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Population	 ageing	 is	 occurring	 throughout	 the	 world.	 Over	 the	 coming	 decades,	 the	

number	 of	 older	 persons	 is	 expected	 to	 grow	 even	 faster.	 According	 to	 data	 from	 the	

World	 Population	 Aging	 2019,	 the	 number	 of	 people	 aged	 65	 or	 over	 is	 projected	 to	

increase	from	6%	today	to	16%	by	2050	(United	Nations,	Department	of	Economic	and	

Social	Affairs,	2019).	Since	advancing	age	is	the	foremost	risk	factor	for	the	emergence	of	

most	neurodegenerative	disorders,	population	aging	is	having	a	profound	impact	on	the	

emergence	 of	 dementia.	With	 this	 demographical	 change	 new	 health	 challenges,	 have	

appeared.	Detecting	 those	 individuals	 that	 are	 in	 premorbid	 stages	 of	 the	 disease	 has	

become	a	priority	in	the	scientific	community	and	health	system,	as	it	gives	the	possibility	

of	studying	disease-related	risk	factors,	run	clinical	trials,	and	initiate	treatments	prior	to	

the	disease	manifestation.	In	this	context,	the	implementation	of	biomarkers	has	proven	

to	be	useful	in	different	ways.	Biomarkers	can	estimate	the	risk	of	eventually	developing	

a	certain	disease	 in	a	given	 individual,	 can	help	 in	early	detection,	give	us	 information	

about	a	patient’s	sensitivity	to	specific	treatments,	and	can	measure	disease	progression.	

Therefore,	 the	 development	 of	 novel	 preclinical	 and	 clinical	 markers	 could	 have	 a	

significant	impact	on	human	health	and	socioeconomics.	

This	dissertation	investigates	relevant	biomarkers	for	Synucleinopathies	(also	known	as	

alpha-Synucleinopathies),	a	group	of	neurodegenerative	disorders	characterized	by	the	

abnormal	accumulation	of	aggregates	of	alpha-synuclein	in	neurons,	and	in	some	cases,	

in	glial	cells.	Specifically,	this	Doctoral	Thesis	is	focused	on	Rapid-eye-movement	(REM)	

sleep	 behavior	 disorder	 (RBD)	 and	 olfactory	 dysfunction	 as	 biomarkers	 of	

Synucleinopathies.	To	address	these	topics,	the	introduction	is	organized	into	two	main	

sections.	In	the	first	section	of	the	introduction,	I	will	give	an	overview	of	RBD,	including	

its	clinical	features,	diagnostic	criteria,	and	the	terminology	relating	to	RBD.	I	will	briefly	

introduce	the	known	and	presumed	neural	circuits	involved	in	normal	REM	sleep.	To	then	

discuss	 the	 RBD’s	 association	 with	 neurodegenerative	 disorders.	 I	 will	 finally	 review	

previous	literature	focused	on	RBD’s	neuropsychological	impairment	and	on	RBD-related	

changes	in	brain	structure	and	function,	as	well	as	neuroanatomical	and	neurofunctional	

bases	underlying	RBD’s	clinical	and	cognitive	characteristics.	In	the	second	section	of	the	

introduction,	I	will	present	the	olfactory	system	functioning	and	assessment,	to	further	

describe	olfactory	dysfunction	as	a	preclinical	manifestation	and	as	a	clinical	feature	of	

Parkinson’s	Disease.	
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1.1. REM	sleep	behavior	disorder	
1.1.1. Clinical	features,	diagnosis	and	epidemiology	of	RBD	

In	1986	Schenk	et	al.,	gave	the	first	description	of	Rapid-eye-movement	sleep	behavior	

disorder,	which	was	branded	as	a	new	category	of	parasomnia	(Schenck	et	al.,	1986).	RBD	

was	 defined	 as	 a	 parasomnia	 characterized	 by	 loss	 of	 normal	 skeletal	 muscle	 atonia	

during	REM	 sleep	with	 prominent	motor	 activity	 and	 dreaming.	Muscle	 atonia	 during	

REM	sleep	provokes	dream-enacting	behavior	which	are	episodes	where	patients	display	

movements	 during	 their	 sleep	 that	 presumably	 mirror	 the	 content	 of	 their	 dreams.	

Unpleasant	dreams	are	common,	with	threatening	situations	where	the	patient	is	being	

attacked	 or	 chased	 (Schenck	 and	Mahowald,	 2002).	 These	 abnormal	motor	 behaviors	

range	 from	 simple	 jerking	 and	 twitching	 to	 complex	 behaviors	 such	 as	 talking,	 biting,	

punching,	 or	 jumping	 from	bed	 (Schenck	et	 al.,	 1986).	 For	 this	 reason,	RBD	can	 cause	

repeated	injuries	to	self	and	bed	partners	and	thus	(Schenck	et	al.,	1993),	is	commonly	

associated	with	major	quality-of-life	burdens	(Rolinski	et	al.,	2014).	

The	dream-enacting	behaviors	are	associated	with	excessive	electromyographic	(EMG)	

activity	 during	 REM	 sleep	 that	 is	 detected	 with	 a	 polysomnographic	 study	 (PSG).	

