CNS-first often is not associated with 

iRBD during the prodromal phase and is characterized by nigrostriatal 

dopaminergic dysfunction before the involvement of the autonomic PNS.
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In a subsequent theoretical development, Borghammer proposed the 

alpha-Synuclein Origin site and Connectome (SOC) Model (46). 

Following the SOC Model, in the brain-first subtype (equivalent term to 

CNS-first), the pathology appears unilaterally, frequently in the 

amygdala, and as the alpha-synuclein propagation depends on 

connection strength, a unilateral focus of pathology will disseminate 

more to the ipsilateral hemisphere. Alternatively, in the body first 

subtype (equivalent term to PNS-first), the propagation of the alpha-

synuclein follows an ascendant pattern from the vagus nerve to the 

bilateral dorsal motor nucleus of the vagus nerve due to the overlapping 

parasympathetic innervation of the gut. In consequence, the body-first 

patients have more symmetrical alpha-synuclein spreading, 

dopaminergic degeneration, and motor impairment than the brain-first 

patients. Further, the body-first patients at diagnosis have more alpha-

synuclein burden, which leads to a faster disease progression and 

cognitive decline. 

Of interest, following the hypothesis of two different patterns of 

propagation, Pyatigorskaya et al. tested the association of RBD in PD with 

brainstem-to-cortex and cortex-to-brainstem propagation models using 

a multimodal neuroimaging approach (ʹͷ). They included data from key 

regional volumes: mean diffusivity (MD), axial diffusivity, radial 

diffusivity, and signal of neuromelanin-sensitive magnetic resonance 

imaging (MRI). The results suggested that the PD-RBD patients fit with a 

brainstem-to-cortex model and that PD-non RBD patients fit with a 

cortex-to-brainstem model, which agrees with the body-first and brain-

first subtypes, respectively. 

In this context, iRBD as a prodromal phase could be located in the first 

stages of PD, according to the Braak model. However, the beginning of 
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the RBD can occur in later stages of the disease, after PD diagnosis. 

Considering the onset of RBD, three different main PD groups could be 

hypothesized: ͱ) a group of PD with RBD patients who have iRBD as a 

prodromal phase of the disease; Ͳ) a PD with RBD group with a PD 

diagnosis and a later development of concomitant RBD; ͳ) a group of PD 

patients who do not develop RBD. Thus, when talking about PD with RBD 

is relevant to consider that it might not be a homogeneous category. The 

neuropathology of these groups could follow different alpha-synuclein 

spreading patterns. The first group might have a disease progression 

closer to the Braak stages with its equivalent in the body-first subtype of 

the SOC Model. Notwithstanding, other patterns of propagation of the 

alpha-synucleinopathy potentially lead to a concurrent RBD at a certain 

point, such as the brain-first subtype. 

. . . Cognition in Parkinson’s disease with RBD 

This subsection includes an overview of the cognitive profile of those PD 

patients with RBD compared with those without RBD. Furthermore, it 

covers the findings of studies focused on the prevalence of mild cognitive 

impairment (MCI), dementia, and cognitive progression in this PD 

clinical subtype. 

Several cross-sectional studies have analyzed the neuropsychological 

profile of those PD patients with RBD, either in PD-RBD or PD-pRBD 

patients. Thus, in ͲͰͲͱ Mao et al. performed a meta-analysis including a 

whole pool of ͳ͹ studies, of which ͱ͸ analyzed PD-RBD patients and Ͳͱ 

analyzed PD-pRBD patients (48). The authors classified the different 

cognitive outcomes into seven main cognitive domains: global cognitive 

function, memory, executive function, language, processing speed/ 

complex attention/working memory, visuospatial/constructional ability, 
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and psychomotor ability. The results showed that the PD-RBD patients 

have worse performance than PD-non RBD patients in the following 

cognitive domains and subdomains: global cognitive function, long-term 

verbal recall, long-term verbal recognition, generativity, inhibition, 

shifting, language, and visuospatial/constructional ability. 

Comparatively, the PD-pRBD patients have worse performance than PD-

non pRBD patients in global cognitive function and shifting. The domains 

and subdomains altered in both groups, PD-RBD and PD-pRBD, are 

shown in Figure .

Figure . Cognitive domains and subdomains altered in PD with RBD in 
comparison with PD without RBD. Based on results from the meta-analysis 
performed by Mao et al., ͲͰͲͱ (48). Cognitive domains impaired in PD-RBD and 
PD-pRBD in dark orange; cognitive domains impaired solely in PD-RBD in light 
orange. Abbreviations: PD-pRBD, Parkinson’s disease with probable RBD; PD-
RBD, Parkinson’s disease with RBD; PD-non pRBD, Parkinson’s disease without 
probable RBD; PD-non RBD, Parkinson’s disease without RBD; RBD, REM sleep 
behavior disorder.
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In addition, some studies have shown a higher prevalence of MCI (49), a 

higher prevalence of dementia (50), and worse cognitive progression in 

general cognition (51,52), processing speed (51), verbal (51), and working 

memory (53). These findings are collected in detail in Table . 

Table . Studies focused on mild cognitive impairment, dementia, and cognitive 
progression in Parkinson’s disease with RBD 

Topic Reference Sample Study findings 
    

MCI 
prevalence 

Jozwiak et al., ͲͰͱͷ (ʹ͹) ͵ͳ PD-RBD 
ʹͰ PD-non RBD 

PD-RBD = ͶͶ% 
PD-non RBD = Ͳͳ% 

    
Dementia 
development 

Postuma et al., ͲͰͱͲ (͵Ͱ) Ͳͷ PD-RBD 
ͱ͵ PD-non RBD 

PD-RBD = ʹ͸% 
PD-non RBD = Ͱ% 
(ʹ-year f/u) 

    
Cognitive 
progression 

Chahine et al., ͲͰͱͶa (͵ͱ) ͱͰ͸ PD-pRBD 
ͳͱ͵ PD-non pRBD 

Greater annual rate of 
decline in MoCA, SDMT 
and HVLT-R delayed 
recall in PD-pRBD 
(ͳ-year f/u) 

    
 Forbes et al., ͲͰͲͱa (͵Ͳ) ͱʹ͹ PD-pRBD 

Ͳͷʹ PD-non pRBD 
Faster decline in MoCA 
(Ͷ-year f/u) 

    
 Van Patten et al., ͲͰͲͲ (͵ͳ) Ͳ͵ PD-pRBD 

ʹͰ PD-non pRBD 
Greater decline in 
attention/working 
memory 
(ͱͶ-ʹͷ-month f/u) 

a Data from de novo Parkinson’s disease patients (at baseline) and their follow-
ups from the Parkinson’s Progression Markers Initiative (PPMI) database. 
Abbreviations: f/u, follow-up; HVLT-R, Hopkins Verbal Learning Test-Revised; 
MCI, mild cognitive impairment; MoCA, Montreal Cognitive Assessment; PD-
pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with 
RBD; PD-non pRBD, Parkinson’s disease without probable RBD; PD-non RBD, 
Parkinson’s disease without RBD; RBD, REM sleep behavior disorder; REM, rapid 
eye movement; SDMT, Symbol Digits Modalities Test. 

To sum up, PD patients with RBD have a more severe cognitive profile, 

with worse performance in global cognition, as well as in memory, 

executive, language, and visuospatial/constructional functions. 

Furthermore, this group of patients has shown a higher prevalence of MCI 

and dementia, as well as worse cognitive progression. 
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. . . Genetics of Parkinson’s disease with RBD 

Genetic studies centered on PD with RBD are still scarce, and no studies 

have been performed on PD-RBD with a diagnosis based on PSG. In this 

context, the presence of PD-pRBD has been associated with rsͳͷ͵ͶͰͶͳ 

(͵ʹ) and rsͱͰͰͰ͵Ͳͳͳ (͵͵) risk variants located in the ͵’ region of the 

alpha-synuclein (SNCA) gene (͵ʹ,͵͵), but risk variants in the ͳ’ region of 

SNCA (͵ʹ,͵͵) and the microtubule-associated protein tau (MAPT) variant 

(͵ʹ) showed no association with PD-pRBD. 

Some evidence points to genetic coincidences between iRBD and PD. In 

this sense, iRBD has been associated with glucocerebrosidase (GBA) risk 

variants (͵Ͷ), leucine-rich repeat kinase Ͳ (LRRK ) protective haplotype 

(͵ͷ), transmembrane protein ͱͷ͵ (TMEM ) variants (͵͸), and an SNCA 

risk variant (͵͵). However, there is no significant association between 

iRBD and the presence of LRRK  risk variants (͵͹) and MAPT haplotypes 

(ͶͰ). Remarkably, the absence of LRRK  risk variants in iRBD (͵͹) 

matches with the fact that LRRK  PD carrier patients are a benign 

subtype (Ͷͱ,ͶͲ). 

. . . Brain imaging in Parkinson’s disease with RBD 

Neuroimaging methods are one of the main approaches used to study 

different brain characteristics in neurogenerative diseases. There is a 

growing interest in characterizing brain structure and function in PD 

with RBD as a relevant clinical subtype of PD. This subsection presents 

an overview of the previous literature on the topic. We perform a 

systematic revision of structural, functional, and metabolic studies. We 

synthesize the main findings at the end of this subsection in Tables  to 

. 
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Gray matter characterization 

Gray matter (GM) atrophy in PD with RBD has been quantified by the 

following approaches: voxel-based morphometry (VBM), deformation-

based morphometry (DBM), vertex-based shape analysis, cortical 

thickness (CTh), and subcortical volumetry. 

The first two studies focused on the characterization of GM in PD with 

RBD failed to achieve corrected statistical significance in the comparison 

between PD with and without RBD (Ͷͳ,Ͷʹ). Ford et al. in ͲͰͱͳ performed 

VBM analysis in a sample of ͱͲʹ PD patients classified as PD-pRBD or PD-

non pRBD (Ͷͳ) using the first item of the Mayo Clinic Sleep Questionnaire 

(MSQ) (Ͷ͵). They found GM reductions in the PD-pRBD group compared 

with the PD-non pRBD group in the parietal and temporal lobes. 

However, the results did not remain significant after correcting for 

multiple comparisons. Similarly, García-Lorenzo et al. used a VBM 

approach in a smaller sample, including ͳͶ PD patients classified using 

PSG, and did not find significant differences between PD groups (Ͷʹ). 

In a subsequent study in ͲͰͱʹ, Salsone et al. performed a VBM analysis in 

a sample of ͲͲ PD patients classified according to PSG (ͶͶ). The results 

showed a significant volume reduction in the right thalamus in PD-RBD 

patients compared with PD-non RBD ones, corroborated using 

subcortical volumetry. The authors highlighted the association between 

thalamus atrophy and the development of RBD. The thalamic atrophy 

may be associated with two main factors: the accumulation of alpha-

synuclein and the decrement of noradrenergic input from the locus 

coeruleus complex due to its impairment. 

In ͲͰͱͶ, another VBM study found volume decrements in the left 

hippocampus and cingulate gyrus in the PD-RBD group compared with 
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the PD-non RBD group, using a sample of ͳ͸ PD patients also classified 

through PSG (Ͷͷ). The authors emphasized the value of these regions in 

the characterization of PD-RBD since they have a relevant role in sleep 

regulation and are part of the default mode network. 

The same year Boucetta et al. published the first multicenter study on the 

topic, with a large de novo PD sample from the Parkinson’s Progression 

Markers Initiative (PPMI) (Ͷ͸). It included a pool of ͳͰ͹ PD patients, and 

DBM analyses were performed. The classification in groups depending on 

the RBD symptomatology was performed according to the RBD Screening 

Questionnaire (RBDSQ) (Ͷ͹). The results showed a volume decrement in 

the pontomesencephalic tegmentum in PD-pRBD compared with PD-

non pRBD. Decrements in PD-pRBD were also reported in cortical 

(lingual gyrus) and other subcortical regions (hypothalamus, thalamus, 

putamen, claustrum, and amygdala). On the other hand, there were 

volume decrements in PD-non pRBD compared with PD-pRBD in cortical 

regions (right rectus and orbitofrontal gyri, bilateral olfactory trigone, 

medial prefrontal cortex, superior frontal gyrus, inferior frontal gyrus, 

midcingulate gyrus, and superior temporal gyrus). Besides, the atrophy 

pattern was more widespread in PD-pRBD compared with the HC group. 

The authors pointed up the pontomesencephalic tegmentum 

involvement, which takes part in the control of muscle atonia during 

REM sleep. In addition, they brought out that the widespread pattern of 

atrophy is coherent with the severe clinical profile of this subgroup of 

patients. Moreover, some of these regional decrements potentially 

contribute to sleep dysregulation, for instance, the basal ganglia. 

In ͲͰͱ͹, Kamps et al. performed a new VBM study using a de novo PD 

sample from the PPMI (ͷͰ). They analyzed a whole group of ͱͶͷ PD 

patients. The authors reported a significant decrement in the right 
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putamen in PD-pRBD compared with the PD-non pRBD group, 

consistent with previous evidence in PD-pRBD (Ͷ͸). They underlined 

that the atrophy of the putamen might be associated with a more marked 

degeneration of the dopaminergic nigrostriatal pathway in this clinical 

subtype. 

In ͲͰͱ͹ Rahayel et al. (ͷͱ) explored a group of ͳͰ PD patients classified 

using PSG with different techniques centered on structural GM 

characteristics. The applied approaches were VBM, DBM, subcortical 

volumetry, and, for the first time in this type of population, CTh and 

shape analysis. The results showed that the PD-RBD compared with the 

PD-non RBD patients had cortical thinning in the right inferior and 

superior temporal gyri, volume decrements in the left lingual gyrus and 

the bilateral putamen, as well as surface contraction in the bilateral 

putamen (Figure ). The findings that involved the putamen are in line 

with the previous evidence (Ͷ͸,Ͷ͹). Thus, the impairment of the 

nigrostriatal pathway was hypothesized as a potential factor involved in 

these results. Further, the PD-RBD group had a widespread pattern of 

atrophy compared with the PD-non RBD when comparing both groups 

with HC. The authors suggested that the presence of RBD in PD patients 

reflected a more advanced stage of the disease concurrent with severe 

atrophy. 
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Figure . A. Cortical thinning in PD-RBD, the red cluster is showing thinning in 
right perisylvian areas and temporal cortex extending to fusiform cortex. B. 
Shape abnormalities in PD-RBD, red cluster is showing atrophy in bilateral 
putamen. C. Reduced GM volume in PD-RBD in left lingual, left cerebellum, and 
bilateral putamen using voxel-based morphometry (VBM). Adapted from 
“Results of surface-based cortical thickness analysis”, “Results of vertex-based 
subcortical shape analysis”, and “Results of volume abnormalities using voxel-
based and deformation-based morphometry” by  Rahayel et al. (ͷͱ) licensed 
under RightsLink. 

In ͲͰͲͱ, Jiang et al. performed VBM analyses in a pool of ͵Ͱ PD patients 

classified by PSG (ͷͲ). They found volume decrements in PD-RBD 

compared with PD-non RBD in the right superior occipital gyrus and an 

increment in the cerebellar vermis IV/V. 

Recently, Yoon et al. carried out the first longitudinal work on this topic 

through CTh and subcortical volumetric analysis (ͷͳ). They analyzed a 

sample of ͷ͸ PD patients from the PPMI, with data at the de novo stage 

in the baseline and with a two-year follow-up. They found that at the de 

novo PD stage, the PD-pRBD group had cortical thinning in the bilateral 

inferior temporal cortex compared with PD-non pRBD (Figure ). 

Regarding time effect, the PD-pRBD had cortical thinning in the left 

insula compared with PD-non pRBD (Figure ), in addition to significant 

volume decrements in the left caudate, pallidum, and amygdala. 
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Figure . A. Cortical thinning in PD-RBD at baseline, the blue cluster is showing 
thinning in the bilateral inferior temporal. B. Cortical thickness group by time 
effect. The blue cluster is showing thinning in the left insula in PD-pRBD. 
Adapted from “Cross-sectional cortical thickness differences” and “Longitudinal 
changes in cortical thickness” by Yoon et al. (ͷͳ) licensed under CC BY-ND ʹ.Ͱ.

In summary, structural MRI studies exploring gray matter measures 

report atrophy in PD patients with RBD in cortical temporal regions and 

basal ganglia, mainly in the putamen, and limbic regions, especially in the 

thalamus and the amygdala. The putamen and thalamus atrophy 

are possibly associated with an impairment of the dopaminergic 

nigrostriatal pathway. Over and above, the basal ganglia degeneration 

could contribute significantly to sleep dysregulation in these patients.

White matter characterization

The most common technique used to measure white matter (WM) 

integrity is diffusion tensor imaging (DTI). The two mainly used measures 

are fractional anisotropy (FA), which reflects the directionality of 

molecular displacement, and MD, which reflects the average magnitude 

of molecular displacement (ͷʹ).

Only a few studies have analyzed microstructural WM changes associated 

with PD with RBD. The first work exploring FA and MD measures in PD-
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pRBD using whole-brain DTI analysis in a sample of ͱͲʹ PD patients did 

not find significant differences between groups after correction for 

multiple comparisons (Ͷͳ). The uncorrected results included significant 

FA decrements in PD-pRBD compared with PD-non pRBD in the left 

inferior longitudinal, right corticospinal tract, and right inferior fronto-

occipital and longitudinal fasciculi. 

García-Lorenzo et al. found decreased FA in PD-RBD compared with HC 

in a sample of ͳͶ PD patients classified using PSG (Ͷʹ). They did not find 

significant differences between PD groups or between PD-non RBD and 

HC. The significant cluster included the locus coeruleus complex, so the 

authors highlighted its involvement in REM sleep atonia and the possible 

implication of its structural degeneration in RBD. 

A subsequent report by Lim et al. analyzed a group consisting of ͳ͸ PD 

classified utilizing PSG (Ͷͷ). The authors reported a general pattern of 

decrements in FA in both groups compared with HC, more widespread in 

PD-RBD, including anterior thalamic radiations, forceps minors, 

posterior visual streams, fornix, right olfactory regions, internal capsules, 

left external capsule, and anterior temporal lobe (Figure . .). Further, 

they found similar MD increments in PD-RBD and PD-non RBD 

compared with HC, without differences between PD groups (Figure 

. .). 
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Figure . . (a) Fractional anisotropy changes. The upper panel illustrates FA 
reductions in PD without RBD, and the lower panel in PD with RBD compared 
to healthy controls. No differences between PD without RBD and PD with RBD 
were found. Adapted from Lim et al. (Ͷͷ) licensed under RightsLink. 
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Figure . . (b) Mean diffusivity (MD) changes. The upper panel illustrates MD 
increments in PD without RBD, and the lower panel in PD with RBD compared 
to healthy controls. Adapted from Lim et al. (Ͷͷ) licensed under RightsLink. 
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In a ͲͰͱͷ study, Ansari et al. analyzed a sample of ʹʹ de novo PD patients 

from the PPMI (ͷ͵). They used quantified anisotropy (QA) measurement 

instead of FA; this measure computed anisotropy for each fiber tract. In 

contrast, FA is shared by different fiber tracts within a voxel. The results 

showed decreased QA in PD-pRBD compared with PD-non pRBD in 

bilateral cingulum pathways, inferior fronto-occipital fasciculi, 

corticospinal tracts, middle cerebellar peduncles, and genu, body, and 

splenium of the corpus callosum. 

In conclusion, the current findings do not support a clear pattern of 

atrophy according to WM abnormalities associated with PD with RBD. 

More research is needed to clarify the differences between PD patients 

with and without RBD in WM integrity measures. Specifically, 

approaches that analyze the circuits involved in REM sleep. 

Neuromelanin abnormalities 

Another common neuroimaging technique used in neurodegeneration 

characterization, specifically in PD, is the neuromelanin-sensitive MRI. 

This approach allows the researchers to explore neuromelanin: a black 

pigment located in relevant areas in PD, such as substantia nigra pars 

compacta and locus coeruleus. Using neuromelanin-sensitive MRI, two 

studies have reported significantly less signal intensity in the 

coeruleus/subcoeruleus complex in PD-RBD compared with PD-non 

RBD (Ͷʹ,ͷͶ) in cohorts of ͳͶ (Ͷʹ) and ͳͲ PD patients (ͷͶ) classified by 

means of PSG. Although, in another study performed on a sample of ͳͷ 

de novo PD patients classified using PSG, the differences in signal 

intensity in the coeruleus did not reach the established statistical 

significance (ͷͷ). 
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Structural connectivity 

A couple of studies have investigated correlation matrices of GM volumes 

using graph theory approaches. First, Guo et al. in ͲͰͱ͸ implemented 

structural correlation network analyses using cortical, subcortical, and 

cerebellar regions in a sample of ͱͶͱ PD patients from the PPMI database 

(ͷ͸). The authors found differences in nodal properties between PD 

groups. The PD-pRBD group showed enhanced nodal measures 

compared with PD-non pRBD in frontotemporal, occipital and limbic 

regions, as well as decreased nodal measures in the cerebellum. The 

authors identified relevant hubs in the limbic system and the frontal and 

temporal lobe, namely nodes in which there are an increased number of 

edges. Moreover, the PD-pRBD group involved additional hubs in limbic 

regions. The researchers highlighted the role of the limbic system in the 

reorganization of local properties and the remapping of the hubs 

distribution as a potential marker of the pathophysiology of PD with RBD. 

Last, in ͲͰͱ͹ Kamps et al. analyzed a sample from the PPMI database, 

with ͱͶͷ de novo PD patients classified as PD-pRBD or PD-non pRBD 

(ͷͰ). The approach consisted of seed correlation analyses based on the 

hippocampus, thalamus, and putamen. The analyses did not find any 

significant difference. 

The most recent study was performed by Chen et al. and analyzed 

structural connectivity using a graph theory approach. The authors 

studied differences in global and nodal topological properties based on 

the estimated number of fibers obtained from DTI (ͷ͹). They analyzed a 

pool of ͱͷͱ de novo PD patients from the PPMI. The results showed that 

the PD-pRBD group, compared with the PD-non pRBD group, had less 

global efficiency and increased shortest path length. When analyzing 

nodal measures, the PD-pRBD group, compared with the PD-non pRBD 
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group, showed increased nodal efficiency in the right insula and left 

middle frontal gyrus and decreased nodal efficiency in the left temporal 

pole. 

To sum up, there are very few studies on structural connectivity in PD 

with RBD. Promising methods explore not only GM volume matrices but 

also matrices derived from DTI measures (ͷ͹), such previously in PD 

patients with MCI (͸Ͱ). 

Functional MRI characterization 

Functional magnetic resonance imaging (fMRI) allows exploring the 

pattern of temporal dependence and coactivation from different brain 

regions. In fMRI, the core signal captured is blood-oxygen-level-

dependent (BOLD). The deoxyhemoglobin changes in the brain due to 

blood flow and oxygenation shape the BOLD signal and reflect the 

neuronal activity through the neurovascular coupling mechanism (͸ͱ). 

One of the most common approaches in the field is the exploration of the 

resting-state fMRI, which captures spontaneous neural activity (͸Ͳ). 

Some studies have used resting-state fMRI to characterize functional 

connectivity in PD with RBD; we will revise the existing literature in this 

point. 

The first study exploring PD with RBD employing an fMRI approach was 

performed by Li et al. (͸ͳ). The authors applied amplitude of low-

frequency fluctuation (ALFF) analysis in a sample of ͳʹ PD patients 

classified using PSG. The ALFF analyzes the intensity of regional 

spontaneous brain activity (͸ʹ). The results showed reduced ALFF in the 

PD-RBD group in the right precentral gyrus, middle frontal gyrus, insula, 

and bilateral putamen compared with the PD-non RBD group. The 

authors highlighted that probably the functional alteration in the motor 



59 
 

cortex contributes to the pathophysiology of PD with RBD, as RBD 

components imply not only a midbrain impairment. 

In a subsequent study, Gallea et al. performed network analyses focused 

on the locomotor, arousal, and basal ganglia-thalamic control networks 

in a sample of ͵Ͳ PD patients classified using PSG (͸͵). They reported 

reduced functional connectivity in PD-RBD compared with PD-non RBD 

in the arousal network involving the pedunculopontine nucleus and 

ventral posterior anterior cingulate cortex. Moreover, they explored the 

effect of having impaired postural control in addition to RBD. The results 

showed reduced functional connectivity in PD-RBD with impaired 

postural control between the pedunculopontine nucleus and the 

supplementary motor area, pre-supplementary motor area, and dentate 

nucleus (locomotor network); and between the pedunculopontine 

nucleus and medial prefrontal cortex (arousal network). The authors 

hypothesized that two territories of the pedunculopontine nucleus 

neurons could contribute respectively to the arousal and locomotor 

networks. Thus, the impairment of these territories and their overlapped 

regions could contribute differentially to the onset of RBD (arousal 

network) and postural control impairment (locomotor network) in PD 

patients. They found that functional connectivity of the 

pedunculopontine nucleus as part of the locomotor network correlated 

with the functional connectivity of this region as part of the arousal 

network in the PD with RBD groups. Therefore, they concluded that the 

functional alteration of the pedunculopontine nucleus links the RBD with 

postural control impairment in PD. 

Li et al. carried out a study using a graph analysis approach with a sample 

of ͹Ͳ PD patients from the PPMI classified using the RBDSQ (͸Ͷ). The 

PD-pRBD group had reduced betweenness centrality in the right 
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dorsolateral superior frontal gyrus, increased betweenness centrality in 

the left insula, and increased nodal efficiency in the bilateral thalamus 

compared with PD-non pRBD. They suggested that the decreased 

betweenness centrality in the dorsolateral superior frontal gyrus may be 

associated with cognitive impairment in PD with RBD, as it is part of the 

frontoparietal network. A possible explanation for this frontal functional 

abnormality may be associated with GM volume loss in this specific 

region. The authors interpreted the increased nodal efficiency in the 

thalamus, and betweenness centrality in the left insula, as compensatory 

mechanisms considering volume decreases in these regions in PD with 

RBD. Furthermore, they pointed to the potential incremented alpha-

synuclein depositions in the thalamus as another relevant factor. 

Another study used dynamic functional network connectivity (dFNC) to 

analyze a sample of ͱͲͶ PD patients classified through the RBDSQ (͸ͷ). 

Of note, the dFNC is an approach focused on the time-varying 

associations among different brain regions organized in differentiated 

functional networks (͸͸,͸͹). They reported weaker positive coupling in 

PD-pRBD than PD-non pRBD between the visual network and default 

mode network, between the default mode network and basal ganglia 

network, and within-network coupling in the default mode network. The 

authors proposed that the results showed a loss of brain dynamic, 

characteristic of PD with RBD. 

More recently, Jiang et al. used a seed-to-whole brain approach to analyze 

a sample of ͵Ͱ PD patients classified using PSG (ͷͲ). In the analyses, they 

used as seed regions the right superior occipital gyrus and the cerebellar 

vermis IV/V, based on previous VBM findings. The results showed 

reduced functional connectivity between the right superior occipital 

gyrus and left fusiform gyrus, calcarine sulcus, and superior parietal gyrus 
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in PD-RBD. The authors suggested that this functional alteration is 

directly linked with the structural alteration in the PD-RBD group. 

In summary, there is a limited number of fMRI studies centered on PD 

with RBD. The diversity of methodological approaches and the regional 

distribution of the results do not allow the definition of a clear pattern of 

functional alteration in this group of patients. Nevertheless, the reviewed 

studies support the existence of functional abnormalities associated with 

PD patients with RBD, and the most consistent finding throughout the 

literature resembles the altered connectivity of frontal regions. 

Metabolic and chemical neurotransmission characterization 

Several studies have used positron emission tomography (PET) to analyze 

cerebral glucose metabolism in PD with RBD and the binding of some 

neurotransmitters, mainly dopamine. 

Regarding cerebral glucose metabolism, Arnaldi et al. used [¹⁸F]FDG-PET 

analysis in a sample of ͳ͸ de novo PD patients classified through the MSQ 

(͹Ͱ). The results showed a reduced metabolism in PD-pRBD compared 

with PD-non pRBD in parieto-occipital regions, middle-temporal and 

angular gyri in the more affected hemisphere, which was defined as the 

contralateral one to the body side with motor symptoms prevalence. 

Additionally, the PD-pRBD group showed increased metabolism in the 

anterior cingulate cortex and precentral gyrus in the more affected 

hemisphere compared with the PD-non pRBD group. 

In a subsequent study using an [¹⁸F]FDG-PET approach, Yoon et al. 

analyzed a group of Ͳͱ de novo PD-pRBD classified according to the 

RBDSQ (͹ͱ). They established a PD-pRBD metabolism pattern after 

comparing it with an HC group. The PD-pRBD metabolism pattern 
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involved decreased metabolism in bilateral occipital and posterior 

parietal regions; and increases in the bilateral primary and supplementary 

motor areas, premotor cortex, thalamus, putamen, globus pallidus, 

rostral and orbital parts of the superior frontal gyrus, cerebellum, pons, 

and parahippocampal gyrus. Besides, the PD-pRBD patients had a 

reduced binding compared with a group of iRBD patients in the bilateral 

posterior putamen, anterior putamen, and caudate. To test that this 

pattern was characteristic of the PD-pRBD group, they analyzed its 

similarity to the metabolism of iRBD and PD-RBD patients. The results 

showed that the iRBD group metabolism had a low correlation with the 

PD-pRBD metabolism pattern, taking the PD-pRBD group as a reference. 

Besides, the PD-RBD group showed a high correlation with the PD-pRBD 

metabolism pattern, taking the HC group as a reference. 

Shin et al. analyzed through [¹⁸F]FDG-PET a group of Ͳ͵ de novo PD-

pRBD patients classified using the RBDSQ (͹Ͳ). They described a PD-

pRBD metabolism pattern after its comparison with an HC group. The 

PD-pRBD metabolism pattern included decreases in the right middle 

occipital gyrus, precuneus, superior temporal gyrus and insula, and the 

bilateral lingual gyrus; and increases in bilateral premotor and precentral 

areas, middle frontal gyrus and putamen, and right hippocampus. The 

metabolism of the PD-pRBD patients correlated and showed a 

widespread overlapping with the pattern of metabolism of a treated PD 

group. This metabolism pattern of treated PD involved decrements of 

metabolism in bilateral lateral occipital, inferior parietal, and precuneus 

regions; and increments in the bilateral supplementary motor area, 

hippocampus, putamen, thalamus, and cerebellum. 

In summary, the findings point to distinct cerebral glucose metabolism 

in PD with RBD, including decrements in parietal and occipital regions 
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and increments in frontal areas, specifically in the precentral gyrus. 

Although, these findings must be cautiously interpreted since some 

studies did not include PD without RBD patients. 

Another group of studies analyzed dopamine binding in PD with RBD 

using PET approaches. First, Kotagal et al. used an [ͱͱC]DTBZ-PET 

approach to explore the vesicular monoamine transporter (VMATͲ) 

binding (͹ͳ). They analyzed a whole sample of ͸Ͱ PD patients classified 

using the MSQ. The analyses did not find statistically significant binding 

differences between PD-pRBD and PD-non pRBD. 

Similarly, in a recent study Valli et al. analyzed with an [ͱͱC]DTBZ-PET 

approach a group of ͳͰ PD patients classified using the MSQ (͹ʹ). They 

also failed to find significant differences between PD-pRBD and PD-non 

pRBD groups. The results showed reduced binding in bilateral caudate, 

associative, motor and ventral striatum, and external and internal globus 

pallidus in PD-pRBD compared with HC. However, the same differences 

were found in PD-non pRBD compared with HC, plus the subthalamus 

and substantia nigra. 

Other studies applied an [ͱ͸F]FP-CIT-PET approach to examine the 

striatal dopamine transporter (DAT) binding. Besides, Chung et al. 

analyzed with this technique a sample of ͹ͷ PD patients classified 

according to the RBDSQ (͹͵). The results showed a reduced binding in 

PD-pRBD compared with PD-non pRBD in the putamen of the less 

affected hemisphere. 

Further, Yoon et al. performed [ͱ͸F]FP-CIT-PET analyses in the above-cite 

study to compare the de novo PD-pRBD and iRBD groups (͹ͱ). The results 

showed reduced binding in the bilateral posterior and anterior putamen, 

and caudate in PD-pRBD. 
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Similar to the previous studies, Lee et al. used [ͱ͸F]FP-CIT-PET to 

compare a group of ͳͰ PD-pRBD patients classified through the RBDSQ 

with an iRBD group (͹Ͷ). They found that the PD-pRBD group had a 

reduced binding in bilateral caudate, anterior and posterior putamen, 

and substantia nigra compared with the iRBD group. 

In a subsequent study, Horsager et al. used an [ͱ͸F]DOPA-PET approach 

to analyze dopamine binding in the putamen in a sample of ͳͷ de novo 

PD patients classified by means of PSG (ͷͷ). They did not find differences 

between PD-RBD and PD-non RBD, and both groups showed a significant 

binding reduction in the putamen compared with an iRBD group. 

Valli et al. tried to characterize the extra-striatal dopamine binding 

within the mesocortical and mesolimbic pathways through an [ͱͱC]FLB-

ʹ͵ͷ-PET approach (͹ͷ) in the previously described sample of ͳͰ PD 

patients classified using the MSQ (͹ʹ). The regions of interest included 

prefrontal, temporal, and limbic areas. The results showed that PD-pRBD 

and PD-non pRBD groups, compared with the control group, had 

reduced dopamine DͲ receptor availability in the parahippocampal, 

superior, lateral, and inferior temporal cortices regions. The unique 

difference between PD groups was that the PD-pRBD group showed a 

steep decline in DͲ availability in the left uncus parahippocampus 

associated with the disease staging (see Subsection . . . Brain correlates 

in PD with RBD and Table ). 

Briefly, the PD with RBD group shows a reduced dopamine binding in 

basal ganglia compared with iRBD patients. Regarding the comparison 

between PD groups, several single-photon emission computerized 

tomography (SPECT) studies have described results consistent with those 

found with a PET approach, including reductions of dopamine binding in 
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the basal ganglia in PD with RBD. We will review SPECT studies at the 

end of this point. Interestingly, studies focused on VMATͲ binding did 

not allow for differentiation of PD with and without RBD; Valli et al. 

discussed widely possible explanations elsewhere (͹ʹ). 