Particularly,	excessive	tonic	or	phasic	chin	EMG	activity	or	excessive	limb	EMG	twitching	

during	REM	sleep	manifest	is	required	for	diagnosis.	As	mentioned	above,	in	1986	Schenk	

et	al.,	gave	the	first	description	of	RBD,	(Schenck	et	al.,	1986)	but	it	was	not	until	1990	that	

“The	International	Classification	of	Sleep	Disorders”	first	recognized	RBD	as	a	diagnosis	

(Diagnostic	Classification	Steering	Committee,	Thorpy	MJ,	1990).	These	criteria	have	been	

revised	and	modified	over	time,	changing	the	main	focus	from	clinical	history	to	video	PSG	

with	movement	and/or	vocalizations	and	REM	sleep	without	atonia	(RWA).	To	such	an	

extent	that	PSG	is	nowadays	mandatory	for	RBD	diagnosis,	and	RWA	during	REM	sleep	

represents	 the	 hallmark	 of	RBD.	 Currently,	 three	 different	RBD	diagnostic	 criteria	 are	

accepted:	 1)	 The	 International	 Classification	 of	 Sleep	 Disorders,	 Third	 Edition,	 2)	 the	

American	Academy	of	 Sleep	Medicine,	 and	 3)	 the	Diagnostic	 and	 Statistical	Manual	 of	

Mental	Disorders,	Fifth	Edition	(Panel	1.1	Diagnostic	criteria	for	RBD	and	Panel	1.2.	

Differential	diagnosis).	
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Polysomnographic	and	video	findings	in	RBD	

Panel	1.1	Diagnostic	criteria	for	RBD	

The	International	Classification	of	Sleep	Disorders,	Third	Edition	(ICSD-3	criteria)	

RBD	Diagnostic	Criteria:	A–D	must	be	met	

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

B These	behaviors	are	documented	by	polysomnography	 to	occur	during	REM	sleep	or,	based	on	

clinical	history	of	dream	enactment,	are	presumed	to	occur	during	REM	sleep.	

C Polysomnographic	recording	demonstrates	REM	sleep	without	atonia	(RWA)	

D The	disturbance	is	not	better	explained	by	another	sleep	disorder,	mental	disorder,	

medication	or	substance	use	

	

The	American	Academy	of	Sleep	Medicine	(AASM)	

Scoring	Polysomnographic	Features	of	RBD:	

A Score	in	accordance	with	the	following	definitions	

Sustained	muscle	activity	(tonic	activity)	in	REM	sleep:	

An	epoch	of	REM	sleep	with	at	least	50%	of	the	duration	of	the	epoch	having	a	chin	EMG	amplitude	

greater	than	the	minimum	amplitude	demonstrated	in	NREM	sleep.	

Excessive	transient	muscle	activity	(phasic	activity)	in	REM	sleep:	

In	a	30s	epoch	of	REM	sleep	divided	into	ten	sequential	3s	mini-epochs,	at	least	five	(50%)	of	the	

mini-epochs	contain	bursts	of	transient	muscle	activity.	In	RBD,	excessive	transient	muscle	activity	

bursts	 are	0.1–5.0s	 in	duration	 and	 at	 least	 four	 times	 as	high	 in	 amplitude	 as	 the	background	

electromyography	activity.	

B The	 polysomnographic	 characteristics	 of	 RBD	 are	 characterized	 by	 EITHER	 or	 BOTH	 of	 the	

following	features:	N1,	N2,	N3.	

1. Sustained	muscle	activity	in	REM	sleep	in	the	chin	EMG.	

2. Excessive	transient	muscle	activity	during	REM	in	the	chin	or	limb	EMG.	

	

The	Diagnostic	and	Statistical	Manual	of	Mental	Disorders,	Fifth	Edition	(DSM-5)	

Core	Features	of	RBD	Criteria:	

A Repeated	 episodes	 of	 arousal	 during	 sleep	 associated	with	 vocalization	 and/or	 complex	motor	

behaviors.	

B These	behaviors	arise	during	REM	sleep	and	therefore	usually	occur	more	than	90	min	after	sleep	

onset,	 are	more	 frequent	 during	 the	 later	 portions	 of	 the	 sleep	 period	 and	 uncommonly	 occur	

during	daytime	naps.	

C Upon	awakening	from	these	episodes,	the	individual	is	completely	awake,	alert	and	not	confused	

or	disoriented.	

D Either	of	the	following:		

1.		 REM	sleep	without	atonia	in	PSG	recording		

2.		 A	 history	 suggestive	 of	 RBD	 and	 an	 established	 Synucleinopathy	 diagnosis	 (e.g.	 Parkinson’s	

disease,	multiple	system	atrophy)	
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There	are	other	instruments	that	allow	assessing	RBD	severity	and	that	might	be	helpful	

for	 research	 purposes.	 Such	 instruments	 are	 self-administered	 questionnaires.	

Nonetheless,	bearing	in	mind	some	patients	may	be	not	able	to	recall	their	sleep	behavior,	

it	 is	 highly	 recommended	 having	 spouses	 and/or	 caregivers	 answers.	Table	 1	 shows	

widely	 used	 questionnaires	 for	 the	 assessment	 of	 RBD	 severity.	 Since	 RBD	 diagnostic	

criteria	 require	 PSG,	 these	 questionnaires	 can	 be	 used	 only	 to	 identify	 probable	 RBD	

(pRBD).	

Instruments	for	the	assessment	of	RBD	severity	 Sensitivity	 Specificity	

Innsbruck	Sleep	Behavior	Disorder	Inventory	(RBD-I)a		 91.4	 85.7	

REM	Sleep	Behavior	Disorder	Screening	Questionnaire	(RBDSQ)b	 96.0	 56.0	

REM	Sleep	Behavior	Questionnaire	(RBDQ-HK)c	 82.2	 86.9	

REM	Sleep	Behavior	Disorder	Severity	Scale	(RBDSS)d	 -	 -	

A	single-question	screen	for	REM	sleep	behavior	disorder	(RBD1Q)e	 93.8	 87.2	

Mayo	Sleep	Questionnaire	(MSQ)f		 97.5	 74.2	

Table	1.	Instruments	for	assessing	RBD	severity.	a(Frauscher	et	al.,	2012);	b(Stiasny-Kolster	et	al.,	
2007);	c(Li	et	al.,	2010);	d(Sixel-Döring	et	al.,	2011a);	e(Postuma	et	al.,	2012b);	f(Boeve	et	al.,	2011).	

Epidemiology	and	Demography	in	RBD	

In	 a	 population-based	 cohort,	 the	 estimated	 prevalence	 of	 RBD	 was	 1.06%	 when	

analyzing	RBD’s	screening	questionnaires	and	PSG	data	from	1997	participants	from	the	

general	 population	 (Haba-Rubio	 et	 al.,	 2018).	RBD	 is	 usually	 diagnosed	 in	 individuals	

older	than	50	years	(Olson	et	al.,	2000;	Schenck	et	al.,	1993)	and	historically,	it	has	been	

more	frequently	reported	in	men.	In	a	preliminary	study	with	a	cohort	of	96	RBD	patients,	

male	predominance	was	clear,	with	87.5%	of	patients	being	male	(Schenck	et	al.,	1993).	

Further	clinical	cohorts	highlighted	the	striking	men	predominance	in	RBD	(Iranzo	et	al.,	

Panel	1.2	Differential	Diagnosis	of	RBD	

A NREM	sleep	parasomnias	(sleep	terrors,	confusional	aruosals	and	sleepwalking)	

B Nightmares	

C Obstructive	sleep	apnea	

D Rhythmic	Movement	Disorder	

E Periodic	limb	movement	disorder	

F Epileptic	nocturnal	seizures	
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2016;	Li	et	al.,	2017;	Schenck	and	Mahowald,	2002),	although	when	assessed	in	general	

population	no	significant	difference	between	men	and	women	were	found	(Haba-Rubio	

et	al.,	2018).	It	has	been	suggested,	that	discrepancy	in	gender	prevalence	with	clinical	

cohorts	might	be	explained	by	the	fact	that	RBD	is	under-recognized	in	women	(Bodkin	

and	 Schenck,	 2009),	 probably	 because	 female	 patients	with	 RBD	 have	 less	 aggressive	

dream-enacting	behaviors	(Bjørnarå	et	al.,	2013;	Zhou	et	al.,	2015),	and	thus	they	seek	

less	sleep	medical	consultation.		

REM	sleep	atonia	pathway	

The	suspected	pathophysiology	of	RBD	relies	on	an	underlying	dysfunction	of	the	lower	

brainstem	nuclei	that	modulate	REM	sleep	muscle	tone	and	their	anatomic	connections	

(Peever	 et	 al.,	 2014).	 Neurodegenerative	 lesions	 along	 the	 REM	 atonia	 pathway	

encompassing	 the	 locus	 coeruleus/subcoeruleus	 complex,	 the	 medullary	 reticular	

formation,	 and	 the	 spinal	 ventral	 horn	 interneurons	 might	 be	 responsible	 for	 RBD	

symptoms.	 Indeed,	 the	 coeruleus/subcoeruleus	 complex	 is	 affected	 in	 patients	 with	

clinically	isolated	RBD	(Ehrminger	et	al.,	2016),	and	neuronal	loss	in	such	region	strongly	

correlated	with	REM	sleep	without	atonia	in	patients	with	Parkinson’s	disease	(PD)	with	

RBD,	 but	 not	 in	 PD	 without	 RBD	 (García-Lorenzo	 et	 al.,	 2013),	 suggesting	 that	

neurodegeneration	in	this	region	might	be	underlying	RBD	symptomatology.	On	the	other	

hand,	 the	 fact	 that	RBD	behaviors	resemble	voluntary	movements	during	wakefulness,	

along	with	the	concurrent	ability	of	patients	to	speak,	suggest	cortical	activation	during	

REM	sleep	(Peever	et	al.,	2014).	Panel	2.1	and	2.2	depicts	and	summarizes	the	main	brain	

circuits	responsible	for	normal	REM	sleep	and	for	RBD	(pictures	and	text	are	extracted	

from	 the	 review	 of	 Högl,	 Stefani,	 &	 Videnovic,	 2018).	 The	 research	 focused	 on	

neuroimaging	 will	 be	 thoroughly	 addressed	 later	 on	 in	 the	 subsection	 1.1.4	 Brain	

imaging	in	IRBD.	
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Panel	2.1	The	main	brain	circuits	 responsible	 for	REM	sleep	atonia,	 tonic	and	phasic	motor	

activity	in	normal	REM	sleep.	

	

	

A.	 “During	 wakefulness	 and	 slow-wave	 sleep,	 GABAergic	 neurons	 localized	 in	 the	

periaqueductal	grey,	pontine	nuclei	and	mesencephalic	reticular	nuclei	inhibit	rapid	eye	

movement	 (REM)-active	 neurons	 localized	 in	 the	 subcoeruleus	 nucleus.	 During	 REM	

sleep,	 this	 inhibition	 is	 absent.	 Descending	 activating	 projections	 from	 the	

pedunculopontine	nucleus	(not	shown)	to	the	subcoeruleus	nucleus	might	also	promote	

REM	 sleep.	 Motor	 activity	 is	 suppressed	 by	 inhibitory	 projections	 to	 spinal	 motor	

neurons,	 mediated	 by	 REM-active	 glutamatergic	 neurons	 in	 the	 locus	 subcoeruleus.	