Noradrenaline binding has been analyzed in PD-RBD in two studies using 

an [ͱͱC]MeNER-PET approach (ͷͶ,͹͸). Both studies used the same cohort 

of ͳͰ PD patients classified using PSG. In the first study, the authors 

found reduced binding in the bilateral thalamus, hypothalamus, red 

nucleus, locus coeruleus, median, and dorsal raphe in PD-RBD compared 

with PD-non RBD (ͷͶ). In the second, the results showed that the PD-

RBD group had a reduced binding in the bilateral primary sensorimotor 

cortex compared with HC, while the PD-non RBD did not (͹͸). 

It has been studied the putative implication of other neurotransmitters. 

Kotagal et al., in the study cited above, analyzed acetylcholine and 

serotonin binding using [ͱͱC]PMP-PET and [ͱͱC]DASB-PET approaches, 

respectively (͹ͳ). The results showed a reduced [ͱͱC]PMP binding in 

bilateral neocortical, thalamic, and limbic cortical regions in PD-pRBD 

compared with PD-non pRBD. On the other hand, they did not find 

significant differences in [ͱͱC]DASB binding. 

Thus, the PET literature exploring other neurotransmitter systems apart 

from the dopaminergic is still scarce. This effort could help to 

characterize PD with RBD, as these systems could play a relevant role in 

its distinct clinical and cognitive profile. 

Using SPECT, several studies have tried to elucidate the characteristics of 

dopamine uptake in PD patients with RBD, specifically in the basal 

ganglia. For more detail about the sample size and the classification 

method (PSG or questionnaire) used in SPECT studies, see Table . 
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The results in de novo PD have shown reduced specific binding ratios in 

the caudate in PD-pRBD compared with PD-non pRBD, with cross-

sectional (͹Ͱ,͹͹,ͱͰͰ) and longitudinal (ͱͰͰ,ͱͰͱ) approaches. Similar 

findings have been described in cross-sectional studies that compared 

PD-RBD and PD-non RBD groups classified by PSG (ͱͰͲ). Moreover, 

reduced uptake has been observed in PD-RBD in comparison with iRBD 

patients (ͱͰͲ). 

Similarly, some cross-sectional studies in de novo PD have reported 

binding reductions in the putamen in PD-pRBD compared with PD-non 

pRBD (͹Ͱ,ͱͰͰ) and iRBD (͹͹); as well as in the comparison between PD-

RBD and PD-non RBD (ͱͰͲ). Comparably, results in the same direction 

have been found in more advanced patients in PD-RBD compared with 

iRBD (ͱͰͳ). Longitudinally, a significant binding reduction in the 

putamen has been reported in PD-pRBD compared with PD-non pRBD 

(ͱͰͱ). 

Otherwise, some SPECT studies have failed to find differences between 

PD with RBD and without RBD in striatal dopamine binding (ͶͶ,ͱͰʹ). 

The main findings point to a reduced dopamine uptake in basal ganglia 

in PD patients with RBD compared with PD patients without RBD. This 

binding reduction has been interpreted mainly as an increased alteration 

of the nigrostriatal dopaminergic pathway. Besides, the dysfunction of 

this circuitry is potentially related to the development of a more severe 

clinical profile characterized by motor symptoms and cognitive 

impairment. 

 



 

Table 3. Studies of structural MRI in Parkinson’s disease with RBD 

Reference Sample Demogr. Class. Analysis Contrast Brain regions 
       

GM characterization       
       

Boucetta et al., ͲͰͱͶa (Ͷ͸) Ͷ͹ PD-pRBDc 
 

ͶͰ.͹ͳ±͹.ͱͶ; 
Ͷ.Ͳ͹±Ͷ.ͶͲ m 

RBDSQ DBM PD-pRBD<PD-non pRBD  volume L medullary 
reticular formation and 
supramarginal gyrus; R 
anterior cingulate; bilateral 
pontomesencephalic 
tegmentum, basilar part of 
the pons, deep cerebellar 
nuclei, cerebral peduncle, 
hypothalamus, thalamus, 
putamen, claustrum, 
internal capsule, amygdala, 
lingual gyrus, and superior 
and inferior longitudinal 
fasciculi 

 

 

 

 

 

 

 

 

 

 

 

 

ͲʹͰ PD-non pRBDc Ͷͱ.ͶͲ±͹.͸ʹ; 
Ͷ.͸͵±Ͷ.ͶͶ m 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

ͱͳ͸ HC ͵͹.͹Ͳ±ͱͰ.͸ͳ 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 PD-pRBD>PD-non pRBD 

 
 

 volume R rectus and 
orbitofrontal gyri; bilateral 
olfactory trigone, medial 
prefrontal, superior frontal 
gyrus, inferior frontal gyrus, 
mid-cingulate gyrus, and 
superior temporal gyrus 

PD-pRBD<HC 
 
 
 
 
 
 
 
 
 

 volume L medullary 
reticular formation, 
supramarginal gyrus and 
anterior cingulate; R 
fusiform gyrus; bilateral 
pontomesencephalic 
tegmentum, deep cerebellar 
nuclei, substantia nigra, 
hypothalamus, thalamus, 
putamen, claustrum, 
amygdala, hippocampus, 
lingual and orbitofrontal 
gyri 

       



 

     PD-pRBD>HC  volume R rectus and 
superior frontal gyri; 
bilateral olfactory trigone, 
medial prefrontal, inferior 
frontal and midcingulate 
gyri 

       

Ford et al., ͲͰͱͳ (Ͷͳ) ʹͶ PD-pRBD ͶͶ.ʹ±͹.͹; 
Ͷ.͵±͵.ͱ m 

MSQ VBM n.s.   

 ͷ͸ PD-non pRBD Ͷ͵.͸±ͱͰ.͹; 
Ͷ.Ͱ±ʹ.ʹ m 

   

       

García-Lorenzo et al., ͲͰͱͳ (Ͷʹ) Ͳʹ PD-RBD ͶͲ.ʹ±͸.ʹ; 
͹.Ͷ±ͳ.͸ y 

PSG VBM n.s.  

 ͱͲ PD-non RBD ͵Ͷ.ͳ±ͱͱ.͵; 
͹.ͷ±ʹ.͵ y 

   

ͱ͹ HC ͶͰ.Ͳ±͸.ͳ 
       

Jiang et al., ͲͰͲͱ (ͷͲ) Ͳʹ PD-RBD ͶͶ.Ͱʹ±͵.ͷͳ; 
Ͷ.ͷ͹±ͳ.͵͸ y 

PSG VBM PD-RBD<PD-non RBD  volume R SOG 
PD-RBD>PD-non RBD  volume cerebellar vermis 

IV/V  ͲͶ PD-non RBD ͶͲ.͹Ͷ±ͷ.ʹͱ; 
͵.Ͷ͹±Ͳ.͸͸ y 

  
PD-RBD<HC  volume L amygdala and 

middle cingulate gyrus; R 
SOG, angular, insula and 
cerebellum lobe VI; bilateral 
caudate and putamen 

ͲͶ HC ͶͲ.ͷͳ±Ͷ.ͳͳ 
  

       

Kamps et al., ͲͰͱ͹a (ͷͰ) ʹͰ PD-pRBDc Ͷͱ.ͱ±ͱͰ.ͷͲ; 
Ͷ.ͲͲ±ͷ.Ͷ͹ m 

RBDSQ VBM PD-pRBD<PD-non pRBD  volume R putamen 
PD-pRBD<HC  volume R putamen 

 
 

ͱͲͷ PD-non pRBDc
 

 

Ͷͱ.Ͱ͸±͹.ͳͲ; 
͵.͵Ͷ±Ͷ.͹Ͳ m 

    

       

Lim et al., ͲͰͱͶ (Ͷͷ) Ͳʹ PD-RBD Ͷ͹.͸±Ͷ.ʹ; 
Ͷ.Ͳ±Ͳ.͹ y 

PSG VBM PD-RBD<PD-non RBD  volume L hippocampus, 
cingulate gyrus 

 ͱʹ PD-non RBD  
 

Ͷ͹.ͷ±ͷ.Ͳ; 
ʹ.ʹ±ͳ.ͷ y 

 
 

 PD-RBD>PD-non RBD  volume L cuneus; R 
lingual gyrus 

Ͳ͵ HC Ͷ͸.͵±Ͷ.Ͷ PD-RBD<HC  volume L precuneus, 
cuneus, cingulate, medial 
frontal gyrus, postcentral 
gyrus; bilateral inferior 
parietal  

  

       



 

Rahayel et al., ͲͰͱ͹ (ͷͱ) ͱ͵ PD-RBD ͶͶ.ͷ±ͷ.Ͷ; 
ͳ.͹±Ͳ.͹ y 

PSG CTh 
VBM 
DBM 
Shape 
analysis 
SB vol 

PD-RBD<PD-non RBD Cortical thinning in R 
perisylvian areas and 
inferior temporal extending 
to fusiform 

 ͱ͵ PD-non RBD  Ͷͳ.ͱ±͸.͹; 
ͳ.ͷ±Ͳ.Ͷ y 

 

ʹͱ HC Ͷͳ.ͳ±͸.ͱ   volume L lingual gyrus 
and cerebellum; bilateral 
putamen 

  
 

 Surface bilateral putamen 
PD-RBD<HC Cortical thinning 

widespread in bilateral 
frontal, cingulate, temporal, 
parietal, and occipital 
regions 

  volume widespread in 
bilateral basal ganglia, 
thalamus, hippocampus, 
cerebellum and frontal, 
temporal, parietal, and 
occipital regions 

 Surface L hippocampus; R 
accumbens, bilateral 
putamen, and pallidum 

       

Salsone et al., ͲͰͱʹ (ͶͶ) ͱͱ PD-RBD ͶͶ.Ͷ±ͷ.ʹ; 
ʹ.ͷͲ±ʹ.Ͱͷ y 

PSG VBM 
SB vol 

PD-RBD<PD-non RBD  volume bilateral thalamus 
PD-RBD<HC  volume bilateral thalamus 

 ͱͱ PD-non RBD ͶͶ.͹±ͷ.͹; 
ʹ.ͳͶ±ʹ.Ͳ y 

    

ͱ͸ HC Ͷ͵.ͱ±ͷ.͸ 
       

Yoon et al., ͲͰͲͱa, b (ͷͳ) ͱ͸ PD-pRBDc Ͷʹ.͹±ͷ.͹; 
ͳ.Ͱ±͸.͵ m 

RBDSQ CTh 
SB vol 

Baseline: 
PD-pRBD<PD-non pRBD 

Cortical thinning in 
bilateral inferior temporal 

 
 

ͶͰ PD-non pRBDc  ͶͲ.ͳ±ͷ.Ͳ; 
ʹ.ͱ±ͷ.Ͳ m 

 
 

 Effect time: 
PD-pRBD 
 
 

Cortical thinning in L 
inferior temporal, superior 
temporal, insula, precuneus, 
lateral occipital, caudal 
middle frontal and posterior 
cingulate; bilateral 
precentral and superior 
parietal 

 
 

 
 

       



 

 

       volume L amygdala and 
pallidum; R accumbens; 
bilateral caudate, 
hippocampus, putamen, 
and thalamus 

Group by time: 
PD-pRBD<PD-non pRBD 

Cortical thinning in L insula  
 volume L caudate, 

pallidum and amygdala 
       

WM characterization       
       

Ansari et al., ͲͰͱͷa (ͷ͵) Ͳͳ PD-pRBDc ͵͹.ʹͳ±ͱͰ.͹ͷ; 
ͷ.͹͵±͸.ͷͶ m 

RBDSQ DTI PD-pRBD<PD-non pRBD  QA bilateral cingulum 
pathways, genu, body and 
splenium of the corpus 
callosum, inferior fronto-
occipital fasciculi, 
corticospinal tracts, and 
middle cerebellar peduncles 

 ͳͱ PD-non pRBDc  ͶͰ.Ͷʹ±͸.Ͷ͵; 
ͷ.ͳͲ±͸.ͱ͹ m 

  

  

       

Ford et al., ͲͰͱͳ (Ͷͳ) ʹͶ PD-pRBD ͶͶ.ʹ±͹.͹; 
Ͷ.͵±͵.ͱ m 

MSQ DTI n.s.  

 ͷ͸ PD-non pRBD Ͷ͵.͸±ͱͰ.͹; 
Ͷ.Ͱ±ʹ.ʹ m 

   

       

García-Lorenzo et al., ͲͰͱͳ (Ͷʹ) Ͳʹ PD-RBD ͶͲ.ʹ±͸.ʹ; 
͹.Ͷ±ͳ.͸ y 

PSG DTI PD-RBD>HC  FA L tegmentum of the 
midbrain and rostral pons 

 ͱͲ PD-non RBD ͵Ͷ.ͳ±ͱͱ.͵; 
͹.ͷ±ʹ.͵ y 

    ADC R pontine 
tegmentum of the midbrain 
(cerebral peduncles and 
substantia nigra) 

ͱ͹ HC ͶͰ.Ͳ±͸.ͳ 

       

Lim et al., ͲͰͱͶ (Ͷͷ) Ͳʹ PD-RBD Ͷ͹.͸±Ͷ.ʹ; 
Ͷ.Ͳ±Ͳ.͹ y 

PSG DTI PD-RBD<HC  FA bilateral frontal areas 
PD-RBD>HC  MD bilateral widespread 

 ͱʹ PD-non RBD Ͷ͹.ͷ±ͷ.Ͳ; 
ʹ.ʹ±ͳ.ͷ y 

    

Ͳ͵ HC Ͷ͸.͵±Ͷ.Ͷ 
       

       
 
 
 
 
 

    
 
 
 
 
 

  

       



 

Neuromelanin abnormalities       
       

García-Lorenzo et al., ͲͰͱͳ (Ͷʹ) Ͳʹ PD-RBD ͶͲ.ʹ±͸.ʹ; 
͹.Ͷ±ͳ.͸ y 

PSG NM-MRI 
 

PD-RBD<PD-non RBD  signal intensity 
coeruleus/subcoeruleus 
complex 

 

ͱͲ PD-non RBD ͵Ͷ.ͳ±ͱͱ.͵; 
͹.ͷ±ʹ.͵ y PD-RBD<HC  signal intensity 

coeruleus/subcoeruleus 
complex 

ͱ͹ HC ͶͰ.Ͳ±͸.ͳ 
 

       

Horsager et al., ͲͰͲͰ (ͷͷ) ͱͳ PD-RBDc ͷͲ.Ͷ±͵.ͳ; 
ͷ [Ͳ–ͷ] m 

PSG NM-MRI n.s.   

 Ͳʹ PD-non RBDc ͶͲ.ͳ±ͷ.͸; 
Ͳ.͵ [ͱ-͸.͵]m 

    

       

Sommerauer et al., ͲͰͱ͸ (ͷͶ) ͱͶ PD-RBD Ͷͷ.ͷ±͹.ͳ; 
ͷ.Ͷ±ʹ.Ͷ y  

PSG NM-MRI PD-RBD<PD-non RBD  coeruleus-to-pons 
intensity ratio 

 ͱʹ PD-non RBD Ͷ͵.ʹ±͹.Ͱ; 
͵.Ͱ±ͳ.Ͷ y   

 
 

 PD-RBD<HC  coeruleus-to-pons 
intensity ratio 

ͱͲ HC   Ͷͷ.ͳ±Ͷ.ͳ   
       

Structural connectivity       
       

Chen et al., ͲͰͲͲa (ͷ͹) ͷʹ PD-pRBDc ͶͲ.Ͷ±͹.ͷ; 
n.a. 

RBDSQ SCN w/ 
FN 
(͹Ͱ AAL 

ROIs)d 

PD-pRBD<PD-non pRBD  global efficiency 
  nodal efficiency in L 

temporal pole  ͹ͷ PD-non pRBDc Ͷͱ.ͱ±͹.ͳ; 
n.a. 

 
PD-pRBD>PD-non pRBD  shortest path length 

ͷͳ HC ͶͰ.Ͳ±ͱͰ.ͱ   nodal efficiency in R 
insula and L middle frontal 
gyrus 

   

PD-pRBD<HC  global efficiency 
PD-pRBD>HC  nodal efficiency in L 

temporal pole 
 shortest path length 

  nodal efficiency widely 
mainly in neocortical and 
paralimbic regions 

       

Guo et al., ͲͰͱ͸a (ͷ͸) ͵ͱ PD-pRBD Ͷͱ.͹±͹.͵; 
n.a. 

RBDSQ SCN w/ 
GM vol 
(ͱͱͶ AAL 

ROIs) dⴕ  

PD-pRBD<PD-non pRBD
  

 Local efficiency in several 
cerebellar regions and L 
pallidum  ͱʹͰ PD-non pRBD  ͶͰ.͵±͹.ͷ; 

n.a. 
 

  

ͷͶ HC ͶͰ.ͳ±ͱͰ.Ͷ  
       



 

       Clustering coefficient in 
several cerebellar regions 
and L pallidum 

       Betweenness in L superior 
temporal 

 Degree in L cerebellum 
ʹ_͵ and cuneus, vermis ͷ 

PD-pRBD>PD-non pRBD  Local efficiency in L pars 
triangularis, Rolandic 
operculum, calcarine and 
superior temporal; R 
inferior orbitofrontal and 
cerebellum ͳ; bilateral 
cuneus 

  Clustering coefficient in L 
pars triangularis, Rolandic 
operculum, calcarine and 
superior temporal; R 
inferior orbitofrontal, 
cerebellum ͳ and anterior 
cingulate; bilateral cuneus 

 Betweenness in L 
hippocampus and pallidum; 
R cerebellum CrusͲ and ͱͰ; 
bilateral cerebellum ͷb 

 Degree in L inferior 
temporal; R amygdala, 
hippocampus, and middle 
temporal pole  

PD-pRBD<HC  Local efficiency in several 
cerebellar regions 

       Clustering coefficient in 
several cerebellar regions 

       Betweenness in L 
cerebellum crusͱ and 
fusiform  

 
 

      Degree in L cerebellum 
crus I, crus II and ͳ; 

      



 

      R pars triangularis and 
superior orbitofrontal

     PD-pRBD>HC  Local efficiency in L 
fusiform, superior temporal 
and cuneus;  
R superior orbitofrontal, 
angular and caudate  

  Clustering coefficient in L 
fusiform, superior temporal 
and cuneus; R superior 
orbitofrontal, angular and 
caudate 

 Betweenness in L rectus  
 Degree in L olfactory and 

temporal inferior  
       

Kamps et al., ͲͰͱ͹a (ͷͰ) ʹͰ PD-pRBDc
 

Ͷͱ.ͱ±ͱͰ.ͷͲ; 
Ͷ.ͲͲ±ͷ.Ͷ͹ m 

RBDSQ SCA w/ 

GM vole 

n.s. 

 

 ͱͲͷ PD-non pRBDc Ͷͱ.Ͱ͸±͹.ͳͲ; 
͵.͵Ͷ±Ͷ.͹Ͳ m 

  
 

Ͷ͸ HC ͵͹.ʹͱ±ͱͰ.ͷͶ 
 

Only those contrasts involving PD-RBD or PD-pRBD groups are included. Demographics are presented as age; disease duration (in y±SD, m±SD, 
or m[minimun-maximun]). 
Abbreviations:  AAL, Automated Anatomical Labeling atlas; ADC, apparent diffusion coefficient; CTh, cortical thickness; Class., classification 
method; DBM, deformed-based morphometry; Demogr., demographics; FA, fractional anisotropy; FN, number of fibers; GM, gray matter; HC, 
healthy controls; L, left; m, months; MD, mean diffusivity; MRI, magnetic resonance imaging; MSQ, Mayo Sleep Questionnaire; n.a., not available; 
NM-MRI, neuromelanin-sensitive MRI; n.s., not significant; PD-non pRBD, Parkinson’s disease without probable RBD; PD-non RBD, Parkinson’s 
disease without RBD; PD-pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with RBD; PSG, polysomnography; QA, 
quantitative anisotropy; R, right; RBD, REM sleep behavior disorder; RBDSQ, RBD Screening Questionnaire; REM, rapid eye movement; ROIs, 
regions of interest; SB vol, subcortical volumetry; SCA, structural covariance analysis; SCN, structural correlation network; SOG, superior 
occipital gyrus; VBM, voxel-based morphometry; vol, volumetry; w/, with; y, years. 
a All participants were extracted from the PPMI data (https://www.ppmi-info.org/). 
b Longitudinal study. 
c Parkinson’s disease patients classified as de novo PD (at baseline for longitudinal studies). 
d Ͷ͸ cortical and ͱͲ subcortical regions from the AAL atlas, dⴕ including also ͲͶ cerebellar regions. 
e  Bilateral hippocampus, thalamus, and putamen as seed regions.



 

Table 4. Studies of functional MRI in Parkinson’s disease with RBD 

Reference Sample Demogr. Class. Analysis Contrast Brain regions 
       

Gallea et al., ͲͰͱͷ (͸͵) ͲͲ PD-RBD ͶͲ.ʹ±Ͷ.ʹ; 
͸.ͷ±ͳ.ͷ y 

PSG Locom., 
arousal 
and 
basal 
ganglia-
thalamic 
ctrl. 
network 
analyses 

PD-RBD<PD-non RBD  FC between bilateral 
PPN and ventral posterior 
ACC (arousal network)  

 
 
 
 
 
 
 

ͱͶ PD-RBD PI+ Ͷͱ.͹±͹.ʹ; 
͹.Ͱ±Ͳ.ͷ y 

 
PD-RBD PI+<PD-non RBD  FC between bilateral 

PPN and SMA proper, 
pre-SMA, and DN (locom. 
network); between 
bilateral PPN and MPFC 
and ventral posterior ACC 
(arousal network) 

ͱʹ PD-non RBD ͵ͷ.͹±͸.͸; 
͸.Ͷ±ʹ.Ͳ y 

Ͳ͵ HC ͵͹.͸±͸.Ͱ 
 
 
 
 

 
 
 

 
 
 
 

PD-RBD PI+<PD-RBD  FC between bilateral 
PPN and SMA proper, 
pre-SMA, and DN (locom. 
network); between 
bilateral PPN and MPFC 
(arousal network) 

PD-RBD<HC 
 
 
 

 FC between bilateral 
PPN and ventral posterior 
ACC (arousal network); 
between bilateral SN and 
VA thalamus, SN and 
posterior putamen (basal 
ganglia-thalamic ctrl. 
network) 

     

PD-RBD PI+<HC  FC between bilateral 
PPN and SMA proper, 
pre-SMA, and DN (locom. 
network); between 
bilateral PPN and MPFC 
and ventral posterior ACC 
(arousal network); 
between bilateral SN and 
VA thalamus SN and 
posterior putamen (basal 
ganglia-thalamic ctrl. 
network)

       



 

Gan et al., ͲͰͲͱ (͸ͷ) ʹ͵ PD-pRBD 64.4±8.5; 
ͷ.Ͱ±͵.ͷ͵ y 

RBDSQ dFNC 
analysis 

PD-pRBD>PD-non pRBD  fractional windows and 
mean dwell time in state 
IV (involved correlations 
between VIS and DMN, 
BG and DMN, and 
positive within-network 
coupling of DMN) 

 ͸ͱ PD-non pRBD ͶͰ.͹±͹.Ͱ; 
͵.Ͱ±ʹ.Ͱ y 

  

ͳͷ HC Ͷͱ.͹±͵.Ͷ 
  

PD-pRBD<HC  fractional windows and 
mean dwell time in state 
III (involved correlations 
between VIS and DMN, 
BG and DMN; and 
positive within-network 
coupling of SMN) 

       

Jiang et al., ͲͰͲͱ (ͷͲ) Ͳʹ PD-RBD ͶͶ.Ͱʹ±͵.ͷ; 
Ͷ.ͷ͹±ͳ.͵ y 

PSG Seed-to-
whole 
brain (R 
SOG and 
cerebel. 
vermis 
IV/V) 

PD-RBD<PD-non RBD  FC between R SOG and 
L fusiform gyrus, calcarine 
sulcus, and superior 
parietal gyrus  

 ͲͶ PD-non RBD ͶͲ.͹Ͷ±ͷ.ʹ; 
͵.Ͷ͹±Ͳ.͸͸ y 

 

ͲͶ HC ͶͲ.ͷͳ±Ͷ.ͳͳ PD-RBD<HC  FC between R SOG and 
L fusiform gyrus  

PD-RBD>HC  FC between R SOG and 
L cerebel. crus II 

       

Li et al., ͲͰͱͷ (͸ͳ) ͱ͸ PD-RBD Ͷͳ.͹±͸.Ͳ; 
͵.ͳ±ʹ.Ͱ y 

PSG ALFF PD-RBD<PD-non RBD  ALFF R precentral 
gyrus, middle frontal 
gyrus, and insula; bilateral 
putamen 

 ͱͶ PD-non RBD ͶͲ.͸±Ͷ.Ͷ; 
ʹ.Ͱ±ʹ.ͳ y 

  

ͱ͹ HC ͶͲ.ͷ±͸.ͱ PD-RBD<HC   ALFF R precentral and 
middle frontal gyri; 
bilateral caudate and 
putamen

  

PD-RBD>HC   ALFF L superior frontal 
gyrus 

       

Li et al., ͲͰͲͰa (͸Ͷ) ͳͰ PD-pRBD 61.87±9.57; 
n.a. 

RBDSQ FN 
analysis 

PD-pRBD<PD-non pRBD  BC R dorsolateral 
superior frontal gyrus 

 ͶͲ PD-non pRBD Ͷͱ.ͳͲ±ͱͰ.ͳ͹; 
n.a. 

  PD-pRBD>PD-non pRBD  BC L insula  
 NE bilateral thalamus 

 

ͲͰ HC Ͷʹ.ͰͰ±͹.ʹ  ͵

  

PD-pRBD<HC  NE L inferior occipital 
gyrus

      



 

       LE R superior parietal 
gyrus 

 CC R middle frontal 
gyrus and superior 
parietal gyrus 

 DC bilateral inferior 
occipital gyrus 

 NE L olfactory and 
hippocampus; R posterior 
cingulum; bilateral 
thalamus 

PD-pRBD>HC  DC L olfactory, 
hippocampus, caudate 
and thalamus; R posterior 
cingulum 

  BC L olfactory and 
inferior parietal gyrus 

Only those contrasts involving PD-RBD or PD-pRBD groups are included. Demographics are presented as age; disease duration in y±SD. 
Abbreviations:  ACC, anterior cingulate cortices; ALFF, amplitude of low-frequency fluctuations; BC, betweenness centrality; BG, basal ganglia 
network; CC, clustering coeficient; cerebel., cerebellar; Class., classification method; ctrl., control; DC, degree centrality; Demogr., demographic; 
dFNC, dynamic functional network connectivity; DMN, default mode network; DN, dentate nucleus; FC, functional connectivity; FN, funcional 
network; HC, healthy controls; L, left; LE, local efficiency; locom., locomotor; MPFC, medial prefrontal cortices; MRI, magenetic ressonance 
imaging; n.a., not available; NE, nodal efficiency; PD-non pRBD, Parkinson’s disease without probable RBD; PD-non RBD, Parkinson’s disease 
without RBD; PD-pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with RBD; PI, postural instability; PPN, 
pedunculopontine nucleus; PSG, polysomnography; R, right; RBD, REM sleep behavior disorder; RBDSQ, RBD Screening Questionnaire; REM, 
rapid eye movement; SMA, supplementary motor area; SN, substantia nigra; SMN, sensorimotor network; SOG, superior occipital gyrus; VA, 
ventral anterior; VIS, visual network; y, years. 
a All participants were extracted from the PPMI data (https://www.ppmi-info.org/).



 

Table 5. Studies of PET and SPECT in Parkinson’s disease with RBD 

Reference Sample Demogr. Class. Analysis Contrast Brain regions 
       

PET       
       

Andersen et al., ͲͰͲͰ (͹͸) ͱͶ PD-RBD Ͷͷ.ͷ±͹.ͳ; 
ͷ.Ͷ±ʹ.Ͷ y  

PSG [ͱͱC]MeNER-PET PD-RBD<HC  binding in bilateral 
primary sensorimotor  

 ͱʹ PD-non RBD Ͷ͵.ʹ±͹.Ͱ; 
͵.Ͱ±ͳ.Ͷ y   

    

ͱͷ iRBD ͶͶ.Ͱ±͸.Ͱ; 
n.a. 

Ͳ͵ HC Ͷͷ.Ͱ±͸.Ͱ 
       

Arnaldi et al., ͲͰͱͶ (͹Ͱ) Ͳʹ PD-pRBDc ͷͲ.͸±Ͷ.Ͳ; 
n.a. 

MSQ  [ͱ͸F]FDG-PET PD-pRBD<PD-non pRBD  binding in MAH 
parieto-occipital 
regions, middle-
temporal and angular 
gyri 

 ͱʹ PD-non pRBDc ͷͰ.Ͷ±ͷ.ͱ; 
n.a. 

  

ʹ͹ HC  Ͷͷ.͸±ͱͱ.Ͷ 
  PD-pRBD>PD-non pRBD  binding in MAH 

anterior cingulate and 
precentral gyrus 

PD-pRBD<HC  binding in MAH 
parieto-occipital 
regions, middle-
temporal and angular 
gyrus 

PD-pRBD>HC  binding in MAH 
anterior cingulate and 
precentral gyrus 

       

Chung et al., ͲͰͱͷ (͹͵) ͳ͹ PD-pRBD Ͷ͹.ͳ±ͷ.͸; 
͵.Ͳ±ͱ.Ͷ y 

RBDSQ [ͱ͸F]FP-CIT-PET PD-pRBD<PD-non pRBD  binding in LAH 
putamen 

 ͵͸ PD-non pRBD Ͷͷ.͵±ͱͱ.ͱ; 
ʹ.͹±ͱ.͵ y 

    

       

Horsager et al., ͲͰͲͰ (ͷͷ) ͱͳ PD-RBDc ͷͲ.Ͷ±͵.ͳ; 
ͷ[Ͳ–ͷ] m 

PSG [ͱ͸F]DOPA-PET PD-pRBD<iRBD  binding in MAH 
putamen 

 Ͳʹ PD-non RBDc ͶͲ.ͳ±ͷ.͸; 
Ͳ.͵[ͱ-͸.͵] m 

    

       



 

 ͲͲ iRBD Ͷ͸.Ͷ±͸.Ͷ; 
ͷ.ͱ ±͵.Ͳ y 

    

       

Kotagal et al., ͲͰͱͲ (͹ͳ) Ͳͷ PD-pRBD Ͷͳ.ʹ±Ͷ.ͷ; 
Ͷ.ʹ±ͳ.ͷ y 

MSQ [ͱͱC]PMP-PET PD-pRBD<PD-non pRBD  [ͱͱC]PMP binding in 
bilateral neocortical, 
thalamic and limbic 
cortical regions 

 ͵ͳ PD-non pRBD Ͷ͵.ͳ±ͷ.ͱ; 
͵.͸±ʹ.Ͱ y 

 [ͱͱC]DTBZ-PET 

  [ͱͱC]DASB-PET 
       

Lee et al., ͲͰͱ͹ (͹Ͷ) ͳͰ PD-pRBDc Ͷ͹.Ͳ±ͷ.Ͱ; 
ͱ.ͱ±Ͱ.͵ y 

RBDSQ [ͱ͸F]FP-CIT-PET PD-pRBD<iRBD  binding in bilateral 
caudate, anterior and 
posterior putamen, 
and substantia nigra 

PSG 
 ͳͰ iRBD ͷͰ.͵±͵.͹; 

ʹ.ͳ±ͳ.Ͱ y 
  

ͱ͹ HC ͷͰ.ͱ±ʹ.͸ PD-pRBD<HC  binding in bilateral 
caudate, anterior and 
posterior putamen, 
and substantia nigra 

  

       

Shin et al., ͲͰͲͱ (͹Ͳ) Ͳ͵ PD-pRBDc Ͷ͸.ʹ±͸.Ͷ; 
ͱ.Ͱ±ͱ.ͱ y 

RBDSQ [ͱ͸F]FDG-PET PD-pRBD<HC  metabolism in R 
middle occipital 
gyrus, precuneus, 
superior temporal 
gyrus, and insula; 
bilateral lingual gyrus 
(PD-pRBD 
metabolism pattern) 

PSG 
 Ͳͱ treated PD ͷͰ.ͷ±ʹ.͹; 

ͳ.͸±Ͳ.ͳ y 
  

ʹʹ iRBD; 
ͱʹ iRBD for 
validation 

Ͷ͹.Ͷ±͵.͵; 
ʹ.Ͳ±Ͳ.͹ y 

  PD-pRBD>HC  metabolism in R 
hippocampus; 
bilateral premotor, 
precentral, middle 
frontal gyrus, and 
putamen (PD-pRBD 
metabolism pattern) 

  PD-pRBD 
metabolism pattern 

 treated PD 
metabolism pattern 

      

      



 

      (  metabolism in 
lateral occipital, 
inferior parietal, and 
precuneus;  
metabolism in 
supplementary motor 
area, hippocampus, 
putamen, thalamus, 
and cerebellum)

       

Sommerauer et al., ͲͰͱ͸ (ͷͶ) ͱͶ PD-RBD Ͷͷ.ͷ±͹.ͳ; 
ͷ.Ͷ±ʹ.Ͷ y  

PSG [ͱͱC]MeNER-PET PD-RBD<PD-non RBD  binding in bilateral 
thalamus, 
hypothalamus, red 
nucleus, locus 
coeruleus, dorsal and 
medial raphe 

 ͱʹ PD-non RBD  Ͷ͵.ʹ±͹.Ͱ; 
͵.Ͱ±ͳ.Ͷ y   

  

ͱͲ HC Ͷͷ.ͳ±Ͷ.ͳ 
  

PD-RBD<HC  binding in bilateral 
thalamus, 
hypothalamus, red 
nucleus, locus 
coeruleus, dorsal and 
medial raphe 

       

Valli et al., ͲͰͲͱd (͹ͷ) ͱ͵ PD-pRBD Ͷ͸.ͱ±Ͷ.ʹ͸; 
Ͷ.ͷͶ±ͳ.Ͷͷ y 

MSQ [ͱͱC]FLB-ʹ͵ͷ-PET PD-pRBD<HC  binding in bilateral 
uncus 
parahippocampus, 
superior temporal, 
lateral temporal, and 
inferior temporal  

 ͱ͵ PD-non pRBD ͷͰ.ͷ±͵.Ͷͷ; 
ͷ.ͲͰ ± ʹ.ʹ͹ y 

  

ͱ͵ HC Ͷͷ.ͱ±͵.ͱʹ 
  

       

Valli et al., ͲͰͲͱd (͹ʹ) ͱ͵ PD-pRBD Ͷ͸.ͱ±Ͷ.ʹ͸; 
Ͷ.ͷͶ±ͳ.Ͷͷ y 

MSQ [ͱͱC]DTBZ-PET PD-pRBD<HC  binding in bilateral 
caudate, associative 
striatum, motor 
striatum, ventral 
striatum, external and 
internal globus 
pallidus 

 ͱ͵ PD-non pRBD ͷͰ.ͷ±͵.Ͷͷ; 
ͷ.ͲͰ ± ʹ.ʹ͹ y 

   

ͱ͵ HC Ͷͷ.ͱ±͵.ͱʹ 
  

       

 
 

 
 

 
 

 
 

 
 

 
 

 
 



 

Yoon et al., ͲͰͱ͹ (͹ͱ) Ͳͱ PD-pRBDc Ͷ͹.Ͳ±ͷ.͸; 
Ͱ.͸±Ͱ.͸ y 

PSG [ͱ͸F]FDG-PET PD-pRBD<iRBD  [ͱ͸F]FP-CIT binding 
in bilateral posterior 
putamen, anterior 
putamen and caudate 

 ͱͱ PD-RBD 
(validation) 

Ͷ͹.Ͳ±͵.͹; 
ʹ.Ͱ±ͱ.͵ y 

RBDSQ [ͱ͸F]FP-CIT-PET 

Ͳ͸ iRBD Ͷ͹.͸±͵.Ͷ; 
ʹ.ʹ±ͳ.͹ y 

  PD-pRBD<HC  [ͱ͸F]FP-CIT binding 
in bilateral posterior 
putamen, anterior 
putamen and caudate 

Ͳʹ HC Ͷ͹.͵±ʹ.ͳ 

  [ͱ͸F]FDG 
metabolism in 
bilateral occipital and 
posterior parietal 
(PD-pRBD 
metabolism pattern) 

  
  

     PD-pRBD>HC  [ͱ͸F]FDG 
metabolism in 
bilateral primary and 
supplementary motor 
areas, premotor, 
thalamus, putamen, 
globus pallidus, 
rostral and orbital 
parts of the superior 
frontal, cerebellum, 
pons, and 
parahippocampal 
gyrus (PD-pRBD 
metabolism pattern) 

  PD-pRBD 
metabolism pattern 

  iRBD metabolism 
pattern  

       



 

      (  metabolism in 
bilateral occipital and 
posterior parietal;  
metabolism bilateral 
supplementary motor 
area, putamen, and 
parahippocampal 
gyrus) 

PD-pRBD>iRBD  PD-pRBD 
metabolism pattern 

PD-RBD>HC  PD-pRBD 
metabolism pattern 

       

SPECT       
       

Arnaldi et al., ͲͰͱ͵e (͹͹) Ͳʹ PD-pRBDc Ͷ͹.ʹ±Ͷ.Ͱ; 
n.a. 