Moreover,	the	medullary	reticular	formation	circuit	of	the	subcoeruleus	nucleus	inhibits	

the	red	nucleus,	which	is	implicated	in	the	generation	of	muscle	twitches.	Re-entering	

afferent	 signals	 from	 twitching	 limbs	 activate	 the	 sensory	 and	motor	 cortex	 (dashed	

arrow),	but	this	pathway	is	also	inhibited	by	the	same	mechanism	that	causes	inhibition	

of	 twitches	during	normal	REM	sleep,	 resulting	 in	atonia”.	Text	and	 images	extracted	

from	Högl,	Stefani,	&	Videnovic,	2018.	
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Panel	2.2	The	main	brain	circuits	 responsible	 for	REM	sleep	atonia,	 tonic	and	phasic	motor	

activity	in	RBD.	

	

	

	
	

	

B.	“In	REM	sleep	behavior	disorder	(RBD),	degeneration	of	the	subcoeruleus	nucleus	circuits	

that	project	 to	 the	medullary	 reticular	 formation	 and	 to	 spinal	 ventral	 horn	 interneurons	

(dashed	 arrows)	 releases	 the	 inhibition	 of	 spinal	 motor	 neurons,	 which	 results	 in	

characteristic	motor	behaviors	(red	boxes):	complex	movements	and	simple	twitches	or	jerks	

during	REM	sleep.	Blue	boxes	indicate	areas	involved	in	muscle	atonia	during	physiological	

REM	sleep.	Tonic	and	phasic	EMG	(electromyography)	traces	depict	activity	in	the	mentalis	

(top	 row),	 left	 flexor	 digitorum	 superficialis	 (center	 row)	 and	 right	 flexor	 digitorum	

superficialis	 (bottom	 row)	muscles.	 Dashed	 arrows	 represent	 pathways	 compromised	 in	

RBD”.	Text	and	images	extracted	from	Högl,	Stefani,	&	Videnovic,	2018.	
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Secondary	vs	idiopathic	RBD	

When	 RBD	 has	 a	 primary	 known	 cause,	 we	 use	 the	 term	 “secondary”	 RBD.	 Different	

etiologies	 can	 be	 under	 this	 disorder,	 such	 as	 narcolepsy,	 medication	 intake	 (i.e.	

antidepressants),	 brain	 injuries,	 autoimmune	 diseases,	 or	 some	 neurodegenerative	

disorders,	namely	PD,	PD	with	dementia	(PDD),	dementia	with	Lewy	bodies	(DLB)	and	

multiple	system	atrophy	(MSA).	On	the	other	hand,	RBD	can	be	also	manifested	clinically	

in	 isolation.	Traditionally,	when	RBD	was	presented	alone	 in	 the	absence	of	any	other	

diseases,	 it	was	called	“idiopathic”	RBD	(IRBD),	a	 term	that	has	been	used	 for	decades	

until	 now.	Nevertheless,	 as	 it	will	 be	presented	 in	 the	next	 subsection,	 there	 is	 strong	

evidence	 demonstrating	 that	 most	 IRBD	 patients	 will	 eventually	 convert	 to	 an	 overt	

alpha-Synucleinopathy,	namely	PD,	DLB,	and	MSA.	Thus,	 some	authors	have	 found	 the	

term	“idiopathic”	no	longer	appropriate,	and	“isolated”	RBD	has	been	put	forward	instead	

as	a	new	term	to	design	this	disorder	(Högl	et	al.,	2018).	For	these	authors,	“isolated”	RBD	

reflects	 the	 fact	 that	 these	 patients,	 even	 after	 long-standing	 “isolated”	 RBD,	 present	

biomarkers	of	alpha-Synucleinopathy	(Iranzo	et	al.,	2017b),	meaning	that	although	only	

IRBD	 is	 clinically	 manifested,	 neurodegeneration	 is	 already	 present.	 The	 change	 of	

designation	 did	 not	 affect	 the	 abbreviation	 that	 has	 been	 used	 for	 decades	 (so	 IRBD	

remains	 IRBD).	 For	 the	 sake	 of	 clarity,	 in	 the	 current	 Doctoral	 thesis	 the	 IRBD	

abbreviation	 will	 be	 used	 to	 refer	 to	 the	 stage	 of	 clinically	 isolated	 RBD,	 including	

indistinctly	the	traditional	“idiopathic”	and	the	new	“isolated”	RBD	terms,	since	indeed,	

they	are	referring	to	the	same	diagnosis	(Panel	3	includes	terminology	relating	to	REM	

sleep	behavior	disorder).	
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Panel	3	Terminology	relating	to	REM	sleep	behavior	disorder	

¨ Idiopathic/Isolated	RBD	(IRBD):	IRBD	is	diagnosed	when	RBD	occurs	in	the	absence	
of	comorbidities	or	neurological	provoking	factors.	It	has	been	recognized	as	an	early	

manifestation	of	alpha-Synucleinopathy	disorders,	often	Parkinson	disease	(PD)	and	

dementia	with	Lewy	bodies	(DLB),	and	multiple	system	atrophy.	(see	Figure	1)	

¨ Prodromal	RBD:	This	concept	was	first	proposed	by	Sixel-Döring,	et	al.	(2016),	when	
they	demonstrated	that	REM	behavioral	events	are	precursors	of	RBD.	In	Högl	et	al.	

(2018)	prodromal	RBD	is	defined	as	“a	stage	of	 the	disease	 in	which	symptoms	and	

signs	of	evolving	RBD	are	present	but	do	not	yet	meet	established	diagnostic	criteria	

for	RBD”.	(see	Figure	1)	

¨ Probable	RBD	(pRBD):	questionnaire-based	detection	of	RBD.	

¨ Prodromal	PD:	“the	stage	wherein	early	symptoms	or	signs	of	PD	neurodegeneration	
are	present,	but	classic	clinical	diagnosis	based	on	fully	evolved	motor	parkinsonism	is	

not	yet	possible”	(Berg,	et	al.,	2015).		