PSG [ͱͲͳI]FP-CIT-SPECT PD-pRBD<PD-non pRBD  binding in bilateral 
caudate MSQ 

 ͱͶ PD-non pRBDc Ͷͷ.Ͳ±ͷ.Ͳ; 
n.a.  

  PD-pRBD<iRBD  binding in bilateral 
putamen 

ͱͲ iRBD ͶͶ.ʹ±ͷ.͵; 
͵Ͳ.Ͱ±ʹʹ.Ͷ m 

  

       

Arnaldi et al., ͲͰͱͶe (͹Ͱ) Ͳʹ PD-pRBDc ͷͲ.͸±Ͷ.Ͳ; 
n.a. 

MSQ  [ͱͲͳI]FP-CIT-SPECT PD-pRBD<PD-non pRBD  binding in bilateral 
caudate and putamen 

 ͱʹ PD-non pRBDc ͷͰ.Ͷ±ͷ.ͱ; 
n.a. 

    

       

Cao et al., ͲͰͲͰa, b (ͱͰͰ) ͹͸ PD-pRBDc  Ͷͱ.͵±ͱͰ.ͱ 
ͷ.Ͳ±ͷ.ʹ 

RBDSQ [ͱͲͳI]FP-CIT-SPECT Baseline: 
PD-pRBD<PD-non pRBD  

 binding in LAH 
caudate and putamen 

 
 

ͱͳ͵ PD-non pRBDc Ͷͱ.Ͳ±͹.͵; 
Ͷ.ͷ±Ͷ.͹ m 

  ͱ-year follow-up:  
PD-pRBD<PD-non pRBD  

 binding in bilateral 
caudate and putamen 

  Ͳ-year follow-up: 
PD-pRBD<PD-non pRBD  

 binding in bilateral 
caudate and putamen 

ʹ-year follow-up: 
PD-pRBD<PD-non pRBD 

 binding in bilateral 
caudate and putamen 

Group by time: 
PD-pRBD<PD-non pRBD 

 binding in bilateral 
caudate 

       

       

       



 

Kim et al., ͲͰͲͰa, b (ͱͰͱ) ͱ͵ͷ PD-pRBDc Ͷͱ.͹Ͱ±͹.Ͷ͹; 
Ͷ.Ͷͳ±Ͷ.͵Ͷ m 

RBDSQ 
 

[ͱͲͳI]FP-CIT-SPECT Group by time, ʹ-year 
follow-up: 
 PD-pRBD<PD-non 
pRBD 

 binding in MAH 
caudate, putamen and 
striatum; bilateral 
caudate 

 Ͳ͵͹ PD-non 

pRBDc 

Ͷͱ.͵Ͱ±͹.ͷͶ; 
Ͷ.ͷͳ±Ͷ.ͶͰ m 

  

       

Mašková et al., ͲͰͲͰ (ͱͰͲ) ͱͱ PD-RBDc 

ͳͳ PD-non RBDc 

͵Ͷ.ͳ±ͱͲ.ʹ; 
n.a.  
(PD as a 
whole)  

PSG  [ͱͲͳI]FP-CIT-SPECT PD-RBD<PD-non RBD  binding in MAH 
caudate 

PD-RBD<iRBD  binding in MAH 
caudate and putamen    

Ͷͱ iRBD ͶͶ.ʹ±͸.ͱ; 
Ͱ.Ͷ͹±Ͱ.͹͹ y 

  

       

Pagano et al., ͲͰͱ͸a (ͱͰʹ) ͱ͵͸ PD-pRBDc Ͷͱ.͸±͹.Ͷ͸; 
Ͷ.͵ͳ±Ͷ.͵ʹ m 

RBDSQ [ͱͲͳI]FP-CIT-SPECT n.s.  

 ͲͶͳ PD-non 

pRBDc 

Ͷͱ.ʹͷ±͹.ͷ͸; 
Ͷ.ͷͱ±Ͷ.͵͹ m 

   

       

Salsone et al., ͲͰͱʹ (ͶͶ) ͱͱ PD-RBD ͶͶ.Ͷ±ͷ.ʹ; 
ʹ.ͷͲ±ʹ.Ͱͷ y 

PSG DAT-SPECT n.s.  

 ͱͱ PD-non RBD  ͶͶ.͹±ͷ.͹; 
ʹ.ͳͶ ± ʹ.Ͳ y 

   

ͱ͸ HC Ͷ͵.ͱ±ͷ.͸ 
       

Zoetmulder et al., ͲͰͱͶ (ͱͰͳ) ͱͰ PD-RBD ͶͶ.ͶͰ±ͳ.ʹʹ; 
ͷ.͸͹±͵.͹ͳ y 

PSG [ͱͲͳI]FP-CIT-SPECT PD-RBD<iRBD   binding in MAH 
putamen 

 ͱͰ PD-non RBD ͶͶ.͸Ͱ±͸.ͷͲ; 
͵.ͰͰ±͵.Ͱ͸ y 

  PD-RBD<HC  binding in MAH 
putamen 

ͱͰ iRBD Ͷͱ.ͲͰ±͹.Ͳͷ; 
͵.ͷ͵±͵.ͱͲ y 

  

ͱͰ HC ͵Ͷ.ͲͰ±͸.Ͳ͸ 
Only those contrasts involving PD-RBD or PD-pRBD groups are included. Demographics are presented as age; disease duration (in y±SD, m±SD, 
or m[minimun-maximun]). See abbreviations and annotations on the next page. 
  



 

Abbreviations:  Class., classification method; Demogr., demographics; HC, healthy controls; iRBD, isolated RBD; LAH, less affected hemisphere; 
MAH, most affected hemisphere; MSQ, Mayo Sleep Questionnaire; n.a., not available; PD-non pRBD, Parkinson’s disease without probable RBD; 
PD-non RBD, Parkinson’s disease without RBD; PD-pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with RBD; PET, 
positron emission tomography; PSG, polysomnography; R, right; RBD, REM sleep behavior disorder; RBDSQ, RBD Screening Questionnaire; REM, 
rapid eye movement; SPECT, single-photon emission computerized tomography; y, years. 
a All participants were extracted from the PPMI data (https://www.ppmi-info.org/). 
b Longitudinal study. 
c Parkinson’s disease patients classified as de novo PD (at baseline for longitudinal studies). 
d Both studies used the same sample. 
e Samples partially overlapped.
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. . . Brain correlates in PD with RBD 

This subsection includes an overview of the brain correlates of clinical and 

cognitive outcomes in PD with RBD reported in the previously revised studies, 

summarized in Tables  and , respectively. 

Brain correlates of clinical features 

Some studies have found neural correlates with sleep features. Regarding the 

percentage of REM sleep with atonia, it has been associated with lower signal 

intensity in the coeruleus/subcoruleus complex using neuromelanin-sensitive 

MRI (Ͷʹ). Concerning incremented muscle activity during the tonic phase of 

REM sleep has been associated with incremented GM volume in the cerebellar 

vermis IV/V (ͷͲ) and reduced noradrenaline binding in the locus coeruleus 

analyzed using [ͱͱC]-MeNER-PET (ͷͶ). Likewise, the reduced noradrenaline 

binding in the locus coeruleus has been correlated with incremented muscle 

activity during the phasic phase of REM sleep (ͷͶ). Moreover, incremented 

muscle activity during the NREM sleep stage has been associated with reduced 

dopamine binding in the putamen through [ͱͲͳI]-FP-CIT-SPECT (ͱͰͳ). Last, 

RBD symptomatology measured using the RBDSQ has been positively 

associated with nodal efficiency of the right insula and the left middle frontal 

gyrus obtained using a graph theory approach from DTI (ͷ͹). 

As regards motor symptomatology, a higher MDS-UPDRS Part III score has 

been associated with reduced dopamine binding in the putamen using [ͱ͸F]-FP-

CIT-PET (͹͵) and with decremented volume in the superior occipital gyrus 

(ͷͲ). 
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The disease staging measured with the H&Y scale has been associated 

negatively with extra-striatal dopamine binding in the left uncus 

parahippocampus (͹ͷ). 

Brain correlates of cognitive impairment 

Impairment in general cognition has been associated longitudinally with 

volume decrement in the left caudate (ͷͳ). Regarding specific domains, worse 

performance in verbal memory has been associated with volume decrements in 

the superior occipital gyrus (ͷͲ) and longitudinally with cortical thinning in the 

left insula (ͷͳ). Impairment in language has shown a positive correlation with 

volume decrements in the superior occipital gyrus (ͷͲ). Mental processing 

speed alteration has been associated with longitudinal cortical thinning in the 

left insula (ͷͳ). Last, executive and visuospatial/visuoperceptual impairments 

have been associated with decreased functional connectivity between the right 

superior occipital and left superior parietal gyri (ͷͲ). 

 



 

Table 6. Brain correlates of clinical outcomes in Parkinson’s disease with RBD 

Reference REM sleep 
without 
atonia 

Tonic REM 
sleep motor 
activity 

Phasic REM 
sleep motor 
activity 

NREM sleep 
motor activity 

RBD 
symptoms  

Motor 
symptoms 

PD staging 

       

Chung et al., ͲͰͱͷ (͹͵)       [ͱ͸F]FP-CIT 
binding in 
LAH putamen 

 

García-Lorenzo et al., ͲͰͱͳ (Ͷʹ)  signal 
intensity 
coeruleus/ 
subcoeruleus 
complex 

      

Jiang et al., ͲͰͲͱ (ͷͲ)   cerebellar 
vermis IV/V 
volume 

    superior 
occipital gyrus 
volume 

 

Chen et al., ͲͰͲͲ (ͷ͹)      Nodal 
efficiency in 
L middle 
frontal gyrus 
and R insula 

  

Sommerauer et al., ͲͰͱ͸ (ͷͶ)   [ͱͱC]-MeNER 
binding in 
locus coeruleus 

 [ͱͱC]-MeNER 
binding in 
locus coeruleus 

    

Valli et al., ͲͰͲͱ (͹ͷ)        [ͱͱC]FLB-ʹ͵ͷ 
binding in L uncus 
parahippocampus 

Zoetmulder et al., ͲͰͱͶ (ͱͰͳ)     [ͱͲͳI]-FP-CIT 
binding in the 
putamen 

   

       

Only those results from correlations involving PD-RBD or PD-pRBD groups alone are included.  
Abbreviations:  L, left; LAH, less affected hemisphere; PD-pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with 
RBD; R, right; RBD, REM sleep behavior disorder; REM, rapid eye movement. 



 

Table 7. Brain correlates of cognitive outcomes in Parkinson’s disease with RBD 

Reference General 
cognition 

Memory Language Processing 
speed 

Executive VS/VP 

   

Jiang et al., ͲͰͲͱ (ͷͲ)   superior 
occipital gyrus 
volume 

 superior 
occipital gyrus 
volume 

  FC R superior 
occipital gyrus-L 
superior parietal 
gyrus 

 FC R superior 
occipital gyrus-L 
superior parietal 
gyrus 

Yoon et al., ͲͰͲͱ (ͷͳ)  Longitudinal 
volume 
decrement in L 
caudate 

 Longitudinal 
cortical thinning 
in L insula  

  Longitudinal 
cortical thinning 
in L insula 

  

    
    

Only those results from correlations involving PD-RBD or PD-pRBD groups alone are included.  
Abbreviations:  L, left; PD-pRBD, Parkinson’s disease with probable RBD; PD-RBD, Parkinson’s disease with RBD; R, right; RBD, REM sleep 
behavior disorder; REM, rapid eye movement; VS/VP, visuospatial/visuoperceptual. 
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. Sex and gender in Parkinson’s disease 

There has been a growing interest in the influence of sex and gender on 

neurodegenerative diseases. Both variables are central to precision medicine 

approaches, expected to play a relevant role in the prevention, diagnosis, and 

treatment of neurodegenerative diseases in the upcoming years (ͱͰ͵,ͱͰͶ). We 

will review epidemiological, clinical, cognitive, and neuroimaging findings on 

sex differences in PD. Lastly, the mechanisms involved in sex differences in PD 

will be introduced. 

Early population-based studies showed that males have a two-folder higher 

incidence of PD than females (ͱͰͷ). The male predominance was supported by 

subsequent meta-analyses exploring the PD prevalence (ͱͰ͸,ͱͰ͹). In this 

context, the most recent meta-analysis showed a ͱ.͵Ͱ male-to-female ratio for 

prevalence and incidence of PD (ͱͱͰ). Likewise, iRBD prevalence is higher in 

males than females, as mentioned in a previous section (Section . REM sleep 

behavior disorder: an overview). Nevertheless, a recent general population-

based study did not show differences between sexes in iRBD prevalence (ͲͲ). 

The inconsistency of the results could be influenced by an underdiagnosis of 

iRBD in females because of less conspicuous symptomatology (Ͳͳ,Ͳʹ), which 

leads to a lower probability of seeking medical care. Of our interest, PD with 

RBD has been associated with male sex, according to a recent meta-analysis 

focused on profiling this clinical subtype (ͳ͵). This result should be interpreted 

with caution because the same RBD underdiagnosis phenomenon could affect 

the PD population (ͱͱͱ). 

As regards the neuropathology of the disease, evidence from post-mortem 

examination is still needed. So far, only one study has reported between-sex 
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differences in alpha-synuclein levels in plasma, with lower concentrations in 

males than females (ͱͱͲ). 

Regarding clinical aspects of the PD that differ between sexes, in a recent 

review, Cerri et al. described sex profiles according to the existing literature 

(ͱͱͳ): a female PD prototype characterized by postural tremor, frequent falls, 

dysphagia, gastrointestinal dysfunction, pain, and visuospatial impairment; and 

a male PD prototype characterized by freezing of gait, camptocormia, drooling, 

executive function impairment, and MCI. Nonetheless, there is controversy 

because of conflicting results, for example, regarding motor symptoms. Early 

studies found an association of female sex in PD with postural tremor (ͱͱʹ,ͱͱ͵) 

and dyskinesia (ͱͱͶ). Nevertheless, two recent studies analyzed data from the 

PPMI and related male sex in PD with motor impairment. The first study 

reported more motor symptomatology and postural tremor in PD males (ͱͱͷ). 

The second study performed longitudinal analyses and found a higher decline 

in motor experiences of daily living and a higher decline in motor 

symptomatology assessed in the ON medication state (ͱͱ͸). 

Sex differences in cognition in PD have been explored in several studies. Curtis 

et al. performed a meta-analysis to test differences between PD males and PD 

females in different cognitive domains. They found a significant sex effect in 

the executive domain based on the results of ͲͲ previous studies; and 

concluded that PD males show more cognitive impairment in this domain than 

PD females (ͱͱ͹). Furthermore, a recent longitudinal study performed on a 

sample of ͵͹ʹͶ PD patients with a median follow-up of ͳ.ͱ years reported that 

PD males had a higher risk of developing cognitive impairment than PD females 

(ͱͲͰ). In this context, other studies reported that the male sex predicted 

cognitive decline measured through the Mini-Mental State Examination 

(MMSE) analyzing a pool of ͱͳ͵Ͱ PD patients (ͱͲͱ); and that the male sex was 
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associated with progression to MCI and dementia by analyzing data from ʹͱ͸ 

PD patients (ͱͲͲ). Thus, the evidence points to more cognitive impairment and 

worse prognosis in PD males. However, in a recent study using a sample of ͳ͹Ͳ 

PD patients, Bakeberg et al. found that longitudinally PD males and PD females 

showed different trajectories depending on the cognitive domain (ͱͲͳ). In this 

study, baseline results showed that PD males had a worse performance in global 

cognition, verbal memory, and verbal fluency tasks than PD females. 

Nonetheless, in longitudinal analyses, the PD males showed a greater cognitive 

decline in global cognition and language than PD females; and PD females 

showed a greater cognitive decline in attention/orientation, memory, and 

visuospatial tasks than PD males. On the contrary, another study analyzed a 

sample of ʹͲͳ patients from the PPMI and did not find longitudinal differences 

between sexes in cognitive trajectories (ͱͱ͸). 

In a recent review, Salminen et al. highlighted that despite the sex differences 

in clinical presentation in PD reported in the literature, neuroimaging research 

on the topic is still scarce, and only a few studies have explored sex differences 

(ͱͲʹ). Yadav et al. explored sex differences in CTh using a sample of ʹ ͳ PD males 

and Ͳͱ PD females (ͱͲ͵). They found that the PD males had thinning in several 

frontal, parietal and occipital regions compared to PD females. Moreover, they 

performed a structural connectivity analysis based on mean CTh measures 

using a graph theory approach. The authors found that PD males, compared 

with PD females, showed lower connection strengths, lower clustering 

coefficients, and altered network hubs. In a subsequent study, Tremblay et al. 

analyzed a sample of ͱʹ͹ de novo PD males and ͸͹ de novo PD females from the 

PPMI using DBM, CTh, and structural connectivity analysis based on DTI (ͱͲͶ). 

The DBM results showed that de novo PD males had volume decrements 

compared with de novo PD females in ͱͰ cortical regions (including the bilateral 
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frontal lobe, left insular lobe, right postcentral gyrus, left inferior temporal and 

cingulate gyrus), and left thalamus. Although, de novo PD females had volume 

decrements compared with de novo PD males in Ͷ cortical regions (including 

the left frontal lobe, right parietal lobe, left insular gyrus, and right occipital 

cortex) (Figure ). Meanwhile, the CTh analysis did not show significant 

differences. Regarding the structural connectivity analysis, the authors found 

that de novo PD males, compared with de novo PD females, had disruptions in 

measures of local efficiency in several regions, including the basal ganglia, 

hippocampus, amygdala, and thalamus. Altogether, the current evidence points 

to severe atrophy in PD males compared with PD females from the early stages 

of the disease. 

 

Figure . Sex differences in regional brain deformation in Parkinson’s disease. Cortical 
regions showing significant sex differences in DBM W-Score after FDR corrections 
(PFDR-value < Ͱ.Ͱ͵) overlayed on the brain mesh ICBMͱ͵Ͳ template for visualization. In 
blue, greater atrophy in males compared to females; in pink: greater atrophy in females. 
Adapted from “Sex differences in regional brain deformation in Parkinson’s disease” by  
Tremblay et al. (ͱͲͶ) licensed under RightsLink. 
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Characterization of sex differences in PD in neurotransmission has been 

implemented using SPECT approaches focused on the dopaminergic systems. 

In a seminal study, Haxxama et al. explored a sample of ͱ͵ͷ PD males and ͹Ͷ 

PD females and found that PD females had a higher [ͱͲͳI]FP-CIT striatal binding 

than PD males (ͱͱʹ). Recently, Boccallini et al. applied an [ͱͲͳI]FP-CIT-SPECT 

approach in a sample of ͱ͸͹ de novo PD males and ͹ͷ de novo PD females from 

the PPMI database (ͱͲͷ). First, the authors classified PD patients as a mild 

motor, intermediate, or diffuse-malignant clinical subtype. In the mild motor 

and intermediate subtypes, de novo PD males had lower binding in the putamen 

and showed a widespread alteration of the connectivity of the nigrostriatal 

dopaminergic pathway than de novo PD females. Both lower binding and 

connectivity were associated with motor impairment in de novo PD males in 

these subtypes. In the diffuse-malignant subtype, de novo PD males had lower 

binding in the putamen and more severe motor impairment than de novo PD 

females. On the other hand, de novo PD females had lower binding in regions 

of the mesolimbic dopaminergic pathway and showed a more widespread 

connectivity alteration in this pathway than de novo PD males. Moreover, 

anxiety in de novo PD females was associated with a reduced binding in the 

amygdala.  

Different mechanisms implicated in sex differences in PD have been proposed 

and studied, from animal models to clinical populations. Reviewing the 

literature, Cerri et al. pointed to three levels in which sex impacts PD 

pathophysiology: dopaminergic neurodegeneration, neuroinflammation, and 

oxidative stress (ͱͱͳ). In this context, the effect of sex hormones appears as a 

factor with transversal influence, specifically estrogens, with a potential 

neuroprotective role based on epidemiological evidence (ͱͲ͸). Preclinical 

research has shown a connection between estrogens and antiapoptotic and 
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antioxidant effects (ͱͲ͹), as well as inhibition of alpha-synuclein fibril 

stabilization and aggregation (ͱͳͰ). Other studies have shown that a higher 

total lifetime estrogen exposure might be associated with a decreased risk of 

PD in females (ͱͳͱ–ͱͳʹ). Nevertheless, other studies have not supported this 

relation between estrogen exposure and PD (129,135–139). 

Other relevant aspects not covered in this section are the risk and protective 

factors for PD and their differential sex effect, from environmental to psychical 

health. For example, higher levels of total and low-density cholesterol 

lipoprotein have been associated with a lower likelihood of developing PD in 

males but not in females (ͱʹͰ). Another relevant point is the need for a gender 

perspective in PD, considering not only the biological aspects but also those 

that emerge from the gender role of the patient in a specific cultural context. 

From this perspective, Subramanian et al. comprehensively reviewed the needs 

of women with PD (ͱͲ͸). For example, the delay suffered by women with PD in 

receiving a medical diagnosis and referral to a movement disorder specialist 

(ͱʹͱ,ͱʹͲ). These differences in health care may be influenced by a tendency to 

less reporting and emphasis on annoying symptoms by women during medical 

consults and because of the medical bias due to the higher PD prevalence in 

males (ͱʹͲ). Both sex and gender, as well as their mutual influence, are relevant 

for precision medicine approaches.
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Chapter  

Hypotheses and objectives
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Hypotheses 

Main hypotheses: 

ͱ. PD-pRBD will be characterized by specific structural and functional MRI 

brain features associated with cognitive impairment. 

Ͳ. There will be identified sex differences in cognition and structural MRI 

brain features in de novo PD, with worse cognitive profile and pattern of 

neurodegeneration in males than females. The sex differences among de 

novo PD patients will be more extended in the PD-pRBD group compared 

with the PD-non pRBD group. 

Specific hypotheses: 

ͱ. The de novo PD-pRBD group will show cortical and subcortical atrophy 

compared with de novo PD-non pRBD, which is expected to be similar to 

that previously described in PD with RBD. 

Ͳ. The de novo PD-pRBD group will present structural neural correlates for 

cognitive impairment. 

ͳ. The PD-pRBD group will show reduced functional connectivity compared 

with PD-non pRBD. 

ʹ. The PD-pRBD group will present functional connectivity brain correlates 

for cognitive impairment. 

͵. The male sex will be associated with more cognitive impairment in de novo 

PD; the impairment will be more severe in de novo PD-pRBD than in de 

novo PD-non pRBD. 

Ͷ. The male sex will be associated with reduced cortical and subcortical 

structures in de novo PD, more pronounced in de novo PD-pRBD than in de 

novo PD-non pRBD.
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Objectives 

Main objectives: 

The main aim of the present doctoral thesis is to characterize the cognitive 

impairment and structural and functional MRI brain features of PD with RBD, 

as well as to explore the impact of sex differences in cognition and structural 

MRI measures in PD and PD with RBD. 

The main objectives of this thesis are: 

ͱ. To characterize structural and functional MRI brain substrates in PD-pRBD 

and their correlates with cognitive impairment. 

Ͳ. To explore sex differences in cognition and structural MRI brain features in 

de novo PD and de novo PD-pRBD. 

Specific objectives:  

ͱ. To characterize cortical and subcortical MRI brain substrates in de novo PD-

pRBD. 

Ͳ. To study cognitive impairment in de novo PD-pRBD and its correlation with 

cortical and subcortical structural MRI brain features. 

ͳ. To characterize whole-brain resting-state functional MRI connectivity in 

PD-pRBD. 

ʹ. To relate cognitive impairment in PD-pRBD with whole-brain resting-state 

functional MRI connectivity features. 

͵. To study sex differences in cognition in de novo PD and de novo PD-pRBD. 

Ͷ. To explore the impact of sex differences in MRI brain atrophy in de novo PD 

and de novo PD-pRBD.
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Chapter  

Materials and methods
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The studies which be part of this doctoral thesis used two different samples of 

Parkinson’s disease (PD) patients and healthy controls (HC). Studies , , and 

 used a multicentric sample of newly diagnosed drug naïve PD patients from 

the Parkinson’s Progression Markers Initiative (PPMI, https://www.ppmi-

info.org/) (ͱʹͳ). Study  used a sample of PD patients with longer disease 

duration and mostly medicated. These samples will be named respectively “de 

novo PD sample” and “PD sample” in this chapter. 

Study  

Oltra J, Uribe C, Segura B, Campabadal A, Inguanzo A, Monté-Rubio GC, Pardo 
J, Martí MJ, Compta Y, Valldeoriola F, Junque C, Iranzo, A. Brain atrophy 
pattern in de novo Parkinson's disease with probable RBD associated with 
cognitive impairment. npj Parkinson's Disease. ͲͰͲͲ; ͸: Ͳ doi:ͱͰ.ͱͰͳ͸/sʹͱ͵ͳͱ-
ͰͲͲ-ͰͰͳͲͶ-ͷ.  

Study  

Oltra J, Campabadal A, Segura B, Uribe C, Martí MJ, Compta Y, Valldeoriola F, 
Bargallo N, Iranzo A, Junque C. Disrupted functional connectivity in PD with 
probable RBD and its cognitive correlates. Scientific Reports. ͲͰͲͱ; ͱͱ: Ͳʹͳ͵ͱ. 
doi:ͱͰ.ͱͰͳ͸/sʹͱ͵͹͸-ͰͲͱ-Ͱͳͷ͵ͱ-͵.  

Study  

Oltra J, Uribe C, Campabadal A, Inguanzo A, Monté-Rubio GC, Martí MJ, 
Compta Y, Valldeoriola F, Iranzo, A, Junque C, Segura B. Sex differences in brain 
and cognition in de novo Parkinson's disease. Frontiers in Aging Neuroscience. 
ͲͰͲͲ; ͱͳ: ͷ͹ͱ͵ͳͲ. doi: ͱͰ.ͳͳ͸͹/fnagi.ͲͰͲͱ.ͷ͹ͱ͵ͳͲ. 

Study  

Oltra J, Segura B, Uribe C, Monté-Rubio GC, Campabadal A, Inguanzo A, Pardo 
J, Martí MJ, Compta Y, Valldeoriola F, Iranzo, A, Junque C. Sex differences in 
brain atrophy and cognitive impairment in Parkinson's disease patients with 
and without probable rapid eye movement sleep behavior disorder. Journal of 
Neurology. ͲͰͲͲ; ͲͶ͹: ͱ͵͹ͱ–ͱ͵͹͹. doi:ͱͰ.ͱͰͰͷ/sͰͰʹͱ͵-ͰͲͱ-ͱͰͷͲ͸-x. 
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. Study samples 

This section covers the main characteristics of the samples used in the above-
mentioned studies. 

1.1. de novo Parkinson’s disease sample 

Participants 

Magnetic Resonance imaging scans clinical and neuropsychological data were 

obtained from the PPMI databases. The available PPMI sample at the baseline 

included ͳͱͱ PD patients and ͱͳͷ HC. At this stage, the patients were included 

before any levodopa (L-DOPA) intake. All the participants provided written 

informed consent. Each one of the centers from the PPMI received approval 

from an ethical standards committee. Moreover, the central Institutional 

Review Board was provided by WCG IRB (tracking number: ͲͰͲͰͰ͵͹ͷ), and 

the study is registered at ClinicalTrials.gov (ID: NCTͰʹʹͷͷͷ͸͵). Inclusion 

criteria were: (i) recent diagnosis of PD with asymmetric resting tremor or 

asymmetric bradykinesia, or two from among bradykinesia, resting tremor, and 

rigidity; (ii) absence of PD treatment; (iii) neuroimaging evidence of significant 

dopamine transporter deficit consistent with a clinical diagnosis of PD, and 

excluding conditions that can mimic PD, such as drug-induced and vascular 

parkinsonism or essential tremor; (iv) Tͱ-weighted images available (for PD and 

HC groups); and (v) age older than ͵Ͱ and younger than ͸͵ years old (for PD 

and HC groups). 

The exclusion criteria for both groups were: (i) diagnosis of dementia; (ii) 

significant psychiatric, neurologic, or systemic comorbidity; (iii) a first-degree 

family member with PD; and (iv) presence of MRI motion artifacts, field 

distortions, intensity inhomogeneities, or detectable structural brain lesions. 
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The final sample in our studies included ͲͰ͵ de novo PD patients and Ͷ͹ HC 

(Figure ). As part of the selection process, the raw MRI acquisitions were 

checked. At that point, ͳ PD patients and Ͷ HC were excluded due to motion-

corrupted images. Second, FreeSurfer preprocessing was conducted. After 

quality control and fixing errors of CTh preprocessing, ͹ʹ PD patients and ͵Ͷ 

HC were kept out. Lastly, medical conditions and medications were checked in 

the databases. This step implies a double-check within the inclusion criteria 

applied by the PPMI. It allowed confirming that any participant with relevant 

comorbidities entered into the subsequent analyses. Thus, ͹ PD patients and Ͷ 

HC were discarded. The reasons for exclusion of these PD patients were: Two 

due to neurological comorbidity, Ͷ to psychiatric comorbidity, and ͱ to 

cardiovascular comorbidity. In the HC group: Four participants were excluded 

due to pRBD according to the RBDSQ (69); ͱ to neurological comorbidity; ͱ to 

cardiovascular comorbidity.

 

Figure . de novo PD sample from the PPMI.

Participants with an available 
Tͱ MRI scan

ͳͱͱ PD ͱͳͷ HC

Final de novo PD sample

ͲͰ͵ PD Ͷ͹ HC
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Probable RBD classification 

REM sleep behavior disorder symptomatology was assessed with the RBDSQ 

(69). The RBDSQ is a patient self-administered questionnaire that covers the 

main RBD features. This instrument consisted of ͱͰ items with a maximum 

score of ͱͳ points and a ͵-points cut-off for pRBD categorization (Panel B). 

After applying the cut-off, the de novo PD patients of the sample were divided 

into two groups, resulting in ͷ͹ PD with pRBD (PD-pRBD) and ͱͲͶ PD without 

pRBD (PD-non pRBD) patients. These resulting groups were used in studies  

and . 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Clinical and neuropsychological assessments 

Parkinson's disease symptoms were evaluated using the MDS-UPDRS, 

particularly the MDS-UPDRS Part III was used for motor symptoms assessment 

(144). The disease severity was examined through the H&Y scale (145,146). 

Panel B. RBD Screening Questionnaire (RBDSQ) items 
 
1. I sometimes have very vivid dreams. 
2. My dreams frequently have an aggressive or action-packed content. 
3. The dream contents mostly match my nocturnal behavior. 
4. I know that my arms or legs move when I sleep. 
5. It thereby happened that I (almost) hurt my bed partner or myself. 
6. I have or had the following phenomena during my dreams: 

6.1. speaking, shouting, swearing, laughing loudly 
6.2. sudden limb movements, “fights” 
6.3. gestures, complex movements, that are useless during sleep, e.g., to wave, 

to salute, to frighten mosquitoes, falls off the bed 
6.4. things that fell down around the bed, e.g., bedside lamp, book, glasses 

7. It happens that my movements awake me. 
8. After awakening I mostly remember the content of my dreams well. 
9. My sleep is frequently disturbed. 
10. I have/had a disease of the nervous system (e.g., stroke, head trauma, 

parkinsonism, RLS, narcolepsy, depression, epilepsy, inflammatory disease of 
the brain), which? 
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Depressive symptoms were assessed using the -item Geriatric Depression 

Scale (GDS- ) (147), the olfactory function by means of the University of 

Pennsylvania Smell Identification Test (UPSIT) (148), the autonomic symptoms 

using the Scales for Outcomes in Parkinson’s Disease - Autonomic Dysfunction 

(SCOPA-AUT) (149), and the excessive daytime sleepiness using the Epworth 

Sleepiness Scale (ESS) (150). 

All participants underwent a comprehensive neuropsychological assessment, 

including the Montreal Cognitive Assessment (MoCA) for global cognition (151); 

the ͱ͵-item version of the Benton Judgment of Line Orientation Test (JLO) for 

visuospatial function (152); the phonemic fluency (letter ‘f’ in ͱ minute) and 

semantic fluency (animals, vegetables and fruits in ͱ minute each category) for 

executive function; the total learning recall, delayed recall and recognition from 

the Hopkins Verbal Learning Test-Revised (HVLT-R) for memory (153); and the 

Symbol Digit Modalities Test (SMDT) (ͱ͵ʹ,ͱ͵͵) and the Letter-Number 

Sequencing (LNS) (156) for attention and working memory. The raw scores were 

z-scored, taking the HC group as reference. Supplementary, in study , the z-

scores calculation was followed by extraction of the age, sex, and education 

effects through linear regression models taking the HC group as reference, 

resulting in adjusted z-scores. 

Magnetic resonance imaging acquisition 

Three-dimensional Tͱ-weighted scans were acquired at different centers on ͱ.͵ 

or ͳ Tesla (T) scanners using a Magnetization Prepared RApid Gradient Echo 

(MPRAGE) sequence acquired in the sagittal plane. As detailed in the MRI 

technical operations manual of the PPMI (available at: https://www.ppmi-

info.org/study-design/research-documents-and-sops), the acquisition 

parameters for all centers were: slice thickness = ͱ-ͱ.͵ mm; inter-slice gap = Ͱ 
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mm; voxel size = ͱxͱxͱ.Ͳ mm; matrix = Ͳ͵Ͷ x Ͳ͵Ͷ x ͱͷͰ-ͲͰͰ. All the other 

parameters, including repetition time (TR) and echo time (TE), followed the 

manufacturer's recommendations. 

1.2. Parkinson’s disease sample 

Participants 

The sample consisted of ͷͱ PD patients recruited from the Unitat de Parkinson 

i Trastorns del Moviment (Hospital Clínic de Barcelona, Barcelona, Catalunya) 

and Ͷ͹ HC recruited from the Institut Català de l’Envelliment (Universitat 

Autònoma de Barcelona, Barcelona, Catalunya) and patients’ relatives. The 

study had the approval of the Ethics Committee of the Universitat de Barcelona 

(IRBͰͰͰͰͳͰ͹͹) and the Hospital Clínic de Barcelona (HCB/ͲͰͱʹ/ͰͲͲʹ). The 

procedures were fully explained to the participants. Subsequently, written 

consent was provided. 

Inclusion criteria for PD patients were: (i) diagnostic criteria for PD attaining 

UK PD Society Brain Bank (157); and (ii) no surgical treatment with deep-brain 

stimulation. 

Exclusion criteria were: (i) MCI for HC; (ii) PD age of onset less than ʹͰ years; 

(iii) age less than ͵Ͱ years; (iv) severe comorbidity due to psychiatric or 

neurological conditions; (v) score below Ͳ͵ obtained in the MMSE for HC (158); 

(vi) claustrophobia; (vii) pathological MRI findings apart from mild white 

matter hyperintensities in the fluid-attenuated inversion recovery (FLAIR) 

sequence; (viii) MRI artifacts; (ix) absence of resting-state fMRI acquisition; (x) 

fMRI head motion parameter of mean interframe head motion at  ≥  Ͱ.ͳ mm 

translation or Ͱ.ͳ° rotation; (xi) fMRI head motion parameter of maximum 

interframe head motion at  ≥  ͱ mm translation or ͱ° rotation; (xii) no response 
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to the Innsbruck RBD Inventory (RBD-I) (159); (xiii) pRBD condition based on 

the RBD-I for HC. 

After applying the criteria, ͵͹ PD patients and ͳͰ HC were selected. Thus, ͱͲ 

PD patients and ͳ͹ HC were excluded. The reasons for the exclusion of PD 

patients were: Two for young-onset, ͱ for age < ͵Ͱ years, ͱ for vascular 

parkinsonism lookalike condition, ͱ for claustrophobia, Ͳ for the absence of 

fMRI, ͵ for no response to the RBD-I. The causes for the exclusion of HC were: 

Four for age < ͵Ͱ years, ͳ for psychiatric comorbidity, ͸ for MCI condition, ͱ for 

MMSE score below Ͳ͵, Ͳ for MRI artifact, ͳ for fMRI head motion parameters, 

͵ for no response to the RBD-I, ͱͳ for pRBD category. 

Probable RBD classification 

The RBD symptoms were assessed using the RBD-I (159) in the PD sample. It is 

a ͵-item self-administered questionnaire that scored the presence and 

frequency of the RBD symptoms (Panel C). The patients can be classified as 

pRBD with a Ͱ.Ͳ͵-points cut-off after applying the calculation formula of the 

number of positive symptoms divided by the number of answered questions. 

According to the cut-off, the PD patients were classified into two groups: 

Twenty-seven PD-pRBD and ͳͲ PD-non pRBD patients. 

 

 

 

 

  

Panel C. Innsbruck RBD Inventory (RBD-I) items 
 

1. Do you dream of violent or aggressive situations (e.g., to have to defend 
yourself)? 

2. Do you scream, insult, or curse during your sleep? (Note: this does not 
include normal sleep talking.) 

3. Do you move out of your sleep and occasionally perform “flailing” or 
more extensive movements? 

4. Have you ever injured or nearly injured yourself or your bed partner 
while you were sleeping? 

5. Are the above-described movements out of your sleep occasionally or al-
ways in line with the content of your dreams? (items 2, 3, 4) 
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Clinical and neuropsychological assessments 

Motor symptoms were assessed with the MDS-UPDRS Part III (144), disease 

severity with the H&Y scale (145,146), and olfactory function using the UPSIT 

(148). 

The majority of the PD patients (almost ͹͵%) were taking different 

combinations of antiparkinsonian drugs. For standardization, the L-DOPA 

equivalent daily dose (LEDD) was calculated (160). 

All the participants underwent a compressive neuropsychological assessment 

at the Hospital Clínic de Barcelona (Barcelona, Catalunya), which included: 

MMSE for global cognition (158); Benton Visual Form Discrimination (BVFD) 

(161), the ͱ͵-item version of the JLO (152), and Benton Facial Recognition Test 

(BFRT) (162) for visuospatial and visuoperceptual functions; total learning 

recall, delayed recall, and recognition from the Rey Auditory Verbal Learning 

Test (RAVLT) for memory (163); phonemic fluency (letter ‘p’ in ͱ minute) and 

semantic fluency (animals in ͱ minute) for executive functions (163); Digit Span 

Forward and Backward (156), Stroop Color and Word Test (164), SDMT (154,155), 

and Trail Making Test part A and B (TMT) (163) for attention and working 

memory; and Boston Naming Test (BNT) (165) for language. 

Magnetic resonance imaging acquisition 

The MRI acquisitions were collected at the Centre de Diagnòstic per 

la Imatge (CDI, Hospital Clínic de Barcelona, Barcelona, Catalunya) using a ͳT 

scanner (MAGNETOM Trio, Siemens, Germany). The scanning protocol 

included a high-resolution ͳ-dimensional Tͱ-weighted sequence acquired in 

the sagittal plane using a MPRAGE sequence (TR  =  ͲͳͰͰ ms, TE  =  Ͳ.͹͸ ms, 

inversion time = ͹ͰͰ ms, ͲʹͰ slices, field-of-view = Ͳ͵Ͷ mm; voxel size = ͱxͱxͱ 
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mm); an axial FLAIR sequence (repetition time = ͹ͰͰͰ ms, echo time = ͹Ͷ ms); 

and a resting-state ͱͰ-min-long functional gradient-echo echo-planar imaging 

(EPI) sequence (ͲʹͰ TͲ  weighted images, TR  =  Ͳ.͵ s, TE  =  Ͳ͸ ms, flip angle 

 =  ͸Ͱ°, slice thickness  =  ͳ mm,  field-of-view  =  ͲʹͰ mm). The participants 

received the following main instructions: keep their eyes closed, do not fall 

asleep, and do not think about anything in particular. 

. Magnetic resonance imaging preprocessing 

This section covers an overview of the structural MRI and fMRI preprocessing 

methods, highlighting the procedures in common between studies. 

. .  Structural MRI: cortical thickness and volumetry 

The following techniques were used in the studies which analyzed the de novo 

PD sample. 

Cortical thickness (CTh) and MRI volumetry were estimated using the 

automated stream and the segmentation tools of FreeSurfer version .  

(available at: https://surfer.nmr.mgh.harvard.edu/). Following this pipeline, 

the main procedures to obtain CTh measures included: removal of non-brain 

data, intensity normalization (166), tessellation of the GM/WM boundary, 

automated topology correction (167,168), identification of tissue borders (ͱͶ͹–

171), and finally calculation (171). The smoothing of the CTh maps was fixed at 

full width half maximum (FWHM) of ͱ͵ mm of a circularly symmetric Gaussian 

kernel across the surface. For MRI volumetry, automated segmentation was 

applied using the Automatic Subcortical Segmentation Atlas (Aseg Atlas) (171). 

In the second step, the outputs of the preprocessing stream followed a quality 

control by visual inspection to check the accuracy of the registration, skull 
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stripping, segmentation, and cortical surface reconstruction. Preprocessing 

errors were fixed by automated and manual interventions, following standard 

procedures. If appropriate corrections were not possible, the participants were 

discarded. 

After quality control, we obtained CTh maps, volumetric data including deep 

GM structures volumes (thalami, caudate nuclei, putamen nuclei, pallidum 

nuclei, hippocampi, amygdalae, accumbens nuclei), estimated total intracranial 

(eTIV), total cortical GM, and total subcortical GM volumes. 

The deep GM volumes were bilateralized: 

 

Volume ratios expressed in percentages were calculated: 

 

Additionally, we obtained the estimation of the global average thickness as 

follows (left and right hemispheres expressed as lh and rh, respectively): 

 

Study  included adjusted z-scores of global and deep GM volumes. The 

adjusted z-scores were computed by extracting age, sex, and education effects 

using linear regression models with the HC group as reference. 
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. . Functional MRI: preprocessing 

This technique was used in the performed study that analyzed the PD sample. 

Main preprocessing of the fMRI scans used Analysis of Functional NeuroImage 

(AFNI, available at: https://afni.nimh.nih.gov/) tools and included: discarding 

the first five volumes to allow magnetization stabilization, despiking, motion 

correction, grand-mean scaling, linear detrending, and temporal filtering 

(maintaining frequencies above Ͱ.Ͱͱ Hz). 

As mentioned above, exclusion criteria were applied considering head motion 

parameters, an exclusion cut-off for mean interframe head motion at ≥ Ͱ.ͳ mm 

translation or Ͱ.ͳ° rotation; and for maximum interframe head motion at ≥ ͱ 

mm translation or ͱ° rotation. 

Moreover, the Independent Component Analysis based strategy for Automatic 

Removal of Motion Artifacts (ICA-AROMA) was used to correct head motion 

and other non-neural sources of signal variation (172). This procedure 

decomposes the data and identifies components related to head motion, 

applying four robust and standardized features. Additionally, correlations 

between framewise head displacement and overall signal variation after 

regressing the ICA-AROMA components (established as the voxel-wise root 

mean square intensity difference between subsequent time points) were 

obtained as quality control indicators (173). Significant correlations would 

imply that the signal change could be explained by head motion. 
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3. Statistical analyses 

This section covers the general method used for the different analyzed 

outcomes. 

3.1. Demographic, clinical and neuropsychological measures 

In all the studies, t-test, analysis of variance (ANOVA), and analysis of 

covariance (ANCOVA) followed by post-hoc tests corrected by Bonferroni or 

Games–Howell Kruskal–Wallis H and Mann–Whitney U were used as 

appropriate for quantitative variables. Pearson's chi-squared test was used for 

categorical variables. 

3.2. Structural MRI measures 

Cortical thickness 

Intergroup CTh comparisons using vertex-by-vertex general linear models with 

FreeSurfer version . . were performed. These models included cortical 

thickness as a dependent variable and group as an independent variable. 

Covariates were used when required. A pre-cached cluster-wise Monte Carlo 

simulation with ͱͰ,ͰͰͰ iterations was used for correction for multiple 

comparisons. The reported cortical regions reached a two-tailed corrected 

significance level of P-value ≤ Ͱ.Ͱ͵. Analyses using the mean CTh measure 

followed the procedures explained in the next point. 
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Volumetry 

Group differences and interactions in MRI volumetry measures were analyzed 

using ANOVA and ANCOVA approaches, followed by post-hoc tests corrected 

by Bonferroni. 

Correlation and regression analyses 

Correlations between MRI measures and neuropsychological performance were 

conducted in study , using Pearson or Spearman correlation coefficient, as 

appropriate.  Furthermore, multiple linear regression analyses were tested in 

the PD-pRBD group using R ʹ.Ͱ.Ͳ (ͲͰͲͰ; R Core Team) on RStudio ͱ.ͱ.ͱͰ͹ͳ 

(ͲͰͲͰ; Boston, MA: RStudio PBC). The models included as response variables 

neuropsychological tasks in which the PD-pRBD group had lower scores than 

one or both of the other groups. As predictors, the models included global 

(model type ͱ) or partial (model type Ͳ) volumetry measures with significant 

reductions in the PD-pRBD group. A stepwise model selection by Akaike 

information criterion (AIC) was applied to determine the best-fitted models 

(174). The models which reached the statistical significance threshold of P-value 

≤ 0.05 were reported. 
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3.3. Characterization of brain functional connectivity 

Threshold-free network-based statistics 

The between-group comparisons of interregional brain functional connectivity 

were performed using threshold-free network-based statistics (TFNBS), which 

allows statistical inference on brain graphs (175). This technique combines 

network-based statistics (176) and threshold-free cluster enhancement (177). 

The first method is commonly used for statistical analysis of brain connectivity 

graphs; the second one is frequently applied in voxel-wise statistical inference. 

The main characteristic of TFNBS is the generation of edge-wise significance 

values. These values can be used for the selection of relevant connectivity 

features. In this study, the Human Brainnetome Atlas (available at: 

https://atlas.brainnetome.org/) was used to characterize global brain 

functional connectivity, using ͲʹͶ regions (178). 

Graph-theory connectivity implementation 

Complementary to the characterization of brain functional connectivity using 

TFNBS, the global and local properties of the network were analyzed (179,180). 

In the study of brain connectivity, these measures correspond to the whole 

brain and the nodal level. The parameters extraction was performed using the 

Brain Connectivity Toolbox (BCT, available at: 

https://sites.google.com/site/bctnet/). The analyzed measures were: clustering 

coefficient, global degree, node degree, “small-world-ness,” path length, local 

efficiency, and betweenness centrality (See Figure ͹, Rubinov et al., ͲͰͱͰ (180) 

and Sporns et al., ͲͰͱͱ (181) for detailed definitions and calculations). Nine 

different density thresholds were used (maintaining the ͵% to Ͳ͵% strongest 
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edges, at intervals of Ͳ.͵%), with a reporting criterion of statistical significance 

in more than ͷ͵% of the density thresholds. 

Figure . Key graph measures and their definitions. The measures are illustrated in a 
rendering of a simple undirected graph with ͱͲ nodes and Ͳͳ edges. (A) Node degree 
corresponds to the number of edges attached to a given node, shown here for a highly 
connected node (left) and a peripheral node (right). (B) The clustering coefficient is 
shown here for a central node and its six neighbors. These neighbors maintain ͸ out of 
ͱ͵ possible edges, for a clustering coefficient of Ͱ.͵ͳ. (C) Each network can be 
decomposed into subgraphs of motifs. The plot shows two examples of two different 
classes of three-node motifs. (D) The distance between two nodes is the length of the 
shortest path. Nodes A and B connect in three steps, through two intermediate nodes 
(shown in gray). The average of the finite distances for all node pairs is the graph’s path 
length. (E) The network forms two modules interconnected by a single hub node. 
Adapted from “Key graph measures and their definitions” by Sporns (181) licensed under 
CC BY-ND ʹ.Ͱ. 
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Correlation analyses using functional connectivity measures 

Correlations of functional connectivity measures with neuropsychological 

performance were conducted using Pearson or Spearman correlation 

coefficient, as appropriate.
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Brain atrophy pattern in de novo Parkinson’s disease with
probable RBD associated with cognitive impairment
Javier Oltra 1,2, Carme Uribe 1,2,3, Barbara Segura 1,2,4✉, Anna Campabadal1,2, Anna Inguanzo1,2, Gemma C. Monté-Rubio1,2,
Jèssica Pardo 1,2, Maria J. Marti2,4,5, Yaroslau Compta2,4,5, Francesc Valldeoriola 2,4,5, Carme Junque1,2,4 and Alex Iranzo2,4,6

Rapid eye movement sleep behavior disorder (RBD) is associated with high likelihood of prodromal Parkinson’s disease (PD) and is
common in de novo PD. It is associated with greater cognitive impairment and brain atrophy. However, the relation between
structural brain characteristics and cognition remains poorly understood. We aimed to investigate subcortical and cortical atrophy
in de novo PD with probable RBD (PD-pRBD) and to relate it with cognitive impairment. We analyzed volumetry, cortical thickness,
and cognitive measures from 79 PD-pRBD patients, 126 PD without probable RBD patients (PD-non pRBD), and 69 controls from the
Parkinson’s Progression Markers Initiative (PPMI). Regression models of cognition were tested using magnetic resonance imaging
measures as predictors. We found lower left thalamus volume in PD-pRBD compared with PD-non pRBD. Compared with controls,
PD-pRBD group showed atrophy in the bilateral putamen, left hippocampus, left amygdala, and thinning in the right superior
temporal gyrus. Specific deep gray matter nuclei volumes were associated with impairment in global cognition, phonemic fluency,
processing speed, and visuospatial function in PD-pRBD. In conclusion, cognitive impairment and gray matter atrophy are already
present in de novo PD-pRBD. Thalamus, hippocampus, and putamen volumes were mainly associated with these cognitive deficits.

npj Parkinson’s Disease (2022)8:60 ; https://doi.org/10.1038/s41531-022-00326-7

INTRODUCTION
Rapid eye movement (REM) sleep behavior disorder (RBD) is a
parasomnia characterized by vivid dreams, increased electromyo-
graphic activity during REM sleep associated with complex
movements and loss of atonia1. RBD is a common symptom in
Parkinson’s disease (PD) patients, with a prevalence of about
40%2. Also, isolated RBD (iRBD) is a prodromal symptom of PD and
other synucleinopathies, with a rate of conversion to a clinically
defined synucleinopathy up to 90% after 15 years of follow-up3.
Results from postmortem studies in PD revealed pathological
changes, with more diffuse and severe deposition of synuclein in
patients with RBD symptoms4.
The diagnosis of RBD is performed by clinical history and video-

polysomnography (vPSG) showing REM sleep with loss of atonia.
When vPSG is not available the term probable RBD (pRBD) refers
to individuals with clinical symptoms suggestive of RBD or
fulfilling validated RBD validated questionnaires. A recent meta-
analysis reported that in PD, the occurrence of RBD is associated
with male sex, advance age, longer disease duration, increased
Hoehn and Yahr (H&Y) stage, and with a higher Movement
Disorder Society Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS) Part III score. The frequency of PD-pRBD increases with
disease duration, H&Y stage, and MDS-UPDRS Part III score as
well5. Furthermore, PD-pRBD has been associated with worse
cognitive performance6,7 and more rapid cognitive decline7. Also,
PD-RBD has been associated with a higher prevalence of mild
cognitive impairment (MCI)8. Altogether, these results suggest that
PD-RBD patients have different clinical and neuropsychological
characteristic features and prognosis, being proposed as a specific
PD subtype9.

Magnetic resonance imaging (MRI) studies may allow investi-
gating the differences between PD with and without RBD. To the
best of our knowledge, there are only three studies with de novo
PD-pRBD patients in which quantified MRI was examined. They
were performed with the Parkinson’s Progression Markers
Initiative (PPMI) database, in which participants were classified
according the RBD Screening Questionnaire (RBDSQ). One study
performed with deformed-based morphometry (DBM), reported
reduced volumes of pontomesencephalic tegmentum, medullary
reticular formation, hypothalamus, thalamus, putamen, amygdala,
and anterior cingulate in PD-pRBD compared with PD without
probable RBD (PD-non pRBD) patients10. A second study showed
that PD-pRBD had volume reduction in the putamen compared
with PD-non pRBD patients by means of voxel-based morpho-
metry (VBM)11. Lastly, the most recent study performed long-
itudinal analyses with a reduced sample and without control
group. The results reported that in the baseline (de novo PD stage)
the PD-pRBD group had thinning in the bilateral inferior temporal
cortex compared with the PD-non pRBD group through cortical
thickness analysis12.
Previous studies in advanced PD with small samples, comparing

PD-RBD patients with PD-non RBD patients, have found volume
decreases in the thalamus using volumetry and VBM13; decreased
gray matter volume of the left posterior cingulate and hippo-
campus thought MRI volumetry14; and cortical thinning in the
right perisylvian and inferior temporal cortices; as well as volume
shape contraction in the putamen using cortical thickness and
DBM approaches15.
In this context, the association between cognitive impairment

and brain atrophy in de novo PD with RBD symptomatology has
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been poorly investigated. Furthermore, cortical thickness
between-groups differences have never been explored in a large
sample of de novo PD patients, including PD groups with and
without pRBD and a healthy control group. The current work aims
to examine subcortical and cortical measures of atrophy,
concerning pRBD status, in a large sample of newly diagnosed
drug naïve PD patients through MRI volumetry from global to
deep gray matter (GM) nuclei segmentation, and cortical thickness
analysis. Then, we aimed to find associations between structural
abnormalities and cognitive impairments in PD-pRBD patients.

RESULTS
Demographic and clinical characteristics
The final sample comprised of 79 PD-pRBD and 126 PD-non pRBD
patients.
There were no differences between groups in sex, age, years of

education, age of onset, disease duration, MDS-UPDRS Part III
scores, and H&Y stage. PD-pRBD had higher RBDSQ, 15-item
Geriatric Depression Scale (GDS-15) frequency of depression,
Epworth Sleepiness Scale (ESS) total and frequency of sleepiness,
Scales for Outcomes in Parkinson Disease (SCOPA-AUT) item 6
total and frequency of constipation, and MDS-UPDRS scores
compared with PD-non pRBD; and higher RBDSQ, GDS-15 total,
ESS total and frequency of sleepiness, SCOPA-AUT item 6 total and
frequency of constipation, and lower University of Pennsylvania
Smell Identification Test (UPSIT-40) scores compared with controls.
Higher RBDSQ, higher SCOPA-AUT item 6 total and frequency of
constipation, and lower UPSIT-40 scores were found in PD-non
pRBD compared with controls (Table 1). Around 31% of the
available MRI scans of PD patients were discarded after quality
control (Supplementary Fig. 1).

Neuropsychological performance
PD-pRBD scored lower in semantic fluency and Benton Judgment
of Line Orientation (JLO) than PD-non pRBD; when comparing
them with controls, had lower Montreal Cognitive Assessment
(MoCA), semantic fluency, phonetic fluency, Symbol Digit Mod-
alities Test (SDMT), Letter-Number Sequencing (LNS), JLO, Hopkins
Verbal Learning Test-Revised (HVLT-R) immediate and delayed
recall scores. When comparing the PD-non pRBD group with the
control group, MoCA and SDMT scores were lower in the former
(Fig. 1, Supplementary Table 1). As supplementary, we performed
analyses with the MDS-UPDRS score as a covariate, the PD-pRBD
group had lower scores than the PD-non pRBD group in semantic
fluency, LNS, and JLO (see Supplementary Table 2).

Global and partial volume ratios
PD-pRBD had less left thalamus volume than PD-non pRBD.
Atrophy of the left and right putamen, left hippocampus, and left
amygdala was observed in PD-pRBD patients with respect to the
control group. Finally, PD-non pRBD showed a decreased partial
volume ratio in the right amygdala compared with the control
group (Table 2). Additional analyses with the MDS-UPDRS score as
a covariate were also performed. The PD-pRBD group showed
decreased left thalamus and right pallidum volumes with respect
to the PD-non pRBD group (see Supplementary Table 3).
PD-pRBD compared with controls showed decreases in total

cortical and subcortical GM volume ratios, as well as an increment
in the ventricular system volume ratio. PD-non pRBD showed a
decrease in total cortical GM volume ratio with respect to controls
(Table 2).
Descriptive statistics of global and partial volumes in mm3 are

shown in Supplementary Table 4.

Table 1. Demographic and clinical characteristics of PD-non pRBD, PD-pRBD, and HC.

PD-non pRBD
(n= 126)

PD-pRBD
(n= 79)

HC
(n= 69)

Test stats P-value

Sex, male, n (%) 73 (57.9) 54 (68.4) 40 (58.0) 2.5581 0.278

Age, y, mean (SD) 62.2 (7.5) 64.3 (7.1) 62.6 (6.8) 2.1262 0.121

Education, y, mean (SD) 15.6 (2.9) 15.8 (3.0) 16.7 (2.6) 3.0082 0.051

Age of onset, y, mean (SD) 61.3 (7.4) 63.3 (7.1) NA 1.9083 0.058

Disease duration, m, mean (SD) 10.5 (7.2) 11.0 (7.1) NA 0.5603 0.576

RBDSQ, mean (SD) 2.6 (1.1) 6.8 (1.8) 1.7 (1.3) 300.9984 <0.0015,6,7

GDS-15, mean (SD) 2.0 (2.1) 2.7 (2.5) 1.5 (3.0) 4.3352 0.0147

Depressed, n (%) 13 (10.3) 16 (20.3) 7 (10.1) 4.9241 0.0855

ESS, mean (SD) 5.3 (3.1) 6.5 (3.6) 5.0 (3.2) 4.6922 0.0105, 7

Sleepy, n (%) 16 (12.8) 19 (24.1) 6 (8.8) 7.5531 0.0235,6,7

SCOPA-AUT item 6, mean (SD) 0.5 (0.6) 0.8 (0.7) 0.2 (0.4) 19.1484 <0.0015,6,7

Constipated, n (%) 60 (47.6) 51 (64.6) 10 (14.7) 37.8321 <0.0015,6,7

MDS-UPDRS, mean (SD) 29.4 (10.8) 35.7 (13.6) NA 3.6763 <0.001

MDS-UPDRS Part III, mean (SD) 19.8 (8.0) 21.6 (9.1) NA 1.4784 0.141

H&Y stage, n, 1/2/3 55/69/2 33/46/0 NA 1.3981 0.497

UPSIT, mean (SD) 22.2 (8.0) 19.6 (8.3) 34.1 (3.8) 84.6204 <0.0016,7

RBDSQ REM Sleep Behavior Disorder Screening Questionnaire, GDS-15 15-item Geriatric Depression Scale, ESS Epworth Sleepiness Scale, MDS-UPDRSMovement
Disorder Society Unified Parkinson’s Disease Rating Scale, H&Y Hoehn & Yahr scale, UPSIT University of Pennsylvania Smell Identification Test, PD-non pRBD PD
without probable RBD, PD-pRBD PD with probable RBD, HC healthy controls.
1The Χ2 test was used.
2Analysis of variance (ANOVA) followed by post hoc test corrected by Bonferroni was used.
3t-test was used.
4Analysis of variance (ANOVA) followed by post hoc test corrected by Games-Howell was used.
5Significant differences (p < 0.05) were found between PD-non pRBD and PD-pRBD.
6Significant differences (p < 0.05) were found between PD-non pRBD and HC.
7Significant differences (p < 0.05) were found between PD-pRBD and HC.
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Regression models predicting cognition in PD-pRBD
Exploratory results of correlations are shown in Supplementary
Tables 5 and 6. We performed two regression analyses in the PD-
pRBD group, one using global measures of atrophy and the other
using the volumes of deep GM nuclei (Table 3). Complementary,

the regression analyses were also performed in the whole PD
sample (Supplementary Tables 7 and 8).
When using global volume ratios to predict cognition in PD-

pRBD, cortical GM explained a proportion of the phonetic fluency
variance (R2= 0.121; adjusted R2= 0.110; F= 10.600; p= 0.002);

Fig. 1 Neuropsychological performance. Tasks are indicated in the x axis. Group means in each task are presented as z-scores, as indicate in y axis.
Data are presented as z-scores adjusted by age, sex and education. Lower z-scores indicate worse performance. Descriptive statistics of raw scores, as
mean (SD), are available in Supplementary Table 1. Healthy controls in green, PD-non pRBD in blue, PD-pRBD in yellow. Healthy controls represented
by filled triangles and a dotted line, PD-non pRBD by filled squares and a dashed line and PD-pRBD by filled rhombuses and a continuous line. MoCA
Montreal Cognitive Assessment, SDMT Symbol Digit Modalities Test, LNS Letter-Number Sequencing, JLO Benton Judgment of Line Orientation,
HVLT-R Hopkins Verbal Learning Test-Revised, HC healthy controls, PD-non pRBD PD without probable RBD, PD-pRBD PD with probable RBD.

Table 2. Global and partial volume ratios of PD-non pRBD, PD-pRBD, and HC.

PD-non pRBD PD-pRBD HC Test stats P-value

Global atrophy volumes

Cortical GM 28.6704 (2.16624) 28.7482 (2.51696) 29.6923 (2.09360) 5.020 0.0071,2

Subcortical GM 3.5597 (0.25621) 3.4926 (0.29242) 3.6037 (0.28252) 3.140 0.0451

Ventricular system 1.9743 (0.99272) 2.2429 (1.04248) 1.7940 (0.82571) 4.082 0.0181

Deep GM nuclei

Left thalamus 0.4559 (0.04486) 0.4407 (0.04097) 0.4556 (0.04221) 3.464 0.0333

Right thalamus 0.4460 (0.04276) 0.4348 (0.04267) 0.4451 (0.04165) 1.841 0.161

Left caudate 0.2124 (0.02607) 0.2108 (0.02504) 0.2155 (0.02593) 0.636 0.530

Right caudate 0.2190 (0.02797) 0.2167 (0.02808) 0.2201 (0.02643) 0.311 0.733

Left putamen 0.2902 (0.03366) 0.2811 (0.03785) 0.2955 (0.03683) 3.124 0.0461

Right putamen 0.2883 (0.03211) 0.2816 (0.03791) 0.2955 (0.03659) 2.934 0.0551

Left pallidum 0.1280 (0.01427) 0.1259 (0.01687) 0.1267 (0.01498) 0.509 0.602

Right pallidum 0.1256 (0.01355) 0.1212 (0.01663) 0.1236 (0.01422) 2.159 0.117

Left hippocampus 0.2548 (0.02980) 0.2494 (0.02969) 0.2623 (0.02942) 3.507 0.0311

Right hippocampus 0.2619 (0.03127) 0.2606 (0.03106) 0.2699 (0.02957) 2.028 0.134

Left amygdala 0.1000 (0.01482) 0.0984 (0.01815) 0.1052 (0.01435) 3.710 0.0261

Right amygdala 0.1089 (0.01427) 0.1088 (0.01671) 0.1146 (0.01425) 3.813 0.0232

Left accumbens 0.0294 (0.00680) 0.0300 (0.00732) 0.0299 (0.00597) 0.233 0.792

Right accumbens 0.0317 (0.00662) 0.0317 (0.00700) 0.0322 (0.00583) 0.156 0.856

Brainstem 1.3904 (0.12004) 1.3618 (0.12659) 1.3870 (0.12034) 1.435 0.240

GM gray matter, PD-non pRBD PD without probable RBD, PD-pRBD PD with probable RBD, HC healthy controls.
Data are presented by groups as mean (SD). Analysis of variance (ANOVA) followed by post hoc test corrected by Bonferroni was used.
1Significant differences (p < 0.05) were found between PD-pRBD and HC.
2Significant differences (p < 0.05) were found between PD-non pRBD and HC.
3Significant differences (p < 0.05) were found between PD-non pRBD and PD-pRBD.
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subcortical GM significantly explained a proportion of the MoCA
variance (R2= 0.122; adjusted R2= 0.111; F= 10.740; p= 0.002),
and the SDMT variance (R2= 0.0740; adjusted R2= 0.062;
F= 6.075; p= 0.016).
When using partial volume ratios to predict cognition in PD-

pRBD, right putamen and left hippocampus explained a propor-
tion of the MoCA variance (R2= 0.180; adjusted R2= 0.158;
F= 8.317; p < 0.001); left putamen explained a proportion of the
phonetic fluency variance (R2= 0.074; adjusted R2= 0.062;
F= 6.133; p= 0.015); left hippocampus explained a proportion
of the SDMT variance (R2= 0.091; adjusted R2= 0.079; F= 7.647;
p= 0.007); and left thalamus explained a proportion of the JLO
variance (R2= 0.082; adjusted R2= 0.070; F= 6.819; p= 0.011).

Cortical thickness
PD-pRBD had cortical thinning in the right superior temporal gyrus
compared with controls (MNI coordinates: x, y, z= 44, 17, −28;
cluster size= 2461.25 mm2; t-stat= 2.836, p= 0.010) (Supplemen-
tary Fig. 2). None significant correlation was found between the
cortical thickness of the significant cluster and cognition in the
group PD-pRBD (see Supplementary Table 6 for significant results
in the whole PD group).