¨ REM	sleep	behavior	disorder	(RBD):	RBD	is	a	REM	sleep	parasomnia	characterized	
by	 a	 loss	 of	 atonia	 during	 REM	 sleep	 and	 dream-enacting	 behaviors	 such	 as	

vocalizations	 and	 jerks.	 RBD	 can	 be	 idiopathic	 or	 symptomatic	 of	 a	 neurological	

disorder	(Schenck,	et	al	2002).		

¨ REM	sleep	behavioral	events	(RBE):	“motor	behaviors	(minor	and	violent)	and/or	
vocalizations	 with	 a	 purposeful	 component,	 seemingly	 expressive	 of	 a	 subject's	

mentation	during	REM	sleep	phases”	(Sixel-Döring,	et	al.	2014)	(see	Figure	1)	

¨ REM	sleep	without	atonia	 (RWA):	The	American	academy	of	 sleep	medicine	 in	 the	
international	 classification	 of	 sleep	 disorders,	 3rd	 Edition	 defines	 the	 RSWA	 as	 “the	

finding	of	increased	electromyography	activity	during	REM	sleep,	recorded	from	the	

mental,	submental	and	various	limb	muscles”.	

¨ Secondary/symptomatic	RBD:	this	term	is	used	when	RBD	has	a	recognized	primary	
cause,	 such	 as	 medication	 intake,	 brain	 injuries,	 autoimmune	 disease	 or	 when	 is	

associated	with	neurodegenerative	disorders,	namely	PD,	PDD,	DLB	and	MSA.		
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1.1.2. RBD	and	Neurodegenerative	Diseases	

The	 next	 subsection	 will	 further	 review	 RBD	 in	 the	 context	 of	 neurodegenerative	

disorders,	with	a	special	focus	on	RBD	as	a	prodromal	stage	of	Synucleinopathies	(known	

as	idiopathic/isolated	RBD,	IRBD).	

IRBD	as	a	Prodromal	stage	of	alpha-Synucleinopathies	

Clinically	 isolated	RBD	was	 first	associated	with	parkinsonism	by	the	researchers	who	

described	for	the	first	time	IRBD	term	(Schenck	et	al.,	1986)	when	after	a	mean	interval	

of	3.7	years	from	IRBD’s	diagnosis,	38%	of	their	patients	developed	an	overt	parkinsonian	

disorder	(Schenck	et	al.,	1996).	From	then	on,	the	study	of	IRBD	as	a	prodromal	stage	of	

Synucleinopathies	 has	 expanded	 across	 different	 interdisciplinary	 fields.	 To	 such	 an	

extent	 that	 the	 scientific	 community	 has	 recognized	 IRBD	 as	 the	 strongest	 and	 most	

specific	 clinical	predictor	of	alpha-Synucleinopathies	available	 (Postuma	et	al.,	2012a).	

For	instance,	in	the	Movement	Disorder	Society	(MDS)	PD	prodromal	criteria,	idiopathic	

RBD	had	a	predictive	value	>10x	higher	than	any	other	clinical	marker	(Berg	et	al.,	2015).	

Owing	to	a	recent	large	multicenter	study	(n=1280	patients	from	24	centers)	there	is	now	

strong	 evidence	 of	 phenoconversion	 rates	 in	 these	 patients.	 In	 particular,	 the	 overall	

conversion	rate	from	IRBD	to	an	overt	neurodegenerative	syndrome	was	6.3%	per	year,	

with	73.5%	converting	after	12-year	follow-up.	As	for	disease	classifications,	199	(56.5%)	

developed	 parkinsonism	 as	 the	 first	 disease	manifestation	 [of	 whom	 16	 (4.5%)	were	

diagnosed	with	probable	MSA],	and	153	(43.5%)	developed	dementia	first	(Postuma	et	

al.,	2019).		

In	this	framework,	it	has	been	proposed	that	IRBD	should	be	included	within	the	clinical	

manifestations	of	Lewy	body	spectrum		(Högl	et	al.,	2018).	This	idea	is	supported	by	the	

high	conversion	ratio	and	the	fact	that	even	when	patients	remain	idiopathic	after	long-

standing	 IRBD,	 biomarkers	 of	 prodromal	 PD	 are	 present,	 evidencing	 underlying	

neurodegenerative	disease	(Iranzo	et	al.,	2017b).	In	agreement	with	the	idea	of	Lewy	body	

spectrum,	 Sixel-Döring,	 et	 al.,	 put	 forward	 the	 concept	 of	 prodromal	 RBD,	 when	 they	

demonstrated	 that	 REM	behavioral	 events	 are	 precursors	 of	 RBD.	 (Sixel-Döring	 et	 al.,	

2016)	(see	Panel	3	Terminology).	Therefore,	it	is	hypothesized	that	neurophysiological	

and	behavioral	findings	on	PSG	and	EMG	progress	along	a	continuum	over	time,	initially	

patients	 enter	 prodromal	 RBD	 stages,	 progressing	 into	 clinically	 isolated	 RBD,	 and	
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eventually	 converting	 to	 an	 overt	 Synucleinopathy.	 (Figure	 1	 depicts	 the	 Lewy	 body	

spectrum	as	proposed	in	Högl,	et	al.,	2018).	

Figure	1.	From	prodromal	RBD	to	Synucleinopathy.	Neurophysiological	and	behavioral	findings	
on	polysomnography	and	EMG	(electromyography)	progress	along	a	continuum	over	time.	From	
initially	normal	findings,	patients	enter	a	prodromal	stage	of	REM	sleep	behavior	disorder	(RBD)	
that	progresses	into	isolated	RBD,	and	eventually	into	RBD	with	overt	alpha-Synucleinopathy.	FDS,	
flexor	 digitorum	 superficialis;	 RBEs,	 REM	 sleep	 behavioral	 events.	 Extracted	 from	 Högl	 et	 al.	
(2018).	