DISCUSSION
In this study, we described the neuropsychological and brain
structural characteristics in a large sample of PD-pRBD patients as
well as the relation between cognitive impairment and measures
of brain atrophy. PD-pRBD showed significant differences from
controls and PD-non pRBD in neuropsychological tests and deep
GM structures. Cognitive impairment of this subgroup of PD
patients is related to diffuse global brain atrophy and reduced
volumes of basal ganglia, thalamus, and hippocampus. Regarding
clinical measures, remarkably, the PD-pRBD group had more
presence of depression, sleepiness, constipation, and higher MDS-
UPDRS total score than the PD-non pRBD group. Altogether, these
findings suggest that the presence of RBD symptomatology is
related to a more severe PD phenotype.
Patients with PD-pRBD had cognitive impairment in global

cognition as well as in several domains involving memory,
visuospatial and executive functions. The PD-pRBD subgroup
showed worse performance in all neuropsychological tests with
respect to controls of similar age and education. Compared with
the control group, PD-pRBD showed statistically significant

differences in MoCA, semantic and phonemic fluency, SDMT,
JLO, HVLT-R immediate and delayed recall. In contrast, PD-non
pRBD patients differed from controls only in MoCA and SDMT,
although they were similar to PD-pRBD in age, education, and
clinical characteristics. The results between PD-pRBD and PD-non
pRBD group remain when controlling for MDS-UPDRS score. The
PD subgroups comparison showed statistical differences in
semantic fluency and JLO. More severe cognitive impairment in
de novo PD patients with RBD symtomps has been previously
reported6,7. This severe cognitive impairment in PD-pRBD is in
accordance with the significant differences compared with
healthy controls that we obtained in the three measures of global
atrophy showing reduced cortical and subcortical GM, and
ventricular volumes enlargement. PD-non pRBD only differed
from controls in reduced cortical GM.
Cortical thickness analyses did not show significant differences

between PD patients with and without pRBD. Regarding the
analyses of cortical thickness maps, we found thinning in the right
superior temporal gyrus extended to middle and inferior temporal
gyri in PD-pRBD compared with controls. Similarly, recent studies
found significant thinning in the right inferior temporal gyrus in
PD-RBD compared with PD-non RBD15, as well as in PD-pRBD in
the bilateral inferior temporal gyrus compared with PD-non
pRBD12, both using smaller samples and the second in absence of
a healthy control group to perform comparisons.
In addition to the greater global atrophy measures, we also

found that PD-pRBD had a reduction of several subcortical GM
structures. Comparably to previous reports using different data
analysis approaches10,11 we found atrophy in the putamen and
amygdala, but we also identified reductions in the hippocampus.
The hippocampal atrophy is also coherent with the memory
impairment identified in our study, even if we did not find
significant correlations or regression models in this regard. iRBD is
considered a prodromal symptom of alpha-synucleinopathies,
thus in part comparable with PD-pRBD. In this context, it has been
reported reductions in bilateral and right putamen16,17 and
hippocampus18.
The contrast between both PD samples showed that PD-pRBD

had lower left thalamus volume compared with PD-non pRBD.
Similar findings regarding thalamic reductions associated with
RBD in PD were reported with other MRI methodological
approaches10,13. In the same line, correlation analyses also
reinforce the role of the thalamus in subjects with RBD
symptomatology. It has been found a negative correlation
between the severity of RBD symptoms and bilateral thalamic

Table 3. Multiple regression results of global and partial volume ratios as predictors of performance in neuropsychological tasks in the
PD-pRBD group.

Model 1 Global MRI measures Model 2 Partial MRI measures

Variables t-stat (P-value) Variables t-stat (P-value)

MoCA Subcortical GM 3.277 (0.002) Right putamen 2.124 (0.037)

Left hippocampus 2.021 (0.047)

Semantic fluency Animals No prediction model No prediction model

Semantic fluency Fruits Non-significant model Non-significant model

Phonetic fluency ‘f’ Cortical GM 3.256 (0.002) Left putamen 2.476 (0.015)

SDMT Subcortical GM 2.465 (0.016) Left hippocampus 2.765 (0.007)

LNS Non-significant model No prediction model

JLO Non-significant model Left thalamus 2.261 (0.011)

HVLT-R immediate recall No prediction model Non-significant model

HVLT-R delayed recall No prediction model Non-significant model

GM gray matter, MoCA Montreal Cognitive Assessment, SDMT Symbol Digit Modalities Test, LNS Letter-Number Sequencing, JLO Benton Judgment of Line
Orientation, HVLT-R Hopkins Verbal Learning Test-Revised.
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volume11. PET studies also pointed to the relevance of thalamic
structures linked to this symptomatology. Concretely, a recent PET
study in iRBD found an increased cholinergic innervation in some
nuclei of the brainstem and the ventromedial area of the
thalamus19. This finding raises the possibility of an initial
compensatory cholinergic activity in the prodromal phase of PD
that would be behind the volume reduction too, even more,
considering our sample is formed by newly diagnosed drug naïve
PD cases. Thalamic volume decrease in our study might be
explained in this way.
The differences in subcortical GM measures reflected a left-

lateralized pattern in the PD-pRBD group. Previous neuroimaging
research has reported structural and functional left asymmetries in
PD and iRBD patients. For example, predominant left-hemispheric
findings in cortical thinning in early PD20, in reductions of
structural connectivity in PD-MCI21, and reductions of functional
connectivity in iRBD22. The origin of this pattern of degeneration is
unknown. However, the absence or minority of significant results
in the right hemisphere does not necessarily imply that the right
hemisphere is unaffected. Thus, the specific threshold established
for statistical significance could contribute to explain this fact.
We observed significant correlations between neuropsycholo-

gical and brain atrophy measures. To minimize the effects of
multiple comparisons we performed two regression analyses, one
focused on global measures of brain atrophy and the other only
including the subcortical GM volumes. In the whole de novo PD
group, we found that subcortical gray matter and ventricular
system volumes, as well as of the left amygdala, bilateral putamen,
left thalamus, and left hippocampus volumes were related with
cognition. Regarding the PD-pRBD group, the worst performance
in MoCA was predicted by reductions of global subcortical gray
matter volume and specifically by reductions of the right putamen
and left hippocampus. The impairment of speed of mental
processing assessed by SDMT was related with subcortical gray
matter and left hippocampus reductions. Visuospatial function
impairment measured by JLO was related with the left thalamus
reduction and phonetic fluency by cortical gray matter and left
putamen volume. These data reinforce the value of aforesaid tests
to identify early brain degeneration in de novo PD patients, in
special those with more brain atrophy and cognitive impairment
such as patients with RBD symptomatology. Supporting the
relevance of these tests, a longitudinal study in de novo PD
patients found that baseline RBD was associated with a greater
annual rate of decline in MoCA and SDMT scores7. To our
knowledge, no previous study relate MRI and neuropsychological
findings in de novo PD with probable RBD. We report that
cognitive impairment was mainly related with subcortical gray
matter reductions.
The main strength of our study was the large sample of de novo

PD patients that precludes pharmacological effects on cognitive
performance as well as the effects of progressive brain atrophy
involving widespread cortical atrophy. Moreover, we studied
subcortical and cortical brain atrophy and cognition in a large
sample of PD-pRBD, as well as studying cortical thickness
differences in a large sample of de novo PD including PD-pRBD
as a group. However, our study has two main limitations. First, and
important, is that the diagnosis of RBD was carried out by means
of a validated questionnaire but was not confirmed through vPSG.
Second, PPMI is a multicenter cohort study thus there are evident
differences in MRI acquisition, some of them of 1.5 Tesla. Last,
even though the final sample was large, around 31% of the
available MRI scans of PD patients were discarded after initial
quality control, mainly due to motion artifacts and associated
problems of registration, skull stripping, segmentation, and
cortical surface reconstruction after preprocessing. This fact could
affect the representativeness of the results.
From the whole data analyses, we can conclude that de novo

PD patients with probable RBD show worse cognitive performance

than those PD patients without probable RBD. The greater
neuropsychological impairment is coherent with signs of global
brain atrophy. Moreover, this subgroup of early PD with probable
RBD shows decreased volumes in specific deep gray matter nuclei
involving the amygdala, hippocampus, thalamus, and basal
ganglia. The main difference between both PD subgroups is seen
in the thalamus. Lastly, cognitive impairment is essentially related
with subcortical gray matter reductions.

METHODS
Participants
Data were obtained from the PPMI database (http://www.ppmi-info.org)23.
T1-weighted images, clinical and neuropsychological data obtained from
205 newly diagnosed drug naïve PD patients, and 69 healthy controls were
included. We divided PD patients into two groups, 79 PD-pRBD and 126
PD-non pRBD patients, based on available data from RBDSQ, with a
5-points cutoff24. All imaging and clinical data were acquired before any
L-DOPA intake. All participating PPMI sites received approval from an
ethical standards committee prior to study initiation, for a list of participant
sites see https://www.ppmi-info.org/about-ppmi/ppmi-clinical-sites. Cen-
tral IRB aprroval provided by CWG IRB (tracking number: 20200597; current
clinical trial identifier of PPMI study in clinicaltrials.gov: NCT04477785). All
participants provided written informed consent. Inclusion criteria were: (1)
recent diagnosis of PD with asymmetric resting tremor or asymmetric
bradykinesia, or two of: bradykinesia, resting tremor, and rigidity; (2)
absence of treatment for PD; (3) neuroimaging evidence of significant
dopamine transporter deficit consistent with the clinical diagnosis of PD
and ruling out PD lookalike conditions such as drug-induced and vascular
parkinsonism or essential tremor; (4) available T1-weighted images (for
both PD patients and controls); and (5) age between 50 and 85 years old
(for both PD patients and controls). Exclusion criteria for all participants
were: (1) diagnosis of dementia; (2) significant psychiatric, neurologic, or
systemic comorbidity; (3) first-degree family member with PD; and (4)
presence of MRI motion artifacts, field distortions, intensity inhomogene-
ities, or detectable structural brain lesions. We include a detailed flow
diagram of sample selection, in which we reflect the process after
consulting the PPMI clinical databases and preprocessing MRI images,
beyond the inclusion criteria applied by the research centers (Supplemen-
tary Fig. 1).

Clinical and neuropsychological assessments
PD symptoms were assessed with the MDS-UPDRS, motor symptoms with
the MDS-UPDRS Part III, and disease severity with H&Y. Global cognition
was assessed with the MoCA, depressive symptoms using the GDS-15 (with
a 5-points cutoff for depression), olfactory function using the UPSIT-40, and
presence of constipation with the item 6 of the Scales for SCOPA-AUT (with
a 1-point cutoff for constipation). The presence of pRBD status was
assessed using the RBDSQ24, and the occurrence of excessive daytime
sleepiness using the ESS (with a 10-points cutoff for sleepiness)23.
All subjects underwent a neuropsychological battery including HVLT-R,

JLO short form (15-item version), SDMT, LNS, phonemic (letter ‘f’), and
semantic (animals, fruits, and vegetables) verbal fluency23. All neuropsy-
chological tasks were z-scored adjusted by age, sex, and education taking
the control group as reference, as previously described in Segura et al.25.

MRI acquisition and preprocessing
T1-weighted MRI scans were acquired using 1.5 or 3 Tesla scanners at
different centers using MPRAGE sequences. Typical MRI parameters were
repetition time 5–11ms; echo time 2–6ms; slice thickness 11.5mm; inter-
slice gap 0mm; voxel size 1 × 1 × 1.2mm; matrix 256 ×minimum 160. There
were no differences in the distribution of 1.5 and 3 Tesla MRI acquisitions
between-groups (Χ2= 1.933, p= 0.380; Supplementary Table 9).
Global atrophy measures including total cortical GM, total subcortical

GM and estimated total intracranial volume (eTIV); ventricular system
volume; as well as deep GM structures26. Volume ratios using eTIV were
calculated to perform global and partial volumetric analyses ((volume/
eTIV) * 100). Cortical thickness was estimated using FreeSurfer version 6.0
(https://surfer.nmr.mgh.harvard.edu) specific tools and the automated
stream. Detailed information about the processing FreeSurfer stream is
described in Uribe et al.27. After preprocessing, results for each subject
were visually inspected to ensure accuracy of registration, skull stripping,
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segmentation, and cortical surface reconstruction. Possible errors were
fixed by manual intervention following standard procedures (applied
corrections are specified in Supplementary Fig. 1).

Statistical analyses
Group differences in demographic, neuropsychological, clinical, and
volumetric variables were conducted using IBM SPSS Statistics 25.0.0
(2017; Armonk, NY: IBM Corp) using analysis of variance (ANOVA) followed
by post hoc test corrected by Bonferroni or Games-Howell. Pearson’s Χ2

tests were used for categorical measures. Correlation analyses between
structural and neuropsychological variables were also conducted. Statis-
tical significance threshold was set at p < 0.05.
Multiple linear regression analyses were performed using RStudio

1.1.1093 (2020; Boston, MA: RStudio PBC). As a response variable, each
model included a neuropsychological variable showing significant
differences in the intergroup comparisons between PD-pRBD and one of
the other two groups, PD-non pRBD or controls. We tested, in the PD-pRBD
group, models including global (model 1) or partial volume ratios (model
2) with a significant reduction in PD-pRBD group as predictors separately.
Additionally, we tested these models in the de novo PD group, as a whole.
A stepwise model selection by Akaike information criterion (AIC) was
applied to the multiple linear regression models to pick the best-fitted
model28. Only models with statistical significance threshold set at p < 0.05
were reported.
Intergroup cortical thickness comparisons were performed using a

vertex-by-vertex general linear model with FreeSurfer version 6.0. The
model included cortical thickness as a dependent factor and group as an
independent factor. All results were corrected for multiple comparisons
using a pre-cached cluster-wise Monte Carlo simulation with 10,000
iterations. Reported cortical regions reached a two-tailed corrected
significance level of p < 0.05.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. Flow diagram of sample selection. Abbreviations: CP = control 
points; FS = FreeSurfer; HC = healthy controls; ME = manual erase; PD = Parkinson’s disease; 
QC = quality control.



Supplementary Figure 2. Cortical thickness differences between HC and PD-pRBD. Color 
maps indicate significant differences (corrected p < 0.05). Results were corrected by Monte 
Carlo simulation. Abbreviations: HC = healthy controls; PD-pRBD = PD with probable RBD.



SUPPLEMENTARY TABLES 

Supplementary Table 1  
Neuropsychological tasks scores of PD-non pRBD, PD-pRBD and HC 

Abbreviations: MoCA = Montreal Cognitive Assessment; SDMT = Symbol Digit Modalities 
Test; LNS = Letter-Number Sequencing; JLO = Benton Judgment of Line Orientation; HVLT-R 
= Hopkins Verbal Learning Test-Revised; PD-non pRBD = PD without probable RBD; PD-
pRBD = PD with probable RBD; HC = healthy controls. 
 
Data are presented by groups as mean (SD). Analyses were conducted on z-scores adjusted by 
age, sex and education.   
1 Analysis of variance (ANOVA) followed post hoc test corrected by Games-Howell was used.  
2 Analysis of variance (ANOVA) followed by post hoc test corrected by Bonferroni was used.  
3 Significant differences (p < 0.05) were found between PD-non pRBD and HC.  
4 Significant differences (p < 0.05) were found between PD-pRBD and HC.  
5 Significant differences (p < 0.05) were found between PD-non pRBD and PD-pRBD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

   PD-non pRBD  PD-pRBD  HC  Test stats  P-value  

MoCA  27.0 (2.2)  26.8 (2.1)  28.1 (1.1)  9.1051  <0.0013, 4  
Semantic fluency            
  Animals  21.8 (5.2)  19.5 (4.4)  22.7 (5.4)  5.6232  0.0044, 5  

        Vegetables  14.7 (4.4)  13.6 (4.0)  15.4 (3.7)  1.4982  0.226  
  Fruits  14.3 (4.1)  13.1 (4.0)  15.5 (4.2)  2.9242  0.0554  
Phonetic fluency ‘f’  12.9 (4.7)  12.1 (4.2)  14.3 (4.5)  4.4392  0.0134  
SDMT  42.0 (8.3)  38.9 (9.7)  46.6 (8.9)  12.9392  <0.0013, 4 
LNS   10.8 (2.6)  9.9 (2.4)  11.3 (2.6)  5.4222  0.0054  
JLO  13.1 (1.9)  12.5 (2.2)  13.3 (1.7)  4.0192  0.0194, 5  
HVLT-R Immediate recall  25.0 (5.0)  23.3 (4.7)  25.9 (4.4)  3.4652  0.0334  
HVLT-R Recognition  9.6 (2.9)  9.2 (3.0)  9.9 (3.2)  1.7082  0.183  
HVLT-R Delayed recall  8.5 (2.4)  7.7 (2.6)  9.2 (2.4)  4.5282  0.0124  



Supplementary Table 2 

Neuropsychological tasks scores of PD-non pRBD and PD-pRBD analyzed with MDS-UPDRS 
score as a covariate 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations: MoCA = Montreal Cognitive Assessment; SDMT = Symbol Digit Modalities 
Test; LNS = Letter-Number Sequencing; JLO = Benton Judgment of Line Orientation; HVLT-R 
= Hopkins Verbal Learning Test-Revised; PD-non pRBD = PD without probable RBD; PD-
pRBD = PD with probable RBD. 
 
Data are presented by groups as mean (SD). Analyses were conducted on z-scores adjusted by 
age, sex and education.   
Analysis of covariance (ANCOVA) with MDS-UPDRS as a covariate followed post hoc test 
corrected by Bonferroni was used.  
1 Significant differences (p < 0.05) were found between PD-non pRBD and PD-pRBD. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

   PD-non pRBD  PD-pRBD  Test stats  P-value  
MoCA  27.0 (2.2)  26.8 (2.1)  0.135 0.713 
Semantic fluency        
  Animals  21.8 (5.2)  19.5 (4.4)  7.737 0.0061 

        Vegetables  14.7 (4.4)  13.6 (4.0)  1.215 0.272 
  Fruits  14.3 (4.1)  13.1 (4.0)  1.415 0.236 
Phonetic fluency ‘f’  12.9 (4.7)  12.1 (4.2)  2.872 0.092 
SDMT  42.0 (8.3)  38.9 (9.7)  1.756 0.187 
LNS   10.8 (2.6)  9.9 (2.4)  4.553 0.0341 

JLO  13.1 (1.9)  12.5 (2.2)  4.434 0.0361 

HVLT-R Immediate recall  25.0 (5.0)  23.3 (4.7)  2.423 0.121 
HVLT-R Recognition  9.6 (2.9)  9.2 (3.0)  0.515 0.474 
HVLT-R Delayed recall  8.5 (2.4)  7.7 (2.6)  3.529 0.062 



Supplementary Table 3  

Global and partial volume ratios of PD-non pRBD and PD-pRBD analyzed with MDS-UPDRS 
score as a covariate 

Abbreviations: GM = gray matter; PD-non pRBD = PD without probable RBD; PD-pRBD = PD 
with probable RBD. 
 
Data are presented by groups as mean (SD). Analysis of covariance (ANCOVA) with MDS-
UPDRS score as covariate followed by post hoc test corrected by Bonferroni was used.  
1 Significant differences (p < 0.05) were found between PD-non pRBD and PD-pRBD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  PD-non pRBD PD-pRBD  Test stats  P-value  

Global volumes           

Cortical GM   28.6704 (2.16624)  28.7482 (2.51696)  0.280 0.598 

Subcortical GM  3.5597 (0.25621)  3.4926 (0.29242)  2.187 0.141 

Ventricular system  1.9743 (0.99272)  2.2429 (1.04248)  2.604 0.108 

Deep GM nuclei volumes       

Left Thalamus  0.4559 (0.04486)  0.4407 (0.04097)  4.780 0.0301 

Right Thalamus  0.4460 (0.04276)  0.4348 (0.04267)  2.183 0.141 

Left Caudate  0.2124 (0.02607)  0.2108 (0.02504)  0.035 0.851 

Right Caudate  0.2190 (0.02797)  0.2167 (0.02808)  0.116 0.734 

Left Putamen  0.2902 (0.03366)  0.2811 (0.03785)  2.081 0.151 

Right Putamen  0.2883 (0.03211)  0.2816 (0.03791)  1.159 0.283 

Left Pallidum  0.1280 (0.01427)  0.1259 (0.01687)  1.105 0.294 

Right Pallidum  0.1256 (0.01355)  0.1212 (0.01663)  6.095 0.0141 

Left Hippocampus  0.2548 (0.02980)  0.2494 (0.02969)  1.487 0.224 

Right Hippocampus  0.2619 (0.03127)  0.2606 (0.03106)  0.027 0.870 

Left Amygdala  0.1000 (0.01482)  0.0984 (0.01815)  0.327 0.568 

Right Amygdala  0.1089 (0.01427)  0.1088 (0.01671)  0.000 0.991 

Left Accumbens  0.0294 (0.00680)  0.0300 (0.00732)  0.969 0.326 

Right Accumbens   0.0317 (0.00662)  0.0317 (0.00700)  0.037 0.848 

Brainstem  1.3904 (0.12004)  1.3618 (0.12659)  3.096 0.080 



Supplementary Table 4 

Global and partial volumes of PD-non pRBD, PD-pRBD and HC 

Abbreviations: eTIV = estimated total intracranial volume; GM = gray matter; PD-non pRBD = 
PD without probable RBD; PD-pRBD = PD with probable RBD; HC = healthy controls. 
 
Data are presented by groups as mean (SD) in mm3.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

  PD-non pRBD  PD-pRBD  HC  
eTIV  1597513.1 (168028.4)  1585321.3 (182638.3)  1517584.7 (161845.2)  

Global volumes         

Cortical GM   456759.5 (49193.7)  453153.9 (44220.5)  449381.8 (46580.6)  

Subcortical GM  56683.9 (5676.9)  55031.7 (4772.8)  54383.8 (4176.4)  

Ventricular system  32091.7 (18125.7)  36245.6 (21389.0)  27705.2 (14698.7)  

Deep GM nuclei volumes       

Left Thalamus  7267.1 (944.1)  6964.1 (869.3)  6880.9 (696.7)  

Right Thalamus  7107.0 (891.9)  6873.6 (891.5)  6729.9 (771.9)  

Left Caudate  3381.5 (483.9)  3321.9 (413.4)  3255.8 (411.9)  

Right Caudate  3488.5 (527.4)  3418.6 (510.0)  3326.6 (433.9)  

Left Putamen  4626.5 (644.9)  4423.5 (558.2)  4453.8 (502.9)  

Right Putamen  4588.9 (585.8)  4423.6 (514.2)  4450.6 (447.5)  

Left Pallidum  2039.9 (271.4)  1978.6 (227.1)  1912.8 (227.7)  

Right Pallidum  2002.1 (271.9)  1904.7 (217.1)  1866.1 (212.2)  

Left Hippocampus  4050.0 (498.6)  3919.0 (377.0)  3950.5 (355.4)  

Right Hippocampus  4159.7 (504.9)  4095.1 (397.8)  4067.7 (377.8)  

Left Amygdala  1593.3 (266.9)  1543.5 (228.1)  1585.4 (198.0)  

Right Amygdala  1733.7 (263.5)  1709.1 (220.2)  1728.0 (187.7)  

Left Accumbens  468.1 (110.9)  471.2 (108.4)  452.1 (91.0)  

Right Accumbens   504.4 (106.2)  498.3 (103.5)  486.2 (84.6)  

Brainstem  22154.5 (2587.9)  21523.3 (2708.2)  20963.2 (2149.7)  



Supplementary Table 5  

Bivariate significative correlations between MRI measures and performance in 
neuropsychological tasks in the PD-pRBD group 

 
Abbreviations: GM = gray matter; MoCA = Montreal Cognitive Assessment; SDMT = Symbol 
Digit Modalities Test; JLO = Benton Judgment of Line Orientation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Global MRI measures r (P-value) Partial MRI measures   r (P-value) 
MoCA Cortical GM  0.229 (0.042) Left Putamen 0.334 (0.003) 
 Subcortical GM 0.350 (0.002) Right Putamen 0.368 (<0.001) 

Left Hippocampus 0.362 (0.001) 
  Left Amygdala 0.284 (0.011) 

Phonetic fluency ‘f’ Cortical GM  0.348 (0.002) Left Putamen 0.272 (0.015) 
 Subcortical GM 0.269 (0.017) Right Putamen 0.266 (0.018) 
SDMT Cortical GM  0.247 (0.030) Right Putamen 0.236 (0.038) 
 Subcortical GM 0.272 (0.016) Left Hippocampus 0.302 (0.007) 
 Ventricular system -0.267 (0.018) Left Amygdala 0.241 (0.034) 
JLO  Left Thalamus 0.296 (0.009) 



Supplementary Table 6 

Bivariate significative correlations between MRI measures and performance in 
neuropsychological tasks in the whole PD group 

Abbreviations: GM = gray matter; MoCA = Montreal Cognitive Assessment; SDMT = Symbol 
Digit Modalities Test; LNS = Letter-Number Sequencing; JLO = Benton Judgment of Line 
Orientation; HVLT-R = Hopkins Verbal Learning Test-Revised. 

 

 

 

 

 

 

 

 

 

 

 

  

 Global MRI measures r (P-value) Partial MRI measures   r (P-value) 
MoCA Cortical GM  0.209 (0.003) Left Putamen 0.225 (0.001) 
 Subcortical GM 0.221 (0.001) Right Putamen 0.240 (<0.001) 

Left Hippocampus 0.178 (0.011) 
  Left Amygdala 0.215 (0.002) 

Semantic fluency Animals Subcortical GM 0.163 (0.020) Left Amygdala 0.184 (0.009) 
   Right superior temporal 0.171 (0.015) 
Semantic fluency Fruits Ventricular system -0.167 (0.017) Left Amygdala 0.142 (0.044) 
   Right superior temporal 0.169 (0.016) 
Phonetic fluency ‘f’ Cortical GM  0.141 (0.043) Left Thalamus 0.176 (0.012) 
 Subcortical GM 0.175 (0.012) Right Putamen 0.179 (0.010) 
   Left Hippocampus  0.139 (0.048) 
   Left Amygdala 0.198 (0.004) 
SDMT Cortical GM  0.166 (0.018) Left Thalamus 0.192 (0.006) 
 Subcortical GM 0.246 (<0.001) Left Putamen 0.166 (0.018) 
 Ventricular system -0.237 (<0.001) Right Putamen 0.186 (0.008) 
   Left Hippocampus  0.192 (0.004) 
   Left Amygdala 0.181 (0.010) 
LNS   Left Thalamus 0.189 (0.007) 
JLO Ventricular system -0.156 (0.026)   
HVLT-R Immediate recall Subcortical GM 0.141 (0.045) Left Hippocampus 0.171 (0.015) 
 Ventricular system -0.179 (0.011) Left Amygdala  0.156 (0.026) 
   Right superior temporal 0.196 (0.005) 
HVLT-R Delayed recall Subcortical GM 0.186 (0.008) Left Thalamus 0.219 (0.002) 
 Ventricular system -0.211 (0.003) Left Hippocampus 0.160 (0.022) 
   Left Amygdala 0.148 (0.035) 
   Right superior temporal 0.150 (0.032) 



Supplementary Table 7 

Multiple regression results of partial and global volume ratios as predictors of performance in 
neuropsychological tasks in the whole PD group  

Abbreviations: GM = gray matter; MoCA = Montreal Cognitive Assessment; SDMT = Symbol 
Digit Modalities Test; LNS = Letter-Number Sequencing; JLO = Benton Judgment of Line 
Orientation; HVLT-R = Hopkins Verbal Learning Test-Revised. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   Model 1 Global MRI measures  Model 2 Partial MRI measures   

   variables   t-stat (P-value)   variables   t-stat (P-value)   

MoCA   Subcortical GM   3.113 (0.002)  Right Putamen  2.539 (0.012)  

      Left Amygdala    2.107 (0.036)   
Semantic fluency Animals   Subcortical GM  2.338 (0.020)  Left Amygdala   2.647 (0.009)  

Semantic fluency Fruits   Ventricular system  -2.484 (0.014)  Right Putamen  -2.250 (0.025)  

    Left Amygdala   2.453 (0.015)  

Phonetic fluency ‘f’   Subcortical GM    3.335 (0.001)  Left Thalamus  2.383 (0.018)  

      Left Amygdala             2.304 (0.022)  

SDMT   Subcortical GM   2.277 (0.024)  Left Thalamus  2.190 (0.030)  

      Left Amygdala  1.981 (0.049)  

LNS   Non-significant model   Left Thalamus   3.202 (0.002)  

JLO   Non-significant model   Non-significant model   
HVLT-R Immediate recall   Ventricular system  -2.585 (0.010)   Left Hippocampus  2.922 (0.004)  

HVLT-R Delayed recall   Ventricular system  -3.445 (<0.001)  Left Thalamus  1.980 (0.049)  



Supplementary Table 8 

Adjustment of multiple regression results of partial and global volume ratios as predictors of 
performance in neuropsychological tasks in the whole PD group  

Abbreviations: GM = gray matter; MoCA = Montreal Cognitive Assessment; SDMT = Symbol 
Digit Modalities Test; JLO = Benton Judgment of Line Orientation; LNS = Letter-Number 
Sequencing; HVLT-R = Hopkins Verbal Learning Test-Revised. 

 

 

 

 

 

 

 

 

  

   Model 1 Global MRI measures  Model 2 Partial MRI measures   

   R2 Adjusted 
R2 

F P-value R2 Adjusted 
R2 

F P-value 

MoCA   0.046 0.041 9.691 0.002 0.089 0.080 9.869 <0.001 

Semantic fluency Animals   0.026 0.022 5.465 0.020 0.034 0.029 7.007 0.009 

Semantic fluency Fruits   0.030 0.025 6.172 0.014 0.050 0.036 3.495 0.017 

Phonetic fluency ‘f’   0.052 0.047 11.120 0.001 0.069 0.060 7.465 <0.001 

SDMT   0.074 0.064 7.958 <0.001 0.055 0.046 5.870 0.003 

LNS    0.049 0.039 5.131 0.007 

JLO     

HVLT-R Immediate recall   0.032 0.027 6.680 0.010 0.041 0.036 8.539 0.004 

HVLT-R Delayed recall   0.056 0.051 11.870 <0.001 0.055 0.046 5.860 0.003 



Supplementary Table 9 
MRI field strength distribution of the groups 
  
 
 
 
 
Abbreviations: T = Tesla; PD-non pRBD = PD without probable RBD; PD-pRBD = PD with 
probable RBD; HC = healthy controls. 
 
Data are presented by groups as n (%). Pearson's chi-squared was used.  
 

 

 

 

 

 

  1.5 T  3 T   Test stat (P-value)  
PD-non pRBD  37 (29.4%)  89 (70.6%)    1.933 (0.380)  
PD-pRBD  20 (25.3%)  59 (74.7%)     
HC   14 (20.3%)  55 (79.7%)    
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Rapid eye movement (REM) sleep behavior disorder (RBD) is a parasomnia characterized by vivid dreams asso-
ciated with complex movements and dream-enacting behaviors, increased electromyographic activity, and loss 
of normal muscle atonia during REM  sleep1, 2. Evidence suggests that isolated RBD is a prodromal symptom of 
Parkinson’s disease (PD) and other synucleinopathies, with an up to 90% 15-year rate of progression to a defined 
 condition3. Furthermore, the prevalence of RBD in PD patients is around 40%4. Postmortem studies reveal more 
diffuse and severe deposition of synuclein in PD patients with  RBD5.

Structural neuroimaging studies show that the presence of RBD in PD is associated with greater gray matter 
atrophy by means of voxel-based  morphometry6, 7 and cortical thickness  analysis7 in PD patients with video-pol-
ysomnographic (vPSG) confirmed RBD diagnosis; as well as by means of deformation-based  morphometry8, and 
voxel-based  morphometry9 in PD patients with questionnaire-based probable RBD status (PD-pRBD). Note that 
in the case of using questionnaires PD patients can be classified as PD-pRBD or PD without probable RBD (PD-
non pRBD). Clinically, a recent meta-analysis shows that PD with vPSG confirmed RBD diagnosis and PD-pRBD 
are related to disease duration, increased Hoehn and Yahr stage, and higher Movement Disorder Society Unified 
Parkinson’s Disease Rating Scale (MDS-UPDRS) Part III  score10. Moreover, PD-pRBD is associated with lower 
cognitive  performance11, 12, a higher prevalence of mild cognitive  impairment13, and faster cognitive  decline11.
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Barcelona, Catalonia, Spain. Institute of Biomedical Research August Pi  i  Sunyer  (IDIBAPS), Barcelona, 
Catalonia, Spain. Centro de Investigación Biomédica en Red Enfermedades Neurodegenerativas (CIBERNED), 
Hospital Clínic de Barcelona, Barcelona, Catalonia, Spain. Research Imaging Centre, Campbell Family Mental 
Health Research Institute, Centre for Addiction and Mental Health (CAMH), University of Toronto, Toronto, ON, 
Canada. Parkinson’s Disease and Movement Disorders Unit, Neurology Service, Hospital Clínic de Barcelona, 
Institute of Neurosciences, University of Barcelona, Barcelona, Catalonia, Spain. Centre de Diagnòstic per la 
Imatge (CDI), Hospital Clínic de Barcelona, Barcelona, Catalonia, Spain. Multidisciplinary Sleep Unit, Neurology 
Service, Hospital Clínic de Barcelona, University of Barcelona, Barcelona, Catalonia, Spain. *email: bsegura@
ub.edu
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Concerning resting-state functional MRI (rs-fMRI) prior works in PD with vPSG confirmed RBD diagnosis 
found decreased functional connectivity between the pedunculopontine nucleus and the anterior cingulate 
 cortex14, decreased amplitude of low-frequency fluctuations in the primary motor and premotor  cortices15, as 
well as reduced posterior functional connectivity based on right superior occipital  gyrus16. Contrary to region-
centered approaches, a network-based perspective conceptualizes the brain as a complex network and allows 
characterizing dynamic interactions between regions through Network-Based Statistics (NBS) and graph-derived 
 metrics17. In this context, Li et al.18, by graph-derived metrics, found extensive changes of nodal properties in 
PD-pRBD than PD-non pRBD in comparison with healthy controls in the neocortex and limbic system; as well 
as enhanced nodal efficiency in the bilateral thalamus and betweenness centrality in the left insula, and reduced 
betweenness centrality in the right dorsolateral superior frontal gyrus in PD-pRBD compared with PD-non 
pRBD. The development of the threshold-free network-based statistics (TFNBS)  method19, which, unlike NBS, 
does not require the a priori definition of a component-defining threshold and generates edge-wise significant 
values, has been proposed as a step forward. Recently, this approach revealed in isolated RBD a disruption of 
posterior functional  connectivity20. Nevertheless, as far as we know, there is no previous literature in PD-pRBD 
studying rs-fMRI interregional functional connectivity through network-based statistics. Our main aim is to 
characterize dysfunction of brain connectivity in PD-pRBD using TFNBS whole-brain and graph theory analyses 
and to investigate its possible relation with cognitive dysfunctions. We hypothesize that PD patients with probable 
RBD will show a reduction in brain functional connectivity compared with healthy controls and PD patients 
without probable RBD and the reduction will be associated with cognitive impairment.