Biomarkers	of	degeneration	in	IRBD	

The	 first	 intriguing	question	here	was	whether	 specific	markers	could	help	 to	 identify	

those	patients	at	higher	risk	of	phenoconversion	(see	Table	2	Biomarkers	in	IRBD).	In	

this	sense,	several	studies	addressing	this	topic,	have	detected	potential	predictors	such	

as	motor	signs	(Postuma	et	al.,	2012d;	Postuma	et	al.,	2015c),	hyposmia	(Mahlknecht	et	

al.,	 2015;	Postuma	et	 al.,	 2015c),	 cognitive	dysfunction	 (Génier	Marchand	 et	 al.,	 2017;	

Youn	 et	 al.,	 2016),	 color	perception	 impairment	 (Postuma	et	 al.,	 2011;	Postuma	et	 al.,	

2015c),	 abnormal	 DAT	 uptake	 	 (Iranzo	 et	 al.,	 2017a,	 2010b;	 Li	 et	 al.,	 2017),	 and	 EEG	

abnormalities	(Iranzo	et	al.,	2010a;	Nepozitek	et	al.,	2019;	Rodrigues	Brazète	et	al.,	2016).	

It	is	worth	noting	that	some	of	these	predictors	increase	the	risk	of	conversion	in	IRBD	

patients.	 In	 Postuma	 et	 al.’s	 multicenter	 study,	 the	 rate	 of	 phenoconversion	 was	

significantly	higher	with	abnormal	quantitative	motor	testing	[hazard	ratio	(HR)	=	3.16],	

objective	motor	 examination	 (HR	=	3.03),	 olfactory	deficit	 (HR	=	2.62),	mild	 cognitive	

impairment	(HR	=	1.91–	2.37),	erectile	dysfunction	(HR	=	2.13),	motor	symptoms	(HR	=	

2.11),	an	abnormal	DAT	scan	(HR	=	1.98),	color	perception	(HR	=	1.69),	constipation	(HR	

=	1.67),	REM	atonia	 loss	(HR	=	1.54),	and	age	(HR	=	1.54).	 (Postuma	et	al.,	2019).	The	

authors	reported	abnormal	motor	testing,	olfaction,	and	cognition	as	the	best	predictors	
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of	 phenoconversion.	 Moreover,	 and	 in	 agreement	 with	 previous	 studies	 (Génier	

Marchand	et	al.,	2018;	Génier	Marchand	et	al.,	2017),	they	found	out	that	cognition	was	

the	 only	measure	 that	 differentiates	 at	 baseline,	 those	 patients	 converting	 to	 primary	

dementia	 versus	 parkinsonism	 (see	 further	 details	 on	 this	 topic	 in	Cognitive	 profile	 of	

IRBD	 patients	 that	will	 eventually	 evolve	 to	DLB	 in	 section	 1.1.3.	Neuropsychological	

impairment	in	IRBD).		

A	 recent	 longitudinal	work	 (Fereshtehnejad	 et	 al.,	 2019)	 traced	 the	 evolution	 of	 early	

motor	 and	 non-motor	 signs	 from	 IRBD	 stages	 to	 the	 development	 of	 overt	

neurodegenerative	 disease	 (Figure	 2A–C	 illustrates	 the	 combined	 standardized	

trajectories	for	all	markers	included	in	Fereshtehnejad,	et	al.	2019).	They	estimated	that	

olfactory	 dysfunction	 is	 the	 earliest	 event,	 beginning	 at	 least	 20	 years	 before	

parkinsonism	diagnosis,	and	then	it	declines	with	a	slow	trend	until	the	time	of	diagnosis.	

Orthostatic	blood	pressure	drops	appear	also	very	early	in	the	disease	course,	followed	

by	constipation	and	erectile	dysfunction,	which	start	to	become	abnormal	10–15	years	

prior	to	phenoconversion.	Color	vision	abnormalities	appear	at	a	similar	time,	early	as	16	

years,	 particularly	 in	 those	 destined	 to	 develop	 dementia	 first.	 These	 non-motor	

prodromal	features	all	manifest	years	before	observable	motor	signs.	Within	7	to	9	years	

before	parkinsonism	is	diagnosed,	the	first	motor	manifestations	appear,	along	with	slight	

urinary	dysfunction	and	subtle	cognitive	decline	(Figure	2D	schematic	summary).	Most	

manifestations	progress	linearly,	except	motor	abnormalities,	which	exhibit	a	more	rapid	

progression	during	the	last	2	years	prior	to	phenoconversion.	The	authors	suggested	that	

their	 findings	 agree	with	Braak	model	 of	 PD	 (Braak	 et	 al.,	 2003),	 since	hyposmia	was	

found	to	appear	earlier	in	the	disease	followed	by	autonomic	manifestations,	and	finally	

motor	 and	 cognitive	 abnormalities.	 Nevertheless,	 the	 fact	 that	 cognitive	 impairment	

appears	so	early	in	the	disease,	even	before	motor	onset,	might	highlight	the	existence	of	

an	IRBD	subgroup	with	early	cortical	involvement.	
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Table	2.	Biomarkers	in	IRBD.		
Earlier	signs	in	IRBD	(>15-10	years	before	parkinsonism	diagnosis)	(see	Figure	2)	