Seventy-one PD patients were recruited from the Parkinson’s Disease and Movement Disor-
ders Unit (Hospital Clínic de Barcelona, Barcelona, Spain); and 69 voluntary healthy controls recruited from the 
Institut Català de l’Envelliment (Universitat Autònoma de Barcelona, Barcelona, Catalonia, Spain) and patients’ 
relatives. The patient’s inclusion criteria were: (a) attaining UK PD Society Brain Bank diagnostic criteria for PD 
and (b) no treatment with deep-brain stimulation. Exclusion criteria were: (a) mild cognitive impairment (MCI) 
for healthy controls, (b) PD age of onset less than 40 years; (c) age less than 50 years; (d) severe comorbidity 
due to psychiatric or neurological conditions; (e) score below 25 obtained in Mini-Mental State Examination 
(MMSE) for healthy controls; (f) claustrophobia; (g) pathological MRI findings apart from mild white matter 
hyperintensities in the fluid-attenuated inversion recovery (FLAIR) acquisition; (h) MRI artifacts; (i) absence of 
fMRI resting-state acquisition; (j) fMRI head motion parameter of mean interframe head motion at ≥ 0.3 mm 
translation or 0.3° rotation; (k) fMRI head motion parameter of maximum interframe head motion at ≥ 1 mm 
translation or 1° rotation; (l) no response to Innsbruck RBD Inventory; (m) probable RBD (pRBD) condition 
based on Innsbruck RBD Inventory for healthty controls. Inclusion criteria and exclusion criteria (b) to (g) were 
also used in Uribe et al.  201621.

After applying the criteria, we selected 59 PD patients and 30 healthy controls. The excluded PD participants 
were: 1 because of young-onset, 1 for age < 50 years, 1 for young-onset and age < 50 years, 1 for vascular par-
kinsonism lookalike condition, 1 for claustrophobia, 2 for absence of fMRI, 5 for no Innsbruck RBD Inventory 
response. From healthy controls participants, were excluded: 4 for age < 50 years, 3 for psychiatric comorbidity, 
8 for MCI condition, 1 for MMSE score below 25, 1 for MRI artifact, 1 for MCI condition and MRI artifact, 3 for 
fMRI head motion parameters, 5 for no Innsbruck RBD Inventory response, 13 for pRBD condition.

PD patients were classified in PD-pRBD (n = 27) and PD-non pRBD (n = 32) following the 5-item test Inns-
bruck REM Sleep Behavior Disorder Inventory, with a 0.25 cutoff (number of positive symptoms/number of 
answered questions)22.

The study had the approval of the Ethics Committee of the University of Barcelona (IRB00003099) and Hos-
pital Clínic (HCB/2014/0224). All participants provided written informed consent after a full explanation of the 
procedures involved. It was performed in accordance with relevant regulations and guidelines.

All subjects underwent a neuropsychological battery 
including Digit Span Forward and Backward (WAIS), phonemic fluency (letter ‘p’), semantic fluency (animals), 
Stroop Color and Word Test, Trail Making Test (TMT), Symbol Digits Modalities Test-Oral version (SDMT), 
Rey Auditory Verbal Learning Test (RAVLT), Benton Judgment of Line Orientation (JLO), Benton Visual 
Form Discrimination (BVFD), Benton Facial Recognition Test short form (27-item, BFRT), Boston Naming 
Test (BNT). The presence of mild cognitive impairment (MCI) was established as in a previous study based on 
z scores adjusted for age, sex, and education extracted by a multiple regression  analysis23 performed in a healthy 
control reference  group24.

Clinical evaluation included motor symptoms assessed with the MDS-UPDRS Part III, disease severity with 
Hoehn and Yahr scale, global cognition with the MMSE, and olfactory function using the University of Penn-
sylvania Smell Identification Test (UPSIT-40)25.

l-dopa equivalent daily dose (LEDD)26 was calculated for standardization purposes by the different doses of 
antiparkinsonian drugs that the PD patients took.

MRI acquisition with a 3 T scanner (MAGNETOM Trio, Siemens, Germany). The scan-
ning protocol included: (a) high-resolution 3-dimensional T1-weighted images acquired in the sagittal plane 
repetition time = 2300  ms, echo time = 2.98  ms, inversion time = 900  ms, 240 slices, field-of-view = 256  mm; 
1 mm isotropic voxel); (b) axial FLAIR sequence (repetition time = 9000 ms, echo time = 96 ms); and (c) resting-
state 10-min-long functional gradient-echo echo-planar imaging sequence (240  T2* weighted images, repetition 
time = 2.5 s, echo time = 28 ms, flip angle = 80°, slice thickness = 3 mm, field-of-view = 240 mm). Subjects were 
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instructed to keep their eyes closed, not to fall asleep, and not to think anything in particular. The same acquisi-
tion protocol was used in Campabadal et al.  202020.

Main functional image preprocessing, using AFNI tools, described in Campabadal 
et al.  202020 included “discarding the first five volumes to allow magnetization stabilization, despiking, motion 
correction, grand-mean scaling, linear detrending, and temporal filtering (maintaining frequencies above 
0.01 Hz)”. Moreover, the preprocessing included an Independent Component Analysis (ICA-AROMA)27 based 
strategy for Automatic Removal of Motion  Artifacts20, along with a quality control based on correlations between 
framewise head displacement and overall signal  variation28.

To test for inter-
group differences in interregional connectivity, we applied threshold-free network-based statistics (TFNBS)19. 
This approach allows performing statistical inference on brain graphs through network-based  statistics29 and 
threshold-free cluster  enhancement30. One of the main characteristics of TFNBS is the estimation of edge-wise 
significance values, which is useful for the selection of relevant connectivity features. The 246 regions defined in 
the Brainnetome Atlas (https:// atlas. brain netome. org/ bnatl as. html) were used for the characterization of global 
functional connectivity (for a detailed list of the used nodes see Supplementary Methods 1)31.

Complementary, a graph theory implementation was applied to describe the network topology through 
its global (whole-brain) and local (nodal)  properties32, 33. The extraction of the global and local parameters, 
using Brain Connectivity Toolbox (BCT), included: clustering coefficient, node degree, small-worldness, path 
length, efficiency, and betweenness centrality. For detailed definitions and calculations of these graph metrics, 
see Rubinov and  Sporns33. Computation used nine different density thresholds (maintaining the 5% to 25% 
strongest edges, at intervals of 2.5%), followed by a reporting results criterion of significance in more than 75% 
of the thresholds.

Group differences were conducted in demographic, neuropsychological and clini-
cal variables using IBM SPSS Statistics 27.0.0 (2020; Armonk, NY: IBM Corp) by analysis of variance (ANOVA) 
or analysis of covariance (ANCOVA) followed by Bonferroni or Games-Howell post hoc tests, or Kruskal–Wallis 
H and Mann–Whitney U tests as appropriate. Differences in categorical measures were analyzed by Pearson’s 
chi-squared. To perform correlation analyses between neuroimaging and neuropsychological variables, the Pear-
son and Spearman correlation coefficients were applied. The statistical significance threshold was set at p < 0.05.

Between groups differences in connectivity measures were tested with the general linear model using in-house 
MATLAB scripts. Statistical significance was established using Monte Carlo simulations with 5,000 permutations. 
Two-tailed p-values were calculated as the proportion of values in the null distribution more extreme than those 
observed in the actual model.

Table  1 shows the sociodemographic 
and clinical characteristics of participants. There were no significant differences between groups in age and edu-
cation. However, differences between healthy control and PD groups were observed for sex, subsequent analyses 
that included both groups were controlled by this variable. The PD groups were similar on age of onset, LEDD, 
and disease severity. PD-pRBD showed slightly longer disease duration (not reaching statistical significance 
p = 0.055), even so, this variable was controlled in subsequent comparison between PD groups. Both PD groups 
differed from controls in olfactory function.

Table 2 describes neuropsychological results by group. Inter-group comparisons showed PD-pRBD patients 
had lower performance than PD-non pRBD and healthy controls in Stroop Word and Word-Color and TMT-A. 
PD-pRBD patients also had significantly lower scores than healthy controls in Stroop Color, semantic fluency, 
RAVLT Total, JLO, SDMT, TMT B and B minus A, as well as BFRT-short. PD-pRBD differed from PD-non pRBD 
in Stroop Word, Color and Word-Color when controlling by disease duration (Supplementary Table 1). There 
were no between PD groups differences in MCI distribution (Supplementary Table 2). To facilize the interpreta-
tion of neuropsychological data we include the descriptive statistics in z-scores calculated based on an healthy 
control reference group means and standard  deviations24 in Supplementary Table 3.

Significant difference between healthy controls 
and PD-non pRBD group was found for maximum translation (Table 1), hence it was introduced as a covariate 
in all subsequent analyses that included these two groups.

Whole-brain functional connectivity analysis showed that PD-pRBD had 16 connections with significantly 
reduced functional connectivity strength when compared with healthy controls (p < 0.001, FWE corrected; 
Fig. 1a,b and Supplementary Table 4 for a detailed list of the altered connections). From the 16 connections, 10 
(62.5%) were found to be cortico-cortical edges and 6 (37.5%) were cortico-deep gray matter edges (Supplemen-
tary Table 5). When comparing PD groups controlling by disease duration, the PD-pRBD group had significantly 
reduced functional connectivity strength between the right ventral posterior cingulate (Brodmann area 23) and 
the left medial precuneus (pEM, Brodmann area 5) that correspond to CG_R_7_4 and Pcun_L_4_2 labels of the 
Brainnetome Atlas respectively (p < 0.05, FWE corrected).

Intergroup difference in global graph parameters showed increased normalized characteristic path length 
in PD-pRBD patients compared with PD-non pRBD in 7 out of 9 thresholds controlling by disease duration 
(Fig. 1c).
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Additionally, we explored the potential influence of cognitive impairment in functional connectivity and net-
work graph metrics. We performed a whole-brain functional connectivity analysis with the four resulting groups 
(PD-non pRBD-non MCI = 19, PD-non pRBD-MCI = 13, PD-pRBD-non MCI = 13, PD-pRBD-MCI = 14) and 
did not find statistical significant differences (p < 0.05, FWE corrected). Further, we found increased normalized 
characteristic path length in PD-pRBD-MCI patients compared with PD-non pRBD-MCI in 9 out of 9 thresholds 
after applying network graph metrics analyses with those four groups (Supplementary Fig. 1).

The global mean strength of the 16 edges was correlated with the neuropsychological measures with 
significantly lower performance in PD-pRBD compared with the other two groups. Positive correlations were 
found with BFRT-short (Fig. 2a).

In the PD-pRBD group the normalized characteristic path length correlated with scores in the Stroop Word 
and Color, SDMT and RAVLT Total (Fig. 2b).

No significant correlations between cognitive measures and functional connectivity measures were found in 
the PD-non pRBD and healthy control groups.

This is the first work investigating resting-state interregional functional connectivity through whole-brain net-
work-based statistics in PD-pRBD patients. Our results suggest that PD-pRBD patients had reduced resting-state 
functional connectivity and increased normalized characteristic path length in comparison with healthy controls. 
PD-pRBD patients showed posterior connectivity disruption compared with PD-non pRBD patients. Moreover, 
functional abnormalities were associated with cognitive impairment only in the PD-pRBD group.

The whole-brain analyses revealed an extended reduced functional connectivity in PD-pRBD patients com-
pared with healthy controls, mainly involving posterior cingulate areas, and their connections with temporal, 
frontal, insular and thalamic regions. Besides, we found reduced connectivity between the left superior temporal 
and the right parietal cortex. Concerning cortico-deep gray matter connection, we also identified a significant 
decrease in fronto-striatal, parietal-striatal, parietal-thalamic regions, as well as between amygdala and posterior 
middle temporal cortex. Overall, our results supported the existence of an abnormal connectivity pattern in 
PD-pRBD patients that mainly included cortical paralimbic connections.

Our findings evidenced a relevant cingulate cortex implication in the pattern shown by PD-pRBD. Previous 
work also found cingulate cortex abnormalities in a resting-state study with reduced connectivity between the 
anterior cingulate cortex and the pedunculopontine nucleus, as regions from the arousal network. The authors of 
that work suggested that decreased connectivity in the arousal network would be related to alertness regulation in 

Table 1.  Sociodemographic, clinical, and head motion comparisons among PD-non pRBD, PD-pRBD and 
HC. PD-non pRBD Parkinson’s disease patients without probable REM sleep behavior disorder, 
PD-pRBD Parkinson’s disease patients with probable REM sleep behavior disorder, HC healthy controls, 
y years, LEDD levodopa equivalent daily doses, MDS-UPDRS Movement Disorder Society Unified Parkinson’s 
Disease Rating Scale, H&Y Hoehn and Yahr scale, UPSIT University of Pennsylvania Smell Identification Test, 
RBD-I Innsbruck REM Sleep Behavior Disorder Inventory. a Chi-squared test. b Analysis of variance (ANOVA) 
test followed by Bonferroni post-hoc test. c Kruskal–Wallis H test followed by Mann–Whitney U test. d t-test. 
e Mann–Whitney U test. f Post-hoc differences between PD-non pRBD and HC (p < 0.05). g Post-hoc differences 
between PD-pRBD and HC (p < 0.05). h Post-hoc differences between PD-non pRBD and PD-pRBD (p < 0.05).

PD-non pRBD (n = 32) PD-pRBD (n = 27) HC (n = 30) Test stat p-value
Sociodemographic and clinical data
Sex, male, n (%) 21 (65.6) 23 (85.2) 13 (43.3) 10.863a 0.004f,g

Age, y, mean (SD) 64.5 (9.9) 68.8 (9.2) 67.5 (7.7) 1.827b 0.167
Education, y, mean (SD) 12.8 (5.3) 11.4 (5.4) 11.4 (4.0) 1.255c 0.534
Age of onset, y, mean (SD) 58.2 (10.5) 59.2 (9.6) NA 0.378d 0.707
Disease duration, y, mean (SD) 6.3 (3.6) 8.6 (5.0) NA 1.977d 0.055
LEDD, mean (SD) 516.6 (277.4) 707.8 (469.2) NA 336.5e 0.146
MDS-UPDRS-Part III, mean (SD) 15.4 (10.2) 17.1 (8.1) NA 314.5e 0.228
H&Y stage, n, 1/2/2.5/3/4 6/17/1/6/0 2/11/0/10/1 NA 5.689a 0.224
UPSIT, mean (SD) 18.9 (6.8) 16.8 (6.8) 29.2 (4.3) 39.319c  < 0.001f,g

RBD-I, symptoms/answers, mean (SD) 0.08 (0.09) 0.56 (0.14) 0.05 (0.07) 59.453  < 0.001g,h

Mean interframe head motion
Rotation, degrees, mean (SD) 0.051 (0.033) 0.051 (0.030) 0.039 (0.020) 2.215c 0.330
Translation, mm, mean (SD) 0.100 (0.057) 0.095 (0.043) 0.124 (0.058) 2.523b 0.086
Maximum interframe head motion
Rotation, degrees, mean (SD) 0.308 (0.215) 0.327 (0.200) 0.267 (0.165) 0.840c 0.657
Translation, mm, mean (SD) 0.377 (0.190) 0.481 (0.211) 0.502 (0.170) 7.164c 0.028f
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PD patients with vPSG RBD confirmed  diagnosis14. Additionally, we found reduced connectivity between motor 
and premotor regions and basal ganglia in PD-pRBD compared with healthy controls. In this line, functional 
abnormalities have been reported previously in motor fronto-striatal circuitry in PD with RBD diagnosed by 
vPSG using Amplitude of Low-Frequency Fluctuations (ALFF). These results suggested that RBD pathophysi-
ology involves not only midbrain dysfunction but also cortico-subcortical altered  connectivity15. Of interest, 
previous evidence pointed to increased REM sleep without atonia in PD with freezing of  gait34 and subliminal 
gait initiation deficits in isolated  RBD35. Future research could explore the relation between both symptoms, 
freezing of gait and RBD, using functional connectivity approaches.

Our study used a complex approach that allows characterizing the whole brain functional connectivity. 
Regarding between PD groups comparison, we evidenced disrupted posterior functional connectivity in PD-
pRBD between the right ventral area of the cingulate and the left medial area of the precuneus. In this context, 
a recent work identified reduced posterior functional connectivity in PD with RBD confirmed by vPSG com-
pared with PD without RBD. However, this study used a seed-to-whole brain approach based on a priori region 
of interest located at the right superior occipital  gyrus16. It is noteworthy that our group identified disrupted 
posterior connectivity in isolated RBD applying the same whole-brain methodological approach used in the 
current  study20. Altogether might reflect that this regional pattern would be associated with RBD condition in 
the synucleinopathies spectrum.

On the other hand, our graph analyses reported increased normalized characteristic path length in the 
PD-pRBD group compared with PD-non pRBD. This finding might reflect global integration and efficiency 
abnormalities in the  network33. The unique previous research performed in PD-pRBD reported enhanced nodal 
efficiency in the thalami and betweenness centrality in the right dorsolateral superior frontal gyrus in PD-pRBD 
compared with healthy controls. Nevertheless, they did not find differences in global graph metrics between 
 groups18. Although an early work reported an incremented normalized characteristic path length in PD patients 
compared with healthy  controls36. Further studies showed that global integration seems preserved in early-stage 
drug-naïve PD  patients37, but altered in severe disease phenotypes with early-stage PD-MCI38. These findings are 
of great interest considering that pRBD condition is associated with worse cognitive  prognosis11. In our study, 
the MCI condition by itself did not explain the obtained between PD groups results from TFNBS and graph 

Table 2.  Neuropsychological performance of PD-non pRBD, PD-pRBD and HC. Data are presented as 
mean (SD) of raw scores. Analyses of covariance (ANCOVA) with sex as covariate, followed by Bonferroni 
post-hoc tests. PD-non pRBD Parkinson’s disease patients without probable REM sleep behavior disorder, 
PD-pRBD Parkinson’s disease patients with probable REM sleep behavior disorder, HC healthy controls, 
MMSE Mini-Mental State Examination, TMT Trail Making Test, SDMT Symbol Digit Modalities Test,  
RAVLT Rey Auditory Verbal Learning Test, JLO Benton Judgment of Line Orientation, BVFD Benton Visual 
Form Discrimination, BFRT Benton Facial Recognition Test, BNT Boston Naming Test. a Post-hoc differences 
between PD-pRBD and HC (p < 0.05). b Post-hoc differences between PD-pRBD and PD-non pRBD (p < 0.05).

Test PD-non pRBD PD-pRBD HC Test stat (p-value)
MMSE 29.06 (1.24) 28.07 (2.93) 29.13 (0.94) 3.265 (0.043)
Digit span
Forward 5.38 (1.21) 5.44 (1.28) 5.57 (1.33) 0.675 (0.512)
Backward 3.97 (1.00) 4.11 (1.34) 4.10 (0.92) 0.298 (0.743)
Forward minus backward 1.41 (1.41) 1.33 (1.21) 1.47 (0.90) 0.210 (0.811)
Phonetic fluency "p" 15.47 (6.04) 6.04 (5.29) 15.77 (5.96) 1.368 (0.260)
Semantic fluency "animals" 16.94 (6.51) 15.07 (7.73) 20.57 (4.08) 6.136 (0.003)a

Stroop
Word 89.74 (17.42) 78.26 (23.32) 97.07 (15.39) 8.309 (0.001)a,b

Color 56.32 (13.83) 47.92 (16.25) 64.30 (9.90) 7.431 (0.001)a

Word–Color 34.55 (11.80) 26.96 (13.42) 37.03 (9.09) 5.918 (0.004)a,b

TMT
A 51.63 (35.24) 85.11 (98.20) 38.93 (10.85) 6.022 (0.004)a,b

B 146.43 (143.93) 189.50 (215.69) 95.87 (46.23) 3.394 (0.039)a

B minus A 96.07 (115.84) 138.73 (196.38) 56.93 (39.83) 3.038 (0.054)a

SDMT 41.91 (14.79) 37.37 (18.38) 47.50 (8.47) 3.792 (0.026)a

RAVLT
Total 44.06 (10.38) 38.96 (11.38) 46.00 (6.21) 3.246 (0.044)a

Recall 8.22 (3.66) 7.56 (3.46) 9.43 (2.06) 2.088 (0.130)
True recognition 13.22 (2.76) 13.44 (1.72) 14.13 (1.31) 1.591 (0.210)
JLO 23.81 (5.72) 22.00 (6.87) 25.20 (3.40) 5.537 (0.005)a

BVFD 29.44 (2.61) 27.93 (4.11) 29.17 (2.35) 2.534 (0.085)
BFRT-short 21.66 (2.62) 20.96 (2.89) 23.17 (1.97) 5.631 (0.005)a

BNT 13.56 (1.22) 13.48 (1.01) 13.67 (0.88) 0.970 (0.383)
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Figure 1.  (A) Schematic representation of the reduced functional connectivity strength in Parkinson’s disease 
patients with probable REM sleep behavior disorder (PD-pRBD) compared with healthy controls (HC) in the 
whole-brain analysis consisting of sixteen edges found to be significantly different between groups. Lighter 
colors represent nodes connected to a greater number of altered connections. Comparison using threshold-
free network-based statistics (p < 0.001, FWE corrected) with sex and maximum translation as covariate. 
(B) Summary of the altered edges in PD-pRBD represented in panel A classified in cortico-cortical and 
cortico-deep gray matter connections. The altered edges are classified in types according to the structures 
of the nodes involved. To see a more detailed list with the specific edges and their corresponding node pairs 
see Supplementary Table 4. In parentheses the number of connections of corresponding to each type, e.g. in 
“R Insular gyrus–L Cingulate gyrus (2)” indicates two altered connections of this type. Regions were defined 
based on the Brainnetome Atlas (see Supplementary Methods 1). (C) Shows the normalized characteristic 
path length (nCPL) increment in PD-pRBD patients compared with Parkinson’s disease patients without 
probable REM sleep behavior disorder (PD-non pRBD). Normalized characteristic path length (vertical axis) 
as a function of sparsity thresholds (horizontal axis) for PD-pRBD and PD-non pRBD. (*) indicate significant 
differences between PD-non pRBD and PD-pRBD. Brain plots were created with Surf Ice (https:// www. nitrc. 
org/ proje cts/ surfi ce/). L left, R right.
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metrics. In additional analyses, the found difference in normalized characteristic path length appeared between 
PD-pRBD-MCI and PD-non pRBD-MCI groups replicated the main result and may indicated that differences 
could be aggravated between PD-MCI subgroups.

In this context, despite we did not find differences in MCI diagnosis between groups, the PD-pRBD group 
showed a widespread impairment in the neuropsychological battery with lower performance in mental process-
ing speed, verbal fluency, verbal memory, visuospatial (VS) and visuoperceptual (VP) tasks. This result is in 
line with previous works in PD-pRBD11, 12. Furthermore, we found a significant correlation between the mean 
functional connectivity strength and a visuoperceptual task in PD-pRBD, as well as significant correlations 
between the normalized characteristic path length and measures of mental processing speed and verbal learning 
in PD-pRBD. The role of altered brain functional connectivity in cognitive impairment in PD-pRBD is congruent 
since an incremented path length implies a less efficient transfer of information due to the altered integrity of 
the  network39, 40. Our result concords well with a previous work of our group with isolated RBD patients, find-
ing a correlation between mental processing speed domain and temporoparietal connectivity  disruption20. It 
is interesting to note that the mental processing speed domain is assessed with the SDMT and Stroop Color in 
both studies. It may be assumed that SDMT and Stroop Color test require not only mental processing speed, but 
also the integration of attention, VS, and VP functions. So, this may be the reason why they are more sensitive 
when it comes to reflecting brain dysfunctions in patients with RBD. In summary, PD-pRBD patients showed 
worse cognitive profile and functional connectivity abnormalities suggesting an association between pRBD and 
severe phenotype.

The main limitation of the present study is the absence of polysomnography-based RBD diagnosis, which 
is the gold standard for diagnosing RBD. However, the Innsbruck REM sleep behavior disorder inventory had 
good psychometric properties in PD population, a sensitivity of 0.91, and a specificity of 0.86 (AUC = 0.89)22 and 
has been frequently used to characterize probable RBD in PD in previous  studies41, 42.

In summary, in this study, we demonstrate the existence of abnormal network integrity and disrupted func-
tional connectivity in PD-pRBD. Furthermore, we found evidence that reduced connectivity was associated 
with impaired visuoperceptual functions; as well as abnormal functional integrity was associated with lower 
performance in verbal learning and mental processing speed. Our results underpin the presence of pRBD as a 
condition related to severe phenotype in PD.

Figure 2.  (A) Significant correlation between the global mean strength and the BFRT-short (Benton 
Facial Recognition Test short form) in PD-pRBD group. (B) Significant correlations between normalized 
characteristic path length (nCPL) and Stroop Word, Stroop Color, Symbol Digits Modalities Test-Oral version 
(SDMT) and Rey Auditory Verbal Learning Test (RAVLT) total in PD-pRBD group. Left to right, top to bottom. 
Shaded area represents 95% confidence interval.
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The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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Background and Objective: Brain atrophy and cognitive impairment in

neurodegenerative diseases are influenced by sex. We aimed to investigate sex

differences in brain atrophy and cognition in de novo Parkinson’s disease (PD) patients.

Methods: Clinical, neuropsychological and T1-weighted MRI data from 205 PD patients

(127 males: 78 females) and 69 healthy controls (40 males: 29 females) were obtained

from the PPMI dataset.

Results: PDmales had a greater motor and rapid eyemovement sleep behavior disorder

symptomatology than PD females. They also showed cortical thinning in postcentral and

precentral regions, greater global cortical and subcortical atrophy and smaller volumes in

thalamus, caudate, putamen, pallidum, hippocampus, and brainstem, comparedwith PD

females. Healthy controls only showed reduced hippocampal volume in males compared

to females. PD males performed worse than PD females in global cognition, immediate

verbal recall, and mental processing speed. In both groups males performed worse than

females in semantic verbal fluency and delayed verbal recall; as well as females performed

worse than males in visuospatial function.

Conclusions: Sex effect in brain and cognition is already evident in de novo PD not

explained by age per se, being a relevant factor to consider in clinical and translational

research in PD.

Keywords: Parkinson’s disease, sex differences, magnetic resonance imaging, gray matter atrophy, cognitive

impairment

INTRODUCTION

Parkinson’s disease (PD) has a 2-fold higher incidence in males reported in early population-based
studies (Baldereschi et al., 2000). Consistent with previous meta-analytic studies (Wooten et al.,
2004; Taylor et al., 2007), the most recent data revealed that the male-female ratio is around 1.50
for prevalence and incidence (Moisan et al., 2016). Moreover, the male sex in PD is associated with
earlier disease onset, more severe motor symptoms and progression, and more frequent cognitive
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decline compared with the female sex (Meoni et al., 2020).
Previous literature suggested that the neuroprotective effect of
estrogens could be one of the key factors to explain such
differences (Meoni et al., 2020).

Neuropsychological studies show that PD males had worse
performance than PD females in global cognition (Szewczyk-
Krolikowski et al., 2014; Liu et al., 2015; Lin et al., 2018;
Bakeberg et al., 2021), memory (Liu et al., 2015; Lin et al., 2018;
Bakeberg et al., 2021), verbal fluency (Szewczyk-Krolikowski
et al., 2014; Lin et al., 2018; Reekes et al., 2020; Bakeberg et al.,
2021), processing speed (Lin et al., 2018; Reekes et al., 2020),
and inhibition (Reekes et al., 2020) tasks. By contrast, females
have increased impairment in visuospatial functions (Liu et al.,
2015; Lin et al., 2018; Bakeberg et al., 2021). A recent meta-
analysis highlights that twenty-two studies reported segregated
results for males and females regarding executive functions, ten
for visuospatial skills, and nine for memory. In this context,
significant effect sizes showed more impairment in males for
executive functions (Curtis et al., 2019). Moreover, a longitudinal
study involving a large sample of PD concluded that females
had a lower risk of developing cognitive impairment (Iwaki
et al., 2021). Cognitive decline is more pronounced in males (Liu
et al., 2017; Bakeberg et al., 2021), and there is an increased
rate of progression to mild cognitive impairment (Cholerton
et al., 2018; Bakeberg et al., 2021) and dementia in males
(Cholerton et al., 2018).

A recent review highlighted the lack of neuroimaging
studies centered on sex differences in PD, despite the clinical
and epidemiological evidence (Salminen et al., 2021). To our
knowledge, there are only two structural magnetic resonance
imaging (MRI) studies testing sex differences in gray matter
brain atrophy. Yadav et al. reported significant thinning in several
cortical regions in males compared to females in treated PD
using cortical thickness (CTh) (Yadav et al., 2016). In de novo
PD patients, Tremblay et al. did not find sex differences in CTh
(Tremblay et al., 2020). However, deformed-based morphometry
(DBM) analyses showed sex differences in cortical regions in
both directions. Males had more atrophy than females in eleven
regions whereas females had more atrophy than males in only
six regions. Regarding subcortical gray matter atrophy by DBM,
they found more atrophy in males than females in the left
thalamus. Thus, the authors concluded that males with de novo
PD overall had more regional atrophy than females, mainly in
cortical regions. In addition, both mentioned works found male-
specific structural connectivity disruptions in PD (Yadav et al.,
2016; Tremblay et al., 2020).

In this study, our main objective is to analyze sex differences
in brain atrophy in a large sample of newly diagnosed drug-naïve
PD patients, de novo PD patients. We used, for the first time,
with that purpose global and subcortical volumetry, as well as
cortical thickness analyses. We also analyzed sex differences in
neuropsychological performance.

METHODS

Participants
Two hundred and five de novo PD patients and 69 healthy
controls from the Parkinson’s Progression Markers Initiative

database (PPMI, for up-to-date information of the study visit
http://www.ppmi-info.org) (Marek et al., 2011), classified by sex:
127 de novo PD males, 78 de novo PD females, 40 control males,
and 29 control females. All participating PPMI sites received
approval from an ethical standards committee and obtained
written informed consent from all participants in the study.

Inclusion criteria for PD were: (a) recent PD diagnosis
with asymmetric resting tremor or asymmetric bradykinesia, or
two from among bradykinesia, resting tremor, and rigidity; (b)
absence of levodopa intake; (c) DaTSCAN evidence of significant
dopamine transporter deficit consistent with PD diagnosis.
Inclusion criteria for both groups were: (d) T1-weighted images
available; and (e) age older than 50 and younger than 85 years
old. Exclusion criteria were: (a) diagnosis of dementia; (b)
significant psychiatric, neurologic, or systemic comorbidity; (c)
a first-degree family member with PD; and (d) presence of MRI
motion artifacts, field distortions, intensity inhomogeneities,
or detectable structural brain lesions. The flow diagram of
sample selection is shown in Supplementary Figure 1, see
Supplementary Methods 1 to comorbidity exclusion reasons
after MRI preprocessing.

Clinical and Neuropsychological

Assessments
Clinical assessment included disease severity measured by the
Movement Disorders Society Unified PD Rating Scale (MDS-
UPDRS) and motor severity by the MDS-UPDRS motor
section (MDS-UPDRS Part III), disease stage by Hoehn and
Yahr scale (H&Y), general cognition by Montreal Cognitive
Assessment (MoCA), and rapid eye movement sleep behavior
disorder (RBD) symptomatology by the REM Sleep Behavior
Disorder Screening Questionnaire (RBDSQ) (Marek et al., 2011).
Neuropsychological battery included: phonemic (letter “f”) and
semantic (animals, fruits and vegetables) verbal fluency; Symbol
Digit Modalities Test (SDMT); Letter-Number Sequencing
(LNS); Benton Judgment of Line Orientation 15-item short
form (JLO); and Hopkins Verbal Learning Test-Revised (HVLT-
R) (Marek et al., 2011). Neuropsychological measures were
z-scored calculated based on the control group’s means and
standard deviations.

MRI Images
T1-weighted scans were acquired using 1.5 or 3-Tesla scanners
using magnetization prepared rapid gradient-echo imaging
(MPRAGE) sequences. Typical parameters were repetition
time = 5–11ms; echo time = 2–6ms; slice thickness 1–1.5mm;
inter-slice gap 0mm; voxel size 1 × 1 × 1.2mm; matrix 256 ×

160 minimum. There were no differences in the distribution of
1.5 and 3-Tesla images across groups (Supplementary Table 1).

CTh, subcortical and cortical volumes were estimated using
the automated processing stream and specific segmentation tools
of FreeSurfer (version 6.0, https://surfer.nmr.mgh.harvard.edu).
The main preprocessing procedures are removal of non-brain
data, intensity normalization (Fischl et al., 2001), tessellation of
the gray matter (GM)/white matter (WM) boundary, automated
topology correction (Dale et al., 1999; Ségonne et al., 2007),
accurate surface deformation to identify tissue borders (Dale and
Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 2002), cortical
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thickness calculation as the distance between the WM and GM
surfaces at each vertex of the reconstructed cortical mantle (Fischl
et al., 2002). After preprocessing and quality control (check
the accuracy of registration, skull stripping, segmentation, and
cortical surface reconstruction), errors were fixed by automated
and manual interventions following standard procedures and
were discarded when correction was not possible. The smoothing
of the maps of CTh was fixed at full width half maximum
(FWHM) of 15mm of a circularly symmetric Gaussian kernel
across the surface. Global average thickness for both hemispheres
was calculated ([lh thickness∗lh surface area] + [rh thickness∗rh
surface area]/[lh surface area+ rh surface area]).

The used atlas for volumetry corresponds to the Automatic
Subcortical Segmentation Atlas (Aseg Atlas) (Fischl et al., 2002).
Deep gray GM mean volumes, estimated total intracranial
volume (eTIV), total cortical and subcortical GM were also
estimated (Fischl et al., 2002). GM volumes were bilateralized
[(left volume + right volume)/2] and transformed to ratios in
percentages [(volume/eTIV)∗100].

Statistical Analyses
The main effects of group and sex were computed for
sociodemographic variables by two-way analysis of variance
(ANOVA) applying Bonferroni correction for quantitative
measures to post-hoc tests. The main effect of sex, the within-
group effect of sex and the group-by-sex interaction were
computed for clinical, neuropsychological, and MRI volumetry
measures by two-way analyses of covariance (ANCOVA),
Bonferroni correction was applied to post-hoc tests and partial eta
squared was computed. Pearson’s chi-squared tests were used to
compute differences in categorical measures. Differences in age
of onset and disease duration were computed by t-test. Analyses
were performed with IBM SPSS Statistics 27.0.0 (2020; IBM
Corp., Armonk, NY).

Inter-group whole-brain CTh comparisons were performed
in FreeSurfer v6.0 using a vertex-by-vertex general linear
model; including CTh as a dependent factor, group as an
independent factor, and demeaned age and years of education as
covariates. All results were corrected for multiple comparisons
using a pre-cached cluster-wise Monte Carlo simulation with
10,000 iterations.

For all analyses, the statistical significance threshold was set at
p < 0.05.

RESULTS

Clinical Characteristics
Males were significantly older than females in the PD and healthy
control groups, as well that the control group had more years
of education than the PD group (Table 1). Subsequent analyses
included age and years of education as covariates as required.

A significant sex effect was found in motor severity (MDS-
UPDRS Part III) in the PD group. Despite similar disease
duration, males had more severe motor symptoms than females.
Moreover, post-hoc tests showed that in the PD group, males had
more RBD symptoms (RBDSQ) than females (Table 1).

Neuropsychological Performance
There was a significant sex effect in semantic fluency, JLO, and
HVLT-R delayed recall. A significant group-by-sex interaction
was found in MoCA (F = 4.215, p = 0.041, ηp2 = 0.015).
In the PD group, post-hoc tests revealed that males performed
worse than females in MoCA, semantic fluency, SDMT, and
HVLT-R immediate and delayed recall. As well, in the healthy
control group, males performed lower than females in semantic
fluency and HVLT-R immediate recall. In both groups, females
had lower scores than males in the JLO (Figure 1; Table 2;
Supplementary Table 2).

MRI-Derived Measures
There was a significant effect of sex in global GM volumes, post-
hoc tests revealed that in the PD group males had smaller total
cortical and subcortical GM volumes than females. Regarding
subcortical volumetry, a significant main effect of sex was found
in the bilateral thalamus, caudate, putamen, and hippocampus.
Post-hoc tests showed that in the PD group, males had
smaller volumes than females in the bilateral thalamus, caudate,
putamen, pallidum, hippocampus, and brainstem. Within the
healthy control group, males had smaller bilateral volume than
females in the hippocampus (Table 3; Supplementary Table 3).

Vertex-wise analyses revealed sex effects in cortical thickness
in the PD group, males had thinning in left postcentral (MNI
coordinates: x, y, z=−43,−30, 62; cluster size= 3,485.90 mm2;
t-stat= 5.007, p < 0.001) and right precentral (MNI coordinates:
x, y, z= 12,−26, 68; cluster size= 2,499.75mm2; t-stat= 4.0728,
p= 0.006) compared with females (Figure 2).

DISCUSSION

Our results point to a more severe clinical, cognitive, and
neurodegenerative profile in de novo PDmales compared with de
novo PD females, despite similar disease duration and adjusting
the results by age and education. Clinically, PD males had
increasedmotor severity (MDS-UPSRS Part III) than PD females.
This result is in keeping with increased cortical thinning in
cortical motor region, as well as increased volume reductions
in the bilateral thalamus and basal ganglia structures such as
putamen, pallidum, and caudate after controlling by eTIV.

There is only one similar study performed with a de novo
PD sample investigating the brain differences between sexes
(Tremblay et al., 2020). In that study, the authors did not
find sex-related differences in CTh and found larger volume
in PD females than PD males in the left thalamus by DBM
means. In the PD group, our results showed larger subcortical
gray matter volume in females than in males in the bilateral
thalamus. This result partially agrees with the mentioned result
that showed reduced left thalamus volume in males compared
with females. Remarkably, different atlases were used to define
subcortical structures. Furthermore, the differences in the CTh
results between both studies could be explained by differences in
the estimation pipelines (Masouleh et al., 2020), and the statistical
analysis software employed, as well as the MRI analytical
approaches based on CTh atlas-based parcellations or whole-
brain vertex-wise CTh maps.
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TABLE 1 | Demographic and clinical characteristics of PD and HC females and males.

PD HC Sex main effect

test stat (P-value)

Group main effect

F stat (P-value)

Age, y F 61.76 (7.50) 60.55 (5.86) 7.471 (0.007)a,b 0.223 (0.637)

M 63.80 (7.24) 64.05 (7.11)

Education, y F 15.36 (2.96) 16.24 (2.86) 2.588 (0.109) 5.820 (0.017)

M 15.91 (2.96) 17.00 (2.48)

Age of onset, y F 60.81 (7.52) 1.947 (0.053)

M 62.84 (7.10)

Disease duration, m F 10.50 (7.93) 0.310 (0.757)

M 10.82 (6.64)

MDS-UPDRS F 29.58 (10.69) 3.369 (0.068)

M 33.17 (13.04)

Part III F 18.62 (7.56) 5.510 (0.020)

M 21.62 (8.86)

H&Y, n, 1/2/3 F 32/45/1 0.284 (0.867)

M 56/70/1

RBDSQ F 3.73 (1.99) 1.52 (1.21) 2.557 (0.111)a 58.211 (<0.001)

M 4.53 (2.73) 1.88 (1.40)

Data are presented by groups as mean (SD), except for H&Y. Two-way analyses of variance (ANOVA) with post-hoc tests corrected by Bonferroni were used for all demographic

variables. Two-way analyses of covariance (ANCOVA) with age as a covariate with post-hoc tests corrected by Bonferroni were used for all clinical variables. Except for age of onset

and PD duration, by two-sample t-test and H&Y, by Pearson’s chi-squared.
aSex differences in PD group (p < 0.05).
bSex differences in HC group (p < 0.05).

F, female; H&Y, Hoehn and Yahr scale; HC, healthy control; m, months; M, male; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; PD, Parkinson’s

disease; RBDSQ, REM Sleep Behavior Disorder Screening Questionnaire; y, years.

FIGURE 1 | Neuropsychological performance. Healthy controls (HC) groups in green, Parkinson’s disease (PD) groups in warm colors; darker for females and lighter

for males. Females represented by filled triangles and males by filled squares. PD by a discontinuous line and HC by a continuous line. Data are presented as

z-scores. Lower z-scores indicate worse performance. Two-way analyses of covariance (ANCOVA) with age and education as covariates with post-hoc tests

corrected by Bonferroni were used for all variables. MoCA, Montreal Cognitive Assessment; SDMT, Symbol Digit Modalities Test; LNS, Letter-Number Sequencing;

JLO, Benton Judgment of Line Orientation; HVLT-R, Hopkins Verbal Learning Test-Revised. aSex differences in PD group, bsex differences in HC group (p < 0.05).

We found cortical thinning in de novo PD males compared
with de novo PD females in the left postcentral and right
precentral areas. A previous study including treated PD patients

with larger disease duration (between 2.13 and 3.69 years)
reported cortical thinning in PD males in the left precentral
and right postcentral areas compared with PD females. As well,
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TABLE 2 | Neuropsychological performance of PD and HC females and males.

PD HC Sex main effect

F stat (P-value)

Partial eta

squared

Mean (SD) Median (IQR) Mean (SD) Median (IQR)

MoCA F −0.559 (1.742) −0.078 (2.62) −0.139 (0.900) −0.078 (1.74) 1.047 (0.307)a 0.004

M −1.287 (1.884) −0.950 (2.62) 0.096 (1.067) −0.078 (1.74)

Semantic fluency

Animals F −0.278 (0.885) −0.490 (1.11) 0.141 (0.970) 0.065 (1.11) 1.022 (0.313) 0.004

M −0.351 (0.951) −0.490 (1.29) −0.102 (1.021) −0.305 (1.11)

Vegetables F 0.271 (1.098) 0.157 (1.36) 0.457 (1.031) 0.700 (1.36) 32.796 (<0.001)a,b 0.110

M −0.658 (1.052) −0.927 (1.63) −0.331 (0.845) −0.385 (1.29)

Fruits F −0.018 (0.901) −0.123 (1.20) 0.592 (0.806) 0.600 (0.96) 37.032 (<0.001)a,b 0.122

M −0.624 (0.962) −0.846 (1.45) −0.430 (0.910) −0.605 (1.20)

Phonetic fluency “f” F −0.308 (0.975) −0.404 (1.10) −0.134 (0.916) −0.294 (1.44) 0.002 (0.963) 0.000

M −0.440 (1.009) −0.515 (1.33) 0.098 (1.057) −0.073 (1.05)

SDMT F −0.403 (0.934) −0.348 (1.23) −0.034 (0.857) −0.292 (1.12) 0.543 (0.462)a 0.002

M −0.799 (1.020) −0.623 (1.34) 0.024 (1.102) 0.100 (1.37)

LNS F −0.307 (0.922) −0.124 (1.16) −0.124 (0.907) −0.124 (1.55) 0.898 (0.344) 0.003

M −0.370 (1.042) −0.510 (1.16) 0.089 (1.065) −0.124 (1.45)

JLO F −0.564 (1.176) −0.187 (1.75) −0.348 (1.125) −0.187 (1.17) 12.665 (<0.001)a,b 0.045

M −0.086 (1.164) 0.397 (1.75) 0.251 (0.824) 0.397 (1.17)

HVLT-R

Immediate recall F 0.046 (0.986) 0.027 (1.14) 0.366 (0.897) 0.485 (1.26) 2.916 (0.089)a,b 0.059

M −0.594 (1.148) −0.430 (1.60) −0.264 (0.997) −0.423 (1.54)

Recognition F −0.010 (0.854) 0.340 (0.93) 0.095 (0.879) 0.340 (0.62) 1.632 (0.203) 0.006

M −0.230 (0.940) 0.031 (0.62) −0.070 (1.085) 0.031 (0.85)

Delayed recall F −0.144 (0.935) −0.078 (1.55) 0.249 (0.768) 0.335 (0.83) 10.240 (0.002)a 0.037

M −0.596 (1.078) −0.492 (1.65) −0.182 (1.114) −0.078 (1.65)

Data are presented in z-scores. Two-way analyses of covariance (ANCOVA) with age and education as covariates with post-hoc tests corrected by Bonferroni were used for all variables.
aSex differences in PD group (p < 0.05).
bSex differences in HC group (p < 0.05).

F, female; HC, healthy control; HVLT-R, Hopkins Verbal Learning Test-Revised; JLO, Benton Judgment of Line Orientation; LNS, Letter-Number Sequencing; M, male; MoCA, Montreal

Cognitive Assessment; PD, Parkinson’s disease; SDMT, Symbol Digit Modalities Test.

significant thinning in temporal and occipital regions in PD
males compared with PD females (Yadav et al., 2016). These
results might suggest sex differences in brain atrophy associate
with the illness progression. However, longitudinal MRI studies
are required.

Adult males have larger volumes than females in some
subcortical gray matter structures, such as the nuclei accumbens,
according to a study performed in a sample of 5,216 participants
with an age range between 44 and 77 years (Ritchie et al., 2018);
as well as, the amygdala, hippocampus, and putamen, according
to other study performed in a sample of 2,838 participants
with and age range between 21 and 90 years (Lotze et al.,
2019), both controlling for age and total brain volume. In
our study, sex differences in PD could be attributed to the
neurodegenerative process rather than normal aging because,
in healthy controls, we only found sex differences in the
hippocampus. Nevertheless, it is noteworthy that the sample used
in our study is modest in comparison to previous population-
based studies reporting subcortical volumetric differences in
healthy subjects. The pattern of atrophy in PD that we have
found showed that males have reduced volumes of subcortical

nuclei compared with females, thus is the reversed pattern seen in
general adult population suggesting a more marked degeneration
in males or protective effect of female sex. In this regard,
dysregulated gene expression and sex hormones might explain
sex differences in PD. Vulnerability in the dopaminergic system,
neuroinflammatory cells, and oxidative stress has been suggested
as mechanisms that influence sex differences in PD (Cerri et al.,
2019).

The neuropsychological results are also in agreement with
greater global atrophy in males. Cognitive results showed
that PD males had worse performance than PD females in
general cognition (MoCA), processing speed (SDMT), and verbal
memory (HVLT-R delayed recall). These results agree with
previous findings in de novo PD showing more impairment in
males than females in general cognition (Szewczyk-Krolikowski
et al., 2014; Liu et al., 2015; Lin et al., 2018), verbal memory (Liu
et al., 2015; Lin et al., 2018), and processing speed (Lin et al.,
2018). We obtained sex differences in visuospatial function, in
which females performed worse than males in PD and control
groups. This result is consistent with previous findings in de
novo PD (Liu et al., 2015; Lin et al., 2018), and it would reflect
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TABLE 3 | MRI-derived measures of between sex comparisons of PD and HC females and males.

PD HC Sex main effect F

stat (P-value)

Partial eta

squared

Mean (SD) Median (IQR) Mean (SD) Median (IQR)

Global atrophy

Cortical F 29.598 (2.266) 29.360 (2.07) 30.114 (1.800) 30.091 (2.46) 8.721 (0.003)a 0.032

M 28.149 (2.153) 28.309 (2.29) 29.387 (2.256) 29.246 (2.42)

Subcortical F 3.642 (0.282) 3.603 (0.39) 3.686 (0.270) 3.640 (0.38) 12.188 (< 0.001)a 0.043

M 3.467 (0.244) 3.452 (0.33) 3.544 (0.280) 3.496 (0.25)

Mean CTh F 2.415 (0.095) 2.426 (0.11) 2.436 (0.102) 2.416 (0.10) 1.051 (0.306) 0.004

M 2.389 (0.119) 2.415 (0.14) 2.411 (0.124) 2.412 (0.14)

Deep GM nuclei

Thalamus F 0.462 (0.043) 0.468 (0.06) 0.460 (0.030) 0.457 (0.04) 7.874 (0.005)a 0.029

M 0.436 (0.039) 0.434 (0.05) 0.443 (0.046) 0.443 (0.07)

Caudate F 0.224 (0.026) 0.219 (0.03) 0.222 (0.028) 0.219 (0.03) 7.948 (0.005)a 0.029

M 0.210 (0.025) 0.208 (0.03) 0.215 (0.024) 0.211 (0.03)

Putamen F 0.295 (0.036) 0.291 (0.05) 0.303 (0.038) 0.300 (0.06) 5.690 (0.018)a 0.021

M 0.281 (0.032) 0.282 (0.04) 0.290 (0.034) 0.284 (0.04)

Pallidum F 0.128 (0.015) 0.127 (0.02) 0.126 (0.013) 0.126 (0.02) 2.275 (0.133)a 0.008

M 0.124 (0.014) 0.123 (0.02) 0.124 (0.015) 0.121 (0.02)

Hippocampus F 0.269 (0.030) 0.268 (0.04) 0.279 (0.028) 0.283 (0.04) 18.927 (<0.001)a,b 0.066

M 0.250 (0.027) 0.247 (0.04) 0.257 (0.026) 0.252 (0.03)

Accumbens F 0.032 (0.007) 0.031 (0.01) 0.032 (0.006) 0.032 (0.01) 1.601 (0.207) 0.006

M 0.030 (0.006) 0.029 (0.01) 0.031 (0.004) 0.030 (0.01)

Amygdala F 0.105 (0.017) 0.104 (0.02) 0.110 (0.013) 0.111 (0.02) 0.028 (0.868) 0.000

M 0.104 (0.013) 0.103 (0.02) 0.110 (0.014) 0.108 (0.01)

Brainstem F 1.412 (0.122) 1.391 (0.16) 1.382 (0.100) 1.384 (0.13) 0.662 (0.417)a 0.002

M 1.359 (0.120) 1.365 (0.18) 1.390 (0.134) 1.392 (0.20)

Volumetric variables are presented in ratios as percentages estimated by [(volume/eTIV) * 100]. Two-way analyses of covariance (ANCOVA) with age and education as covariates with

post-hoc tests corrected by Bonferroni were used for all variables.
aSex differences in PD group.
bSex differences in HC group (p < 0.05).

CTh, cortical thickness; F, female; GM, gray matter; HC, healthy control; M, male; PD, Parkinson’s disease.

premorbid abilities. Greater abilities in line orientation in males
were observed in a study performed with 201,000 participants,
involving 53 nations (Lippa et al., 2010). This sex differences
in visuospatial function also remained in normal aging (Munro
et al., 2012; McCarrey et al., 2016).

Our results show modest effect sizes of the main effect of
sex in MRI-derived and cognitive measures in the PD group.
The interpretation of the data should be made cautiously. Future
research needs to consider the role of other co-factors such as
environmental and lifestyle variables that could influence brain
atrophy and functional outcomes in PD together with biological
sex. In this context, diet quality and physical activity have shown
a protective effect against the development of PD (Yang et al.,
2015; Liu et al., 2021), and MIND and Mediterranean diets has
been related to later PD onset, mainly in females (Metcalfe-
Roach et al., 2021). Moreover, physical activity interventions
have shown improvement in functional outcomes in PD patients
(Sharp and Hewitt, 2014). Another relevant factor to consider
in further studies is sex differences in modifiable vascular
risk factors highly related to lifestyle variables. In this regard,

hypertension has been related longitudinally to the development
of MCI in PD (Nicoletti et al., 2021).

PPMI study includes multisite data including 1.5 and 3-Tesla
MRI acquisitions, therefore field strength differences could be
considered a potential confounder in our analyses. In this regard,
we checked 1.5 and 3-Tesla acquisitions were equally distributed
between our study groups.

Finally, regarding clinical variables, it must be considered that
the PD diagnosis in women can be delayed, and age of onset
would be biased. However, more evidence is needed concerning
the expected time from disease onset to visit with a movement
disorder specialist (Saunders-Pullman et al., 2011).

Of interest, other neurodegenerative diseases show relevant
differential characteristics between sexes in cognition and brain
atrophy. Alzheimer’s disease is the most studied among all.
Remarkably, females with Alzheimer’s disease have higher brain
atrophy rates than males (Hua et al., 2010; Ardekani et al.,
2016) and have a worse performance in verbal memory tasks
compared with males (Chapman et al., 2011; Benke et al., 2013).
Thus, consider the effect of sex in neurodegenerative diseases in
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FIGURE 2 | Cortical thickness differences between PD females and PD males, in the PD females > PD males direction. Color maps indicate clusters with significant

differences (corrected p < 0.05). Results were corrected by Monte Carlo simulation. Detailed information is included for each significant cluster: cortical area, MNI

coordinates (x, y, z), cluster size (mm2), test stat (t-stat), and P-value (p). PD, Parkinson’s disease.

translational research and clinical trials is a key point in the era of
precession medicine.

In conclusion, PD might aggravate the sex differences in
cognition and brain atrophy associated with normal aging. The
characterization of phenotypic sex differences in Parkinson’s
disease could be crucial to develop personalized medicine
approaches from the early stages of the disease.
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Abstract
Background The presence of rapid eye movement sleep behavior disorder (RBD) contributes to increase cognitive impair-

ment and brain atrophy in Parkinson’s disease (PD), but the impact of sex is unclear. We aimed to investigate sex differences 

in cognition and brain atrophy in PD patients with and without probable RBD (pRBD).

Methods Magnetic resonance imaging and cognition data were obtained for 274 participants from the Parkinson's Progres-

sion Marker Initiative database: 79 PD with pRBD (PD-pRBD; male/female, 54/25), 126 PD without pRBD (PD-non pRBD; 

male/female, 73/53), and 69 healthy controls (male/female, 40/29). FreeSurfer was used to obtain volumetric and cortical 

thickness data.

Results Males showed greater global cortical and subcortical gray matter atrophy than females in the PD-pRBD group. 

Significant group-by-sex interactions were found in the pallidum. Structures showing a within-group sex effect in the deep 

gray matter differed, with significant volume reductions for males in one structure in in PD-non pRBD (brainstem), and three 

in PD-pRBD (caudate, pallidum and brainstem). Significant group-by-sex interactions were found in Montreal Cognitive 

Assessment (MoCA) and Symbol Digits Modalities Test (SDMT). Males performed worse than females in MoCA, phonemic 

fluency and SDMT in the PD-pRBD group.

Conclusion Male sex is related to increased cognitive impairment and subcortical atrophy in de novo PD-pRBD. Accord-

ingly, we suggest that sex differences are relevant and should be considered in future clinical and translational research.

Keywords Parkinson’s disease · Sex differences · REM sleep behavior disorder · Magnetic resonance imaging · Gray matter 

atrophy · Cognitive impairment

Introduction

There is significant cumulative evidence for Alzheimer’s 

disease [1] and Parkinson’s disease (PD) [2, 3] that sus-

ceptibility to regional brain atrophy and cognitive impair-

ment differs by sex. These between-sex differences on brain 

degeneration have implications for implementing prevention, 

diagnosis, and treatment strategies in the context of preci-

sion medicine.

Early population-based studies report that males have a 

two-fold increased risk of developing PD [4]. Males with 

PD, in comparison to females, also have decreased per-

formance in global cognition [5–8], memory [6–8], verbal 

fluency [5, 7–9], processing speed [7, 9], and inhibition 

[9]. In contrast, females with PD have greater impairment 

in visuospatial function than males [6–8]. A recent meta-

analysis revealed greater frontal executive deficit in males 

than females [10]. In addition, male sex is associated with 

cognitive impairment [11] and with progression to mild cog-

nitive impairment (MCI) [8, 12] as well as dementia [12]. 

Male sex is an established predictor of progressive cognitive 

decline [13].

Structural magnetic resonance imaging (MRI) studies 

have also evidenced sex-based differences in PD. Males have 
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pronounced cortical thinning in frontal, parietal, temporal, 

and occipital regions compared with females [14]. Greater 

tissue loss in males with de novo PD has also been described 

in some cortical regions and in the left thalamus by deforma-

tion-based morphometry [15]. Studies have also identified 

disrupted structural connectivity in PD males compared to 

PD females [14, 15].

Isolated rapid eye movement behavior disorder (RBD) 

is a well-known prodrome of the synucleinopathies, with 

a rate of conversion of 90% after 15-year follow-up [16]. 

For unknown reasons, about 80% of the patients diagnosed 

in sleep centers with isolated RBD are of male sex [17]. 

PD patients have a prevalence of RBD symptomatology of 

around 40% [18]. The presence of probable RBD (pRBD) 

in PD has also been associated with more severe cognitive 

impairment in patients with de novo PD [19, 20], with a 

greater degree of cognitive decline over time [19]. Moreover 

a higher prevalence of MCI has been reported in PD patients 

with polysomnographic diagnosis of RBD [21]. Structural 

MRI studies in patients with de novo PD indicate that cor-

tical [22] and subcortical volumes [22, 23] are reduced in 

groups with pRBD compared to groups without pRBD. To 

the best of our knowledge, no previous studies have inves-

tigated the impact of sex differences on brain atrophy and 

cognitive deficits in patients with PD and pRBD.

In the current work, we aimed to explore sex differences 

in brain and cognition in a large sample of newly diagnosed 

drug-naïve patients with PD, with and without probable 

RBD (PD-pRBD and PD-non pRBD groups, respectively). 

We hypothesized that the between-sex differences would be 

more marked in the PD-pRBD group than in the PD-non 

pRBD due to a greater degree of neurodegeneration.

Methods

Participants

Data were obtained from the Parkinson’s Progression Mark-

ers Initiative database (PPMI, http:// www. ppmi- info. org) 

[24], including T1-weighted images, clinical information, 

and neuropsychological data from 205 patients with PD and 

69 healthy controls. The PD cohort was then divided into 

four groups by their sex and pRBD status, the latter of which 

was established based on a five-point cutoff on the RBD 

Screening Questionnaire (RBDSQ) [25]. The final sample 

comprised 6 groups: 73 PD-non pRBD males, 53 PD-non 

pRBD females, 54 PD-pRBD males, 25 PD-pRBD females, 

40 control males, and 29 control females.

The inclusion criteria were as follows: (i) recent diagnosis 

of PD with asymmetric resting tremor or asymmetric brad-

ykinesia, or two from among bradykinesia, resting tremor, 

and rigidity; (ii) absence of PD treatment; (iii) neuroimaging 

evidence of significant dopamine transporter deficit consist-

ent with a clinical diagnosis of PD, and excluding condi-

tions that can mimic PD, such as drug-induced and vascular 

parkinsonism or essential tremor; (iv) T1-weighted images 

available (PD and control groups); and (v) age older than 

50 and younger than 85 years old (PD and control groups). 

The exclusion criteria for all participants were as follows: 

(i) diagnosis of dementia; (ii) significant psychiatric, neu-

rologic, or systemic comorbidity; (iii) a first-degree family 

member with PD; and (iv) presence of MRI motion arti-

facts, field distortions, intensity inhomogeneities, or detect-

able structural brain lesions. The sample selection process 

is shown in Supplementary Fig. 1.

Clinical and neuropsychological assessments

A detailed clinical assessment was performed. This included 

measurements of PD symptoms by the Movement Disorders 

Society Unified PD Rating Scale (MDS-UPDRS), PD motor 

symptoms by the MDS-UPDRS motor section (Part III), dis-

ease severity by the Hoehn and Yahr scale (H&Y), global 

cognition by the Montreal Cognitive Assessment (MoCA), 

depressive symptoms by the 15-item Geriatric Depression 

Scale (GDS-15), olfactory function by the University of 

Pennsylvania Smell Identification Test (UPSIT-40), probable 

RBD status and symptomatology by the RBDSQ, and exces-

sive daytime sleepiness by the Epworth Sleepiness Scale 

(ESS) [24]. All subjects also underwent a neuropsychologi-

cal battery that included the following: phonemic (letter ‘f’) 

and semantic (animals, fruits and vegetables) verbal fluency 

tests; the Symbol Digit Modalities Test (SDMT); Letter-

Number Sequencing (LNS); the Benton Judgment of Line 

Orientation short form (JLO), 15-item version; and the Hop-

kins Verbal Learning Test-Revised (HVLT-R) [24]. All neu-

ropsychological data were reported using z scores calculated 

based on the control group's means and standard deviations.

MRI images

T1-weighted MRI scans were acquired using 1.5 or 3-Tesla 

scanners at different centers using magnetization prepared 

rapid gradient echo imaging (MPRAGE) sequences. Typical 

MRI parameters were as follows: repetition time = 5–11 ms; 

echo time = 2–6 ms; slice thickness 1–1.5 mm; inter-slice 

gap 0 mm; voxel size 1 × 1 × 1.2 mm; matrix 256 × 160 mini-

mum. Details can be found at http:// www. ppmi- info. org/ wp- 

conte nt/ uploa ds/ 2010/ 07/ Imagi ng- Manual. pdf. There were 

no differences in the distribution of 1.5 and 3-Tesla images 

across groups (Supplementary Table 1).

Cortical thickness was estimated using the automated 

processing stream and specific segmentation tools of Free-

Surfer (version 6.0, http:// surfer. nmr. mgh. harva rd. edu). 

Uribe et al. provide a detailed description about processing 
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with the FreeSurfer stream [26]. After preprocessing, results 

for each subject were inspected visually to ensure the accu-

racy of registration, skull stripping, segmentation, and cor-

tical surface reconstruction. Errors were fixed by manual 

intervention following standard procedures (see applied 

manual interventions in Supplementary Fig. 1). Deep gray 

matter (GM) mean volumes (i.e., in the thalamus, puta-

men, pallidum, caudate, hippocampus, amygdala, accum-

bens, and brainstem) and total cortical and subcortical GM 

were extracted [27]. First, volumes were made bilateral by 

averaging those of the left and right hemisphere as [(left 

volume + right volume)/2]. Second, volume ratios were cal-

culated using the estimated total intracranial volume (eTIV) 

to perform global and partial volumetric analyses [(volume/

eTIV) × 100]. Thus, significant eTIV between-sex differ-

ences in the three groups were already controlled in the 

subsequent analyses (Supplementary Table 2).

Statistical analyses

The main effects of group and sex were computed for the 

demographic variables by two-way analysis of variance 

(ANOVA) followed by Bonferroni post hoc tests to ana-

lyze sex differences in group conditions. These analyses 

revealed that males were significantly older than females in 

the control group; consequently, subsequent analyses that 

involved this group included age as a covariate (Table 1). 

No significant main effect of group was found by age 

(F = 1.892, p = 0.153), education (F = 2.959, p = 0.054), 

age of disease onset (F = 3.264, p = 0.072), or PD duration 

(F = 0.045, p = 0.832). There were no differences in the sex 

distribution across the PD groups and healthy controls (Chi-

squared = 2.558, p = 0.278).

The group-by-sex interaction for clinical, neuropsy-

chological, volumetric, and mean cortical thickness vari-

ables was assessed by two-way ANOVA or covariance 

(ANCOVA), followed by Bonferroni post hoc tests, as 

appropriate. Pearson’s Chi-squared test was used to analyze 

differences in categorical measures.

Additionally, we explored the within-group sex effect of 

neuropsychological, mean cortical thickness and volumetric 

variables. First, we regressed out the effect of normal aging 

and sex. Expected z scores adjusted for age and sex were 

calculated based on a multiple regression analysis performed 

in the HC group and subtracted from the observed variables 

[28]. Second, within-group sex effects and group-by-sex 

interactions were explored by two-way ANOVA followed by 

Bonferroni post hoc tests. Lastly, the between-group differ-

ences regarding the within-group sex effects were estimated 

to explore the significant group-by-sex interactions. The 

statistical significance threshold was set at p < 0.05 and all 

Table 1  Demographic and clinical characteristics of HC, PD-non 

pRBD, and PD-pRBD females and males

Data are presented by groups as mean (SD), except for H&Y. Two-

way analyses of variance (ANOVA) followed by Bonferroni post hoc 

tests were used for all demographic variables. Two-way analyses of 

covariance (ANCOVA) with age as covariable, followed by Bonfer-

roni post hoc tests were used for all clinical variables. Except for 

MDS-UPDRS, that was analyzed by two-way analysis of variance 

(ANOVA); and H&Y, by Pearson’s Chi-squared

ESS Epworth Sleepiness Scale; F female; GDS-15 the 15-item Geri-

atric Depression Scale; HC healthy controls; H&Y Hoehn and Yahr 

scale; M male; MDS-UPDRS Movement Disorder Society Unified 

Parkinson’s Disease Rating Scale; PD-non pRBD PD without prob-

able RBD; PD-pRBD PD with probable RBD; RBDSQ REM Sleep 

Behavior Disorder Screening Questionnaire; UPSIT University of 

Pennsylvania Smell Identification Test

*Sex differences in HC group (P < 0.05)

**Sex differences in PD-pRBD group (P < 0.05)

HC PD-non pRBD PD-pRBD Sex main effect 

test stat (P value)

Age, years

 F 60.6 (5.9) 60.9 (7.4) 63.5 (7.5) 6.215 (0.013)*

 M 64.1 (7.1) 63.2 (7.4) 64.7 (7.0)

Education, years

 F 16.2 (2.9) 15.4 (2.9) 15.2 (3.1) 3.141 (0.077)

 M 17.0 (2.5) 15.8 (3.0) 16.1 (2.9)

Age of onset, years

 F NA 60.0 (7.4) 62.6 (7.6) 2.348 (0.127)

 M NA 62.3 (7.2) 63.6 (6.9)

PD duration, months

 F NA 10.8 (8.5) 9.9 (6.8) 0.278 (0.599)

 M NA 10.3 (6.2) 11.6 (7.2)

MDS-UPDRS

 F NA 28.4 (10.0) 32.0 (11.9) 3.774 (0.053)

 M NA 30.1 (11.3) 37.4 (14.1)

MDS-UPDRS Part III

 F NA 19.0 (7.6) 17.9 (7.6) 7.371 (0.007)**

 M NA 20.4 (8.3) 23.3 (9.4)

H&Y stage, n, 1/2/3

 F NA 1.7 (2.1) 2.6 (2.5) 0.002 (0.967)

 M NA 35/37/1 21/33/0

GDS-15

 F 1.9 (3.2) 1.7 (2.1) 2.6 (2.5) 0.002 (0.967)

 M 1.2 (2.8) 2.3 (2.2) 2.7 (2.4)

ESS

 F 4.6 (2.9) 4.9 (3.4) 6.8 (3.6) 0.822 (0.365)

 M 5.3 (3.5) 5.7 (2.9) 6.4 (3.7)

RBDSQ

 F 1.5 (1.2) 2.7 (1.1) 6.0 (1.4) 7.405 (0.007)**

 M 1.9 (1.4) 2.6 (1.1) 7.2 (1.9)

UPSIT

 F 34.9 (3.4) 23.8 (8.6) 21.4 (8.7) 3.401 (0.066)

 M 33.6 (4.1) 21.0 (7.4) 18.7 (8.0)
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analyses were performed with IBM SPSS Statistics 27.0.0 

(2020; IBM Corp., Armonk, NY).

Intergroup comparisons of cortical thickness were per-

formed using a vertex-by-vertex general linear model in 

FreeSurfer v6.0. The model included cortical thickness 

as a dependent factor, group as an independent factor, and 

demeaned age as covariable. All results were corrected for 

multiple comparisons using a pre-cached cluster-wise Monte 

Carlo simulation with 10,000 iterations. Reported cortical 

regions reached a two-tailed corrected significance level of 

p < 0.05.

Results

Clinical characteristics

A significant sex effect was found with motor severity 

(MDS-UPDRS Part III) and RBD (RBDSQ). There was a 

significant group-by-sex interaction in the RBDSQ score 

(F = 4.749, p = 0.009), with post hoc analyses also show-

ing that males in the PD-pRBD group had more severe 

motor and RBD symptoms than females in this group. No 

significant main effect of sex was found in the global 

MDS-UPDRS score, the H&Y stage, GDS-15, ESS, and 

UPSIT scores (Table 1).