Olfactory	dysfunctiona		

Orthostatic	blood	pressure	a	

Erectile	dysfunction	a	

Biomarkers	that	predict	short-term	(2-5	years)	risk	of	alpha-Synucleinopathy	

Subtle	signs	of	parkinsonism	b		

Olfactory	dysfunction	b		

Impaired	color	perception	b		

Reduced	nigrostriatal	DA	binding	in	the	striatum	c		

Impaired	cognition	d	

EEG	abnormalities	e		

Biomarkers	that	predict	dementia	vs	parkinsonism	first	

Impaired	cognition	f	

Biomarkers	that	progress	over	time	

Signs	of	parkinsonism	g		

Neuropsychological	deficits	h		

Tonic	and	phasic	muscle	activity	during	REM	sleep	i	

Striatal	dopaminergic	uptake	j	

Biomarkers	that	remain	stable	over	time	

Olfaction	k	

Hyperechogenicity	of	the	substantia	nigra	l	

a(Fereshtehnejad	et	 al.,	 2019);	 b(Mahlknecht	 et	 al.,	 2015;	Postuma	et	 al.,	 2011;	Postuma	et	 al.,	
2015c);	c(Iranzo	et	al.,	2017a,	2010b;	Li	et	al.,	2017);	d	(Génier	Marchand	et	al.,	2017;	Youn	et	al.,	
2016);	 e(Iranzo	 et	 al.,	 2010a;	 Rodrigues	 Brazète	 et	 al.,	 2016);	 f(Génier	Marchand	 et	 al.,	 2018;	
Génier	Marchand	et	al.,	2017);	g(Postuma	et	al.,	2012d);	h(Terzaghi	et	al.,	2013;	Youn	et	al.,	2016);	
i(Iranzo	et	al.,	2009);	j(Iranzo	et	al.,	2011);	k(Iranzo	et	al.,	2013;	Mahlknecht	et	al.,	2015;	Postuma	
et	al.,	2011);	 l(Iranzo	et	al.,	2014b).	The	classification	is	based	on	Pérez-Carbonell	and	Iranzo	in	
Rapid-Eye-Movement	Sleep	Behavior	Disorder.	Chapter	4	Clinical	aspects	of	Idiopathic	RBD	(page	
45).	https://doi.org/10.1007/978-3-319-90152-7.	
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Figure	2.	Progression	trajectory	of	motor	and	non-motor	manifestations	from	prodromal	stages	
to	phenoconversion.	A.	Combined	progression	trajectory	of	motor	and	non-motor	manifestations	
from	prodromal	stages	 to	phenoconversion	based	on	actual	measurements	 in	 the	entire	study	
population;	B.	PD-converters;	C.	DLB-converters;	(Note	that	the	dashed	lines	represent	expected	
imputed	 trends,	 while	 the	 solid	 lines	 and	 the	 dots	 demonstrate	 actual	 observations);	 and	D.	
Schematic	 model	 for	 progression	 of	 motor	 and	 non-motor	 manifestations	 throughout	 the	
prodromal,	phenoconversion	and	advanced	stages	of	patients	with	idiopathic	RBD	converting	to	
PD.	This	 schematic	 illustrates	 the	approximate	 trajectories	of	 the	major	motor	and	non-motor	
manifestations	as	patients	progress	from	normal,	through	IRBD,	to	advanced	PD.	This	is	based	on	
control	data,	patients	with	IRBD	tracked	through	time,	and	patients	with	advanced	PD	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.	We	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	PD-RBD	
subjects	 without	 dementia	 at	 baseline).	 Autonomic	 features	 are	 similarly	 present	 early,	 and	
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approximate	50–70%	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	20–30%	maximal	values	at	the	time	of	phenoconversion	(text	and	
figures	 extracted	 from	 Fereshtehnejad	 et	 al.	 2019).	 Abbreviations:	 DLB,	 dementia	 with	 Lewy	
bodies;	IRBD,	idiopathic	RBD;	PD,	Parkinson’s	disease;	PD-RBD,	PD	patients	with	RBD;	RBD,	REM	
sleep	behavior	disorder.	

Neuropathology	of	IRBD	

The	 strong	 association	 of	 RBD	 with	 the	 Synucleinopathies	 is	 supported	 by	

neuropathological	 findings.	 In	the	 first	attempt	to	examine	brain	pathology	 in	an	IRBD	

patient,	Lewy	body	pathology	in	the	brainstem	and	severe	neuronal	loss	in	the	substantia	

nigra	(SN)	and	coeruleus/subcoeruleus	complex	was	identified,	leading	to	the	conclusion	

that	brainstem	degeneration	might	explain	RBD	(Uchiyama	et	al.,	1995).	However,	despite	

brainstem-predominant	 Lewy	 pathology,	 only	 mild	 degeneration	 of	 the	 SN,	

coeruleus/subcoeruleus	complex,	and	raphe	nuclei	were	identified	in	another	work,	thus	

calling	into	question	the	role	of	these	nuclei	in	RBD	(Boeve	et	al.,	2007).	Neuronal	loss	and	

Lewy	body	 pathology	were	 also	 present	 in	 the	 peripheral	 autonomic	 nervous	 system,	

olfactory	bulb,	amygdala,	and	sparing	cortex,	after	10	years	of	IRBD	course	(Iranzo	et	al.,	

2014a).	 In	 a	 multicentric	 study	 where	 clinical	 and	 neuropathological	 features	 were	

analyzed	on	172	autopsied	RBD	(with	or	without	coexisting	neurologic	disorders),	93%	

showed	PD	or	DLB	(79%)	or	MSA	(11%)	pathological	findings	(Boeve	et	al.,	2013).		