Neuropsychological performance

A significant group-by-sex interaction was found in the 

MoCA (F = 4.758, p = 0.009)  and SDMT (F = 4.196, 

p = 0.016). Both groups of PD males performed worse than 

HC males in MoCA and SDMT, PD-pRBD males per-

formed worse than PD-non pRBD males in SDMT (Fig. 1 

and Supplementary Table 3).

Complementary, significant within-group sex effects 

were found in the MoCA, phonemic fluency and SDMT 

in the PD-pRBD group after regressing out age and sex, 

in which males performed lower than females (Supple-

mentary Table 4). A significant within-group sex effect 

in semantic fluency (fruits) was observed in the PD-non 

pRBD group, with lower performance in females than 

males. No within-group sex effect was observed in the 

control group. Significant group-by-sex interactions 

remained after controlling the effect of normal aging and 

sex (Supplementary Tables 4 and 5). Between-groups dif-

ferences regarding the within-group sex effects in MoCA 

Fig. 1  Neuropsychological performance. Tasks are indicated in the 

x axis. Group means in each task are presented as z scores, as indi-

cate in y axis. Lower z scores indicate worse performance. Descrip-

tive statistics, as mean (SD), are available in Supplementary Table 3. 

Healthy controls in blue, PD-non pRBD in warm colors, PD-pRBD in 

green; lighter for females and darker for males. HC represented by 

filled squares, PD-non pRBD by filled triangles and PD-pRBD by 

filled rhombuses. Females by a continuous line and males by a dashed 

line. Data are presented as z scores. Abbreviations:  MoCA Montreal 

Cognitive Assessment; SDMT Symbol Digit Modalities Test; LNS 

Letter-Number Sequencing; JLO Benton Judgment of Line Orienta-

tion; HVLT-R Hopkins Verbal Learning Test-Revised, HC healthy 

controls; PD-non pRBD PD without probable RBD; PD-pRBD PD 

with probable RBD
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and SDMT showed significant differences between PD-

pRBD and the other two groups (Supplementary Table 5).

MRI volumetry

We did not  find any vertex-wise sex effects in cortical 

thickness. Regarding subcortical volumetry, there was a 

significant group-by-sex interaction in the bilateral palli-

dum (F = 3.084, p = 0.047). Post hoc analyses showed that 

PD-pRBD males had smaller pallidum volume than PD-non 

pRBD males (Table 2).

Supplementary analysis, after regressing out age and sex, 

showed that in the PD-pRBD group males had smaller global 

cortical and subcortical GM volumes than females. Further-

more, males had significantly smaller volume than females 

in three subcortical structures in the PD-pRBD group (cau-

date, pallidum and brainstem) versus in one in the PD-non 

pRBD group (brainstem), and in none in the control group 

(Supplementary Table 6). Significant group-by-sex interac-

tion remained after controlling the effect of normal aging 

and sex (Supplementary Tables 5 and 6). Between-groups 

differences regarding the within-group sex effects showed 

a significant difference between PD groups and a trend to 

significance between PD-pRBD and HC in the pallidum. As 

expected, there were no differences between PD-non pRBD 

and HC (Supplementary Table 5).

Significant group-by-sex interactions in neuropsychologi-

cal (MoCA) and MRI (pallidum) measures remain signifi-

cant after controlling by motor disease severity (Supplemen-

tary Tables 7 and 8).

In summary, we showed a significant interaction in palli-

dum, showing smaller pallidum volume in PD-pRBD males 

than in PD-non pRBD males. Additionally, PD-pRBD males 

showed smaller global cortical and subcortical GM vol-

umes than females, as well as, a different number of struc-

tures showing within-group sex differences. This applied 

to no structure in the control group, one in the PD-non-

pRBD group, and three in the PD-pRBD group. In all cases, 

males showed decreased volumes compared with females.

Discussion

Among drug-naïve patients, in the PD-pRBD group males 

had more severe motor and RBD symptomatology, worse 

cognitive performance, and greater subcortical volume atro-

phy than females. Such sex differences were also observed in 

subcortical volumes in PD-non pRBD group, but to a greater 

extent in the former.

Table 2  Magnetic resonance imaging derived measures of HC, PD-

non pRBD, and PD-pRBD females and males

Data are presented by groups as mean (SD). Volumetric variables are 

presented in ratios estimated by ((volume/eTIV) × 100). Two-way 

analyses of covariance (ANCOVA) with age as covariable, followed 

by Bonferroni post hoc tests, were used for all variables

CTh cortical thickness; F female; GM gray matter; HC healthy con-

trols; M male; PD-non pRBD PD without probable RBD; PD-pRBD 

PD with probable RBD

*Differences between PD-non pRBD males and PD-pRBD males 

(P < 0.05)

HC PD-non 

pRBD

PD-pRBD Group-by-sex 

test stat (P 

value)

Global atrophy

 Cortical GM

  F 30.11 (1.80) 29.39 (2.23) 30.03 (2.34) 1.577 (0.209)

  M 29.39 (2.26) 28.15 (1.98) 28.15 (2.39)

 Subcortical GM

  F 3.69 (0.27) 3.63 (0.26) 3.66 (0.32) 1.773 (0.172)

  M 3.54 (0.28) 3.51 (0.24) 3.41 (0.24)

 Mean CTh, mm

  F 2.44 (0.10) 2.42 (0.10) 2.41 (0.09) 0.017 (0.984)

  M 2.41 (0.12) 2.39 (0.12) 2.38 (0.12)

Deep GM nuclei

 Thalamus

  F 0.460 (0.030) 0.465 (0.042) 0.456 (0.044) 0.741 (0.478)

  M 0.443 (0.046) 0.441 (0.040) 0.429 (0.037)

 Caudate

  F 0.222 (0.028) 0.221 (0.027) 0.229 (0.022) 2.047 (0.131)

  M 0.215 (0.024) 0.212 (0.025) 0.207 (0.024)

 Putamen

  F 0.303 (0.038) 0.294 (0.035) 0.296 (0.039) 0.995 (0.371)

  M 0.290 (0.034) 0.286 (0.029) 0.275 (0.035)

 Pallidum

  F 0.126 (0.013) 0.127 (0.014) 0.131 (0.015) 3.084 (0.047)*

  M 0.124 (0.015) 0.127 (0.013) 0.120 (0.015)

 Hippocampus

  F 0.279 (0.028) 0.267 (0.030) 0.272 (0.031) 0.802 (0.449)

  M 0.257 (0.026) 0.252 (0.028) 0.247 (0.025)

 Amygdala

  F 0.110 (0.013) 0.103 (0.015) 0.108 (0.022) 2.397 (0.093)

  M 0.110 (0.014) 0.105 (0.013) 0.101 (0.013)

 Accumbens

  F 0.032 (0.006) 0.031 (0.007) 0.034 (0.007) 1.618 (0.200)

  M 0.031 (0.004) 0.030 (0.006) 0.030 (0.006)

 Brainstem

  F 1.382 (0.100) 1.412 (0.128) 1.412 (0.110) 2.393 (0.093)

  M 1.390 (0.134) 1.375 (0.113) 1.338 (0.128)
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Clinically, despite a similar age at the time of the study, 

age of disease onset and PD duration, males in the PD-

pRBD group had greater motor impairment and more RBD 

symptoms. Cognitive impairment was also greater in males 

in the PD-pRBD group. We found a significant group-by-sex 

interaction in MoCA and SDMT. Notably, the sex effects 

in MoCA and SDMT were greater in the PD-pRBD group 

compared with the other two groups. Specifically, we found 

that males performed significantly worse than females in 

MoCA, phonemic fluency and SDMT in the PD-pRBD 

group. By contrast, females in the PD-non pRBD showed 

greater impairment only in one semantic fluency test than 

males. These results suggest that, if PD patients with RBD 

symptomatology, showed sex differences consistent with 

those of previous studies in drug-naïve patients with PD 

as a whole group, showing that males have greater global 

cognitive impairment [6, 7], verbal fluency, and processing 

speed [7] impairments. In contrast, those differences mostly 

disappear, in the PD-non pRBD group.

Global MRI measures revealed smaller total cortical and 

subcortical GM volumes in males of the PD-pRBD group, 

but not in the PD-non pRBD and control groups. This find-

ing suggesting that, just like the atrophy patterns are more 

severe in PD with RBD symptomatology [22, 23], the sex 

differences are more marked in this PD subtype.

It has been reported that males, even adjusting for brain 

size, have larger volumes in several structures than females 

[29, 30]. Nonetheless, more accelerated aging effects have 

been described in males in regional volumes [31, 32]. In 

summary, aging seems to reverse sex-related structural 

differences in the brain, probably due to hormonal effects, 

resulting in a greater vulnerability of males to brain atrophy, 

especially in degenerative conditions.

In addition to the greater global atrophy among males 

compared with females, we also found vulnerability to dif-

ferential volumetric atrophy by sex among various subcor-

tical structures. There was increased subcortical atrophy in 

males compared with females in both PD groups, and we 

observed that sex differences in subcortical regions were 

more evident in the PD-pRBD group, with a significant 

group-by-sex interaction in the pallidum. The sex effect in 

the pallidum was greater in the PD-pRBD group compared 

with the PD-non pRBD group. Specifically, we found signifi-

cant differences in three structures in the PD-pRBD group 

compared with only one structures in the PD-non pRBD 

group and none structure in the control group. In de novo 

PD as a whole group, using voxel-based morphometry, 

males have been shown to have increased atrophy in the left 

thalamus compared to females [15]. However, following the 

applied classification, the PD-pRBD group showed sex dif-

ferences in the bilateral pallidum, caudate, and brainstem; 

but the PD-non pRBD group showed only one sex differ-

ence, in the brainstem.

Together, our results provide evidence for the presence 

of sex differences in cognition and brain structure follow-

ing a continuum from normal aging to patients with PD and 

pRBD. In both PD groups, males show more severe atrophy, 

suggesting that female sex confers protective benefits against 

neurodegeneration. Several pathophysiological mechanisms 

have been suggested as being responsible for sex differences 

in neurodegenerative processes. Dysregulated gene expres-

sion and sex hormones have been related to these sex differ-

ences in the pathophysiology of PD, including vulnerability 

of the dopaminergic system, neuroinflammation, and oxida-

tive stress [2]. Another implicated mechanism is the alpha-

synuclein, that has been observed in more decreased plasma 

concentrations in males than females in advanced stages of 

PD; and its concentration has been associated with cognitive 

impairment and sleep disorders in PD males [33]. By analyz-

ing the subcortical structural volumes of 38,851 subjects, 

several genes involved in the regulation of neuronal apopto-

sis, inflammation/immunity, and susceptibility to neurologi-

cal disorders have been identified [34]. Nevertheless, in the 

future, other functional biomarkers and imaging techniques 

are needed to investigate the specific mechanisms underlying 

sex-related brain differences in PD.

The main strength of the paper is a very large sample that 

allows testing sex effects on brain and cognition in PD and 

the main limitation of our study is using a validated RBD 

questionnaire instead of a confirmed polysomnography diag-

nosis. In this sense, the RBDSQ showed a sensitivity of 0.47 

and a specificity of 0.78 in a cohort of PD de novo patients 

[35]. The use of a questionnaire could increment the false 

positive discovery rate by overestimating the incidence of 

clinically significant RBD symptomatology and limit the 

generalisability of the obtained results. Another limitation 

is that PPMI data were acquired from a multicenter cohort 

having differences in MRI acquisition. Finally, we could not 

have a group of healthy controls with probable RBD to take 

into account the influence of this condition isolated.

In summary, our results underpin the role of sex as being 

important to understanding the phenotypic expression of 

PD. Our findings also indicate that sex male is related to 

increased functional alterations in motor, RBD, and cogni-

tive domains among drug-naïve PD patients with pRBD. 

Also, PD-pRBD male patients show more atrophy in subcor-

tical structures than PD-pRBD females and these sex differ-

ences are in more structures than in patients without pRBD. 

Accordingly, we suggest that sex differences are relevant 

factors to be considered in clinical trials.
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Chapter  

General discussion 
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In the present doctoral thesis, we aimed to describe cognitive impairment and 

functional and structural MRI characteristics of PD with RBD and establish the 

correlates between cognition and MRI measures.  

We also tried to elucidate if there are sex differences in clinical variables, 

cognition, and MRI measures in PD with RBD. For these purposes, we 

performed four studies. The main results of the four studies will be discussed 

and integrated into this section. 

Clinical differences of Parkinson’s disease with and without RBD 

In the de novo stage of the disease (study ), the PD-pRBD compared with the 

PD-non pRBD group had a more severe impairment (MDS-UPDRS total score), 

presence of constipation, and symptoms and frequency of depression and 

sleepiness. In a more advanced stage of the disease (study ), we did not find 

significant differences in the explored clinical variables between groups. 

However, we cannot conclude that, in more advanced stages, there are no 

clinical differences between these PD groups. The absence of statistically 

significant differences in study  could be biased because of the sample size and 

the heterogeneity of the sample. Furthermore, we need to consider that we 

included different clinical variables in studies  and . 

In this context, study  findings disagree with previous literature that associated 

RBD in PD with male sex, older age, and longer disease duration (ͳ͵). 

Therefore, in de novo PD, PD with RBD could reflect a particular point of the 

disease progression from prodromal phases of PD as iRBD; then, the differences 

in age and disease duration could be diluted at this time point of the disease 

evolution. In addition, de novo PD without RBD patients could develop RBD 

later along the disease course and influence the relation between this symptom, 
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age, and disease progression. Concerning male sex predominance in study , 

there were no significant differences between PD-pRBD and PD-non pRBD. The 

balanced male predominance between groups could be influenced by the PPMI 

study design because of the recruitment process and the generalized screening 

of RBD symptomatology with questionnaires. These possible explanations for 

the absence of significant differences in sex distributions between PD groups 

are extensible to study . Besides, the use of questionnaires could increase the 

rate of false negatives in PD-pRBD female cases. As a note, as we highlighted in 

the Introduction, the female cases of iRBD and PD with RBD are potentially 

underdiagnosed (Ͳͳ,Ͳʹ,ͱͱͱ). As regards PD symptoms, in study , we did not find 

a significant difference in motor symptoms (MDS-UPDRS Part III) as reported 

in the literature (ͳ͵). But, the PD-pRBD group had more disease severity (MDS-

UPDRS total score). Additionally, the presence of constipation in the PD-pRBD 

group agrees with previous studies that reported their association; for example, 

both symptoms jointly are associated with worse cognitive prognosis in male 

PD patients (ͱ͸Ͳ). The relation between constipation and RBD could reflect the 

dual-hit hypothesis proposed by Braak et al. (ʹͰ), extensible to the body-first 

PD subtype of the alpha-Synuclein Origin and Connectome (SOC) Model (ʹͶ), 

highlighting the potential role of the gut-brain axis in PD pathogenesis (ͱ͸ͳ). 

Moreover, the prevalence of depression in the PD-pRBD group links with 

previous results that showed an association between RBD symptomatology and 

depression mediated by autonomic dysfunction in general and specific by 

gastrointestinal dysfunction (ͱ͸ʹ). The presence of depression in the PD-pRBD 

group could be associated with a more extensive alpha-synuclein pathology and 

related neurodegeneration in the de novo stage of the disease. Of interest, white 

matter alterations have been reported in de novo PD patients with RBD and 

depression symptoms compared with those without both symptoms in 
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concomitance (ͱ͸͵,ͱ͸Ͷ). Last, increased sleepiness in PD-pRBD agrees with the 

presence of somnolence in iRBD patients (ͱ͸ͷ).   

Cognitive impairment in Parkinson’s disease with RBD 

Regarding the characterization of the cognitive profile of PD-pRBD patients, we 

found that this subtype of patients had the worst cognitive profile in the de 

novo stage of the disease (study ) and also in more advanced disease (study ). 

In study , the PD-pRBD group had verbal fluency and visuospatial impairment 

compared with the PD-non pRBD. Furthermore, the PD-pRBD compared with 

the control group had impairment in verbal fluency, working memory, short-

term and long-term verbal recall, and visuospatial function. Both PD groups 

showed impairment in global cognitive function and processing speed. In study 

, the PD-pRBD compared with PD-non pRBD patients had inhibition and 

processing speed impairment. Moreover, the PD-pRBD group had impairment 

in verbal fluency, inhibition, shifting, processing speed, short-term verbal 

recall, and visuospatial function compared with the control group. On the other 

hand, the PD-non pRBD group did not show impairment compared with the 

control group. 

The cognitive profile found in study  is in line with previously reported verbal 

fluency and visuospatial impairment in PD-RBD compared with PD-non RBD 

(ʹ͸) and the one found in study Ͳ with inhibition impairment (ʹ͸). Despite the 

absence of widespread differences between PD groups, the PD-pRBD groups 

had distinctive impairment compared with controls in verbal fluency, 

inhibition, working memory, long-term verbal recall, and visuospatial function 

that are in coherence with previous literature (ʹ͸). Overall, our findings 
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support the entity of PD with RBD as a clinical subtype with worse cognitive 

impairment.  

Structural and functional brain characteristics of Parkinson’s 

disease with RBD 

We explored the brain characteristics of PD-pRBD in studies  and , using 

structural MRI and resting-state fMRI approaches, respectively.  

In study , we found that PD-pRBD patients had decremented volume in the 

left thalamus compared with the PD-non pRBD patients. These results agree 

with those previously obtained, which reported thalamic reductions in PD with 

RBD de novo PD (Ͷ͸) and in more advanced PD patients (ͶͶ) compared with 

PD without RBD. Similarly, another study reinforces the thalamic involvement 

in such patients showing a negative correlation between the severity of RBD 

symptoms and the thalamic volume in a de novo PD sample (ͷͰ). Two different 

factors may be influencing GM loss in the thalamus. The first factor is the 

pathological accumulation of alpha-synuclein in thalamic regions, which was 

described in early studies in PD (ͱ͸͸,ͱ͸͹) and later specifically in those PD 

patients with sleep disturbances, including RBD (ͱ͹Ͱ). The second one is the 

altered neurotransmission in PD with RBD. In this context, PET studies have 

found cholinergic and noradrenergic denervation in thalamic regions in PD 

with RBD compared with PD without RBD (ͷͶ,͹ͳ). In contrast, Bedard et al. 

found increased cholinergic innervation in the ventromedial area of the 

thalamus in iRBD patients compared with controls (ͱ͹ͱ). Moreover, 

compensation processes could concur, such as the incremented resting-state 

nodal efficiency in the thalamus in PD-pRBD compared with PD-non pRBD 

found in a previous study (͸Ͷ). 
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Regarding other structural MRI measures in study , we found that the pattern 

of atrophy of PD-pRBD patients was more widespread than the PD-non pRBD 

one, especially in subcortical structures. In global measures, the PD-pRBD 

patients had decreased volume in subcortical and cortical GM compared with 

controls and increased ventricular volume. On the other hand, the PD-non 

pRBD group had only decreased total cortical GM volume compared with 

controls. Concerning regional measures, the PD-pRBD group had volume 

decrements compared with the control group in bilateral putamen, left 

hippocampus, and left amygdala and cortical thinning in the right superior 

temporal gyrus. Meanwhile, the PD-non pRBD group had only volume 

reduction in the right amygdala compared with the control group. 

Concurrently, other studies have informed putamen reductions in PD with RBD 

compared with PD without RBD patients in the de novo stage of the disease 

(Ͷ͸,ͷͰ) and more advanced PD, together with shape changes (ͷͱ). Besides, 

reduced volume in the putamen has been reported in iRBD patients compared 

with controls (ͱ͹Ͳ,ͱ͹ͳ). A possible mechanism involved in putamen 

neurodegeneration is the impairment of the nigrostriatal pathway. In this 

regard, some PET and SPECT studies in de novo PD have shown reduced DAT 

binding in PD with RBD compared with PD without RBD (͹Ͱ,͹͵,ͱͰͰ,ͱͰͲ). 

Concerning hippocampal reduction, previous studies reported significant 

volume decrements in PD-RBD compared with PD-non RBD (Ͷͷ). Of interest, 

Campabadal et al. reported reduced hippocampal volumes in iRBD patients 

compared with controls (ͱ͹ʹ). The interpretation of the medial temporal 

degeneration in PD with RBD should be cautious because insomnia is present 

in most iRBD patients (ͱ͸ͷ), and sleep deprivation is strongly associated with 

hippocampal dysfunction and volume reduction (ͱ͹͵). Therefore, possibly the 

atrophy of the hippocampus is not explained only by the neurodegenerative 

process per se, as Campabadal et al. highlighted elsewhere (ͱ͹ʹ). As regards the 
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amygdala, we found volume decrements in the left amygdala in PD-pRBD 

compared with controls. Previous studies have found similar reductions in the 

amygdala cross-sectionally and longitudinally (Ͷ͸,ͷͳ). Previous 

neuropathological studies reported an increased synuclein deposition in PD 

with RBD (ͳ͸), and this mechanism could be implicated in the reduction of the 

amygdala. Of interest, the PD-non pRBD group had a decrement in the right 

amygdala compared with controls in our study. The sole structure that 

appeared altered in the PD-non pRBD group coincides with the main suggested 

initial point of the atrophy in the brain-first subtype in the SOC model (ʹͶ). 

The unilaterality of the results in the PD-non pRBD group could reflect a 

unilateral focus that propagates to the ipsilateral hemisphere dependent on 

connection strength (ʹͶ). Conversely, a widespread and bilateral atrophy 

pattern, as well as the presence of RBD symptomatology in the PD-pRBD, 

suggest that this group resembles the body-first subtype. Last, we found 

thinning in the right superior temporal gyrus in PD-pRBD compared with 

controls. In this line, other studies have reported volume reductions and 

thinning in temporal regions in PD with RBD compared with PD without RBD 

patients in the de novo stage of the disease (Ͷ͸,ͷͳ) and more advanced disease 

(ͷͱ). Possible factors associated with temporal neurodegeneration are 

decreased cortical metabolism (͹Ͱ) and the presence of neocortical alpha-

synuclein depositions (ͳ͸). Altogether these findings suggest that the PD with 

RBD patients have extended neurodegeneration to the neocortex.  

In study , we characterized for the first time resting-state interregional 

functional connectivity through whole-brain network-based statistics in PD-

pRBD patients using TFNBS. We found a reduced posterior functional 

connectivity between the right ventral area of the cingulate and the left medial 

area of the precuneus. The results agree with previous data of reduced posterior 
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resting-state functional connectivity in PD-RBD compared with PD-non RBD 

using a seed-to-whole brain approach (ͷͲ) and a more widespread posterior 

pattern of reduced connectivity in iRBD compared with controls trough TFNBS 

(ͱ͹Ͷ). Therefore, a posterior pattern of disrupted resting-state functional 

connectivity could be associated with RBD along the spectrum of PD. The 

comparisons between PD groups and controls showed significant differences in 

the PD-pRBD group with an extended reduced functional connectivity, mainly 

between cortical and paralimbic regions. The reduced connections in the PD-

pRBD group mostly involved posterior cingulate regions with temporal, frontal, 

insular, and thalamic regions. These results link with a previous finding in PD-

RBD compared with PD-non RBD of reduced functional connectivity between 

the anterior cingulate cortex and the pedunculopontine nucleus as regions of 

the arousal network (͸͵). In addition, we found reduced functional 

connectivity between the left superior temporal and the right parietal cortex 

and in cortico-deep gray matter connections (fronto-striatal, parietal-striatal, 

parietal-thalamic, and amygdala-posterior middle temporal cortex 

connections). The fronto-striatal implication was previously described in PD-

pRBD compared with PD-non pRBD, showing functional abnormalities in the 

fronto-striatal pathway using an ALFF approach (͸ͳ). As regards global graph 

measures, the PD-pRBD had an increased normalized characteristic path 

length compared with the PD-non pRBD group. Indeed, a reduced path length 

implies a low efficiency (179,180) in the network and has been reported before 

in PD patients compared with controls (ͱ͹ͷ), also altered in severe PD 

phenotypes, namely PD-MCI compared with PD with normal cognition (ͱ͹͸). 

Although, it remains preserved in de novo PD patients (ͱ͹͹). Therefore, the 

global network efficiency alteration could correspond to advanced stages of PD 

and severe disease phenotypes, the PD with RBD among them. 
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Brain correlates of cognitive impairment in Parkinson’s disease 

with RBD 

We analyzed the association between cognitive impairment and the brain 

characteristics of PD-pRBD in studies  and . 

In study , we explored the associations between altered structural brain 

measures and cognitive impairment in PD-pRBD using regression analyses. We 

found that the right putamen and left hippocampus volumes were positively 

associated with general cognition, left putamen with phonemic verbal fluency, 

left hippocampus with processing speed, and left thalamus with visuospatial 

function. Besides, total cortical GM was positively associated with phonemic 

verbal fluency and subcortical GM with general cognition and processing speed. 

The conception of the brain as a distributed network could help us to interpret 

the pattern of associations of cognitive impairment with subcortical structures 

that we found in de novo PD-pRBD patients. This functional understanding of 

the brain and its application to pathologic populations are inferred from the 

research field of the relation of subcortical structures with cognition; Crosson 

briefly revised the research field context and its upcoming research elsewhere 

(ͲͰͰ). This concept of the brain as a complex system could allow us to 

reinterpret the classical consideration of PD as subcortical dementia (ͲͰͱ,ͲͰͲ). 

The subcortical structures could play different roles along the disease course. 

Thus, in the first stages of the disease, especially in PD with RBD, understood 

as body-first subtype: a more specific weight of subcortical neurodegeneration 

and altered connectivity with other brain regions. Then, in more advanced 

stages of the disease, cortical neurodegeneration may explain the evolution 

from specific cognitive impairment to MCI and dementia.   
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We analyzed the associations between altered functional brain measures and 

cognitive impairment in PD-pRBD in study  through correlation analyses. 

First, we found a significant positive correlation between visuoperceptual 

function and the mean strength of the altered connections in PD-pRBD in 

comparison with controls. Moreover, we found significant negative correlations 

of normalized characteristic path length with processing speed and short-term 

verbal recall. These correlations of cognition with normalized characteristic 

path length are congruent, especially with processing speed tasks, since the 

increment of this measure implies a less efficient information transference 

within the network (ͲͰͳ,ͲͰʹ). 

Sex differences in Parkinson’s disease with RBD 

In studies  and , we analyzed sex differences in clinical features, cognition, 

and structural MRI measures in a de novo PD sample. First, with a focus on the 

de novo PD group as a whole (study ) and then centered on how these variables 

differ or not between sexes in PD-pRBD and PD-non pRBD groups (study ). 

The analyses of clinical variables revealed that in the de novo PD group, males 

had more motor severity and RBD symptomatology than females (study ). 

Indeed, when we analyzed the groups separately according to the RBD status 

(study ), the results showed that the differences in motor and RBD 

symptomatology remained only in the PD-pRBD group. The more severe motor 

symptomatology in males agrees with a previous study (ͱͱͷ). Regarding RBD 

symptomatology, the sex differences obtained through the questionnaire may 

reflect the female RBD presentation with less conspicuous symptoms 

(Ͳͳ,Ͳʹ,ͱͱͱ). 
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Cognitive measures in the de novo PD group showed that females outperformed 

males in general cognition, verbal fluency, processing speed, and short-term 

and long-term verbal recall, while males outperformed females in visuospatial 

function (study ). Whereas, with the divided sample (study ), the PD-pRBD 

group females outperformed males in general cognition, verbal fluency, and 

processing speed, while the PD-non pRBD group solely showed sex differences 

in the same direction in verbal fluency. The sex differences in verbal fluency 

concord with the previously reported impairment in executive function in PD 

males compared with PD females (ͱͱ͹). 

The structural MRI analyses reported that de novo PD males had reduced 

volumes compared with de novo PD females in the bilateral thalamus, caudate, 

putamen, pallidum, hippocampus, and brainstem (study ); as well as in total 

cortical and subcortical GM. Furthermore, cortical thickness analysis revealed 

thinning in the left postcentral and right precentral regions in de novo PD males 

compared with de novo PD females. When analyzing the PD-pRBD and PD-non 

pRBD groups separately (study ), males had decreased volume than females in 

one subcortical structure in the PD-non pRBD group (brainstem). In the PD-

pRBD group, males had reduced volumes compared with females in three 

subcortical structures (caudate, pallidum, and brainstem), total cortical, and 

subcortical GM. Comparably, a previous study using a VBM approach reported 

volume decrement in de novo PD males compared with de novo PD females in 

the left thalamus (ͱͲͶ), which concords with the sex difference in the thalamus 

found in study . The same study reported sex differences in cortical regions 

volume in both directions, with de novo PD males atrophy predominance. The 

cortical differences included reduced volume in de novo PD males compared 

with de novo PD females in the right postcentral, which partially agrees with 

thinning in the left postcentral described in study . However, they did not find 
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sex differences in the CTh analysis. As regards CTh, in more advanced PD, a 

previous study reported thinning in PD males compared with PD females in 

several frontal, parietal and occipital regions (ͱͲ͵). The subcortical 

predominance of our results agrees with previously reported disruptions in 

measures of local efficiency in de novo PD males compared with de novo PD 

males in the basal ganglia, amygdala, and thalamus using a graph analysis 

approach with GM measures (ͱͲͶ). Besides, the impairment of striatal volumes 

also agrees with reduced dopamine binding found in PD males compared with 

PD females (ͱͱʹ). 

Overall, in our studies, the PD males showed worse clinical, cognitive, and 

neurodegeneration characteristics than PD females, more marked in PD-pRBD. 

Our findings suggest that PD males have a subcortical vulnerability more 

pronounced in patients with RBD, congruent with the more conspicuous RBD 

symptomatology. Future research is needed to clarify the mechanisms behind 

these sex differences. 

Future perspectives on Parkinson’s disease with RBD 

One of the main questions for future research is if different trajectories of alpha-

synuclein spreading are possible in PD and which is their associated 

neurodegeneration process. In this context, RBD could be one clinical feature 

with value as a marker of the disease progression. The impairment of the RBD-

related circuits could happen in different stages of neurodegeneration. For 

example, the pathophysiology of PD may follow one trajectory in which the 

RBD symptomatology occurs with a high likelihood at the first PD stages, with 

the starting point at the vagus nerve, body-first subtype according to the SOC 

model (ʹͶ) with its equivalent in the firsts Braak stages (ʹͰ,ʹͳ). However, other 

trajectories in which RBD appears later or even never along the disease 
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progression are possible. Therefore, we are making a great effort to characterize 

PD with RBD, but we are probably dealing with a heterogeneous group with 

different pathology trajectories and RBD onsets. Nowadays, we have a pretty 

sharp picture of PD with RBD: a group of patients with a distinctive clinical 

profile (ͳ͵), more cognitive impairment (ʹ͸), and neurodegeneration (ͲͰ͵). 

Although, as a next step, future research should put RBD in the context of PD, 

passing from "PD with RBD as a clinical subtype" to "RBD in the context of PD 

trajectories." Two innovative research fields are dealing with some necessary 

steps for putting into practice this perspective. The first is the development of 

in vivo alpha-synuclein neuroimaging (ͲͰͶ,ͲͰͷ), which would allow tracing the 

alpha-synuclein depositions and following its spreading longitudinally. The 

second is the development of longitudinal clustering approaches (ͲͰ͸,ͲͰ͹), 

from which this hypothesis of synucleinopathy trajectory and 

neurodegeneration heterogeneity could benefit. Complementary, clinical and 

cognitive profiling, multimodal neuroimaging approaches, and other 

biomarkers would allow the thorough characterization of these 

neurodegenerative trajectories in PD. 

Final remarks 

In summary, in the present doctoral thesis, we found evidence that supports 

the entity of PD with RBD as a more severe clinical subtype in terms of 

neurodegeneration and cognitive impairment. For the first time, we described 

in this group of patients the subcortical basis of cognitive impairment, the 

functional connectivity disruption using whole-brain network-based statistics, 

and its association with cognitive performance. Furthermore, as a novelty, we 

found sex differences in structural brain features and cognition, which indicate 

a more marked male vulnerability in this PD clinical subtype.
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Chapter  

Conclusions
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Through the combined analysis of the studies included in this doctoral thesis, 

we can conclude that: 

ͱ. Structural MRI findings point towards an early GM subcortical atrophy in 

de novo PD-pRBD patients, involving thalamic, limbic, and striatal regions 

together with temporocortical atrophy in comparison to healthy controls. 

The main difference between PD subgroups is a decreased thalamic volume 

in PD-pRBD. 

Ͳ. The distinctive cognitive profile of PD-pRBD patients in comparison to PD-

non pRBD is already present in de novo PD stages, and it is characterized by 

increased verbal fluency and visuospatial impairment. The subcortical GM 

atrophy is associated with the cognitive impairment of these patients. In 

advanced stages, worse neuropsychological performance in PD-pRBD is 

seen in mental processing speed and inhibitory function. 

ͳ. PD-pRBD patients show decreased functional connectivity compared with 

healthy controls involving cortico-cortical and cortico-subcortical 

connections. The pattern of functional connectivity reduction in PD-PRBD 

compared with PD non-pRBD is characterized by posterior cortico-cortical 

connectivity and network efficiency alterations. 

ʹ. The results show that connectivity strength from reduced functional 

connections correlates with visuoperceptual impairment, and increased 

normalized characteristic path length correlated with mental processing 

speed and verbal learning impairment. Therefore, less efficient information 

transfer within brain networks is associated with cognitive impairment in 

PD-pRBD patients. 

͵. Sex differences in structural data show cortical thinning in de novo PD 

males compared with de novo PD females in the left postcentral and right 
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precentral areas and smaller volume in several subcortical regions, more 

extended in PD-pRBD. The presence of RBD is also a factor contributing to 

sex differences in atrophy. 

Ͷ. Cognitive data highlight that de novo PD males have increased 

neuropsychological impairment than de novo PD females, including general 

cognition, verbal fluency, mental processing speed, and verbal memory 

impairment. Notable, female outperformance in cognitive tasks is more 

extended in de novo PD-pRBD. Sex effect on brain and cognition is already 

evident in de novo PD, not explained by age per se, being a relevant factor 

to consider in clinical and translational research in PD.  
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