RBD in the context of the Braak Staging System for PD	

The	Braak	staging	system	for	PD	characterizes	alpha-synuclein	pathology	progression	in	

the	brain	within	6	stages.	It	is	based	on	the	topographical	and	temporal	progression	of	

alpha-synuclein	from	the	brainstem	and	olfactory	regions	to	cortical	areas,	spreading	to	

anteromedial	 temporal	 mesocortex	 and	 lastly	 to	 the	 neocortex	 (Braak	 et	 al.,	 2003)	

(Figure	3A	depicts	and	briefly	 introduces	Braak	Staging	system	for	PD).	The	scientific	

community	proposed	that	clinically	isolated	RBD	might	probably	correspond	to	the	early	

stages	of	Braak	scheme	since	 they	are	supposed	 to	 involve	 the	medullary	and	pontine	

circuits	that	precisely	control	REM	sleep	atonia	(Panel	2.1	and	2.2.).	Nevertheless,	it	is	

still	 unclear	 at	 which	 Braak	 stage	 occurs	 RBD	 (see	 Figure	 3B).	 Previous	 works	

hypothesized	 that	 RBD	 patients	 with	 olfactory	 impairment	might	 present	 with	 Braak	

stage	 2	 (Stiasny-Kolster	 et	 al.,	 2005),	which	 is	 also	 supported	 by	 abnormalities	 in	 the	

coeruleus/subcoeruleus	complex	(Ehrminger	et	al.,	2016;	Uchiyama	et	al.,	1995).		
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Figure	 3.	 Braak	 staging	 system	 for	 PD.	A.	 Progression	 of	 PD-related	 intraneuronal	 pathology	
according	to	Braak	staging	system	for	PD.	α-Synuclein-related	pathology	is	possibly	initiated	in	
the	periphery	via	input	from	the	olfactory	epithelium	or	vagal	inputs	from	the	stomach,	perhaps	
involving	 xenobiotic	 factors.	 Early	 stages	 of	 the	 disease	 encompass	 structures	 in	 the	 lower	
brainstem	and	the	olfactory	system	with	non-motor	manifestations,	such	as	hyposmia	and	RBD.	
Motor	 symptoms	are	often	evident	 in	 III-IV	 stages	with	 involvement	of	 structures	 such	as	 the	
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Substantia	nigra.	Thereafter,	 in	 IV-V	stages	 the	anteromedial	 temporal	mesocortex	 is	 involved.	
From	 there,	 the	 neocortex	 succumbs	 in	 later	 stages,	 beginning	 with	 sensory	 association	 and	
prefrontal	 areas,	 and	 followed	by	 premotor	 areas,	 primary	 sensory	 and	motor	 fields.	 The	 red	
shading	 represents	 the	 pattern	 of	 pathology.	 Figure	 extracted	 from	 Doty,	 2012;	 B.	
Electrophysiologic-neurodegenerative	 correlations	 according	 to	 the	 Braak	 staging	 system.	
Schematic	of	the	key	brainstem	nuclei—the	sublaterodorsal	nucleus	and	magnocellular	reticular	
formation—and	their	corresponding	degrees	of	degeneration	associated	with	REM	sleep	without	
atonia	 according	 to	 Braak	 Stages	 2–5/6.	 Note	 that	 overt	 parkinsonism	 and/or	 cognitive	
impairment	would	not	be	expected	until	at	least	Stage	4,	but	RSWA	(Stage	2)	and	RBD	(Stage	2	or	
3)	 would	 occur	 earlier	 in	 the	 course.	 This	 temporal	 sequence	 of	 degenerative	 changes	 could	
explain	 why	 RBD	 precedes	 parkinsonism	 and	 dementia	 in	 many	 patients	 with	 Lewy	 body	
pathology.	 Adapted	 from	 Bradley	 F.	 Boeve	 in	 Rapid-Eye-Movement	 Sleep	 Behavior	 Disorder.	
Chapter	6	REM	sleep	Behavior	Disorder	Associated	with	Dementia	with	Lewy	Bodies	(page	67).	
https://doi.org/10.1007/978-3-319-90152-7.	Abbreviations:	RSWA,	REM	sleep	without	atonia.	
	

Recently,	in	an	attempt	to	study	in-vivo	staging	of	pathology	in	IRBD	using	five	imaging	

modalities,	Knudsen	et	 al.,	 (Knudsen	et	 al.,	 2018)	 identified	a	 caudorostral	 gradient	of	

dysfunction,	with	pathology	in	the	sympathetic	and	parasympathetic	nervous	system	and	

in	the	locus	coeruleus	cells	equal	to	that	found	in	PD,	whereas	71%	of	IRBD	patients	had	

normal	 nigrostriatal	 dopaminergic	 innervation.	 They	 concluded	 that	 this	 pattern	

supports	the	hypothesis	that	alpha-synuclein	initial	target	is	peripheral	autonomic	nerves	

and	then	spreads	rostrally	to	the	brainstem	before	involving	the	dopaminergic	system,	

thus	being	compatible	with	Braak’s	staging	system	for	PD.	

On	 the	other	hand,	 since	neuropsychological	 impairment	 is	 often	 found	 in	 some	 IRBD	

patients	(see	1.1.3	Neuropsychological	 impairment	 in	IRBD),	 it	could	be	speculated	

that	 patients	 presenting	 cognitive	 dysfunction	 are	 in	 more	 advanced	 stages,	 where	

mesocortex	or	even	neocortex	is	already	involved.	The	intriguing	question	here	is	why	

some	 IRBD	 patients	 present	 cognitive	 impairment	 even	 before	 presenting	 an	 overt	

parkinsonism.	Bearing	in	mind,	that	these	patients	are	at	higher	risk	to	evolve	to	an	overt	

dementia,	other	classification	systems	such	as	the	Unified	staging	system	for	Lewy	Body	

(Beach	et	al.,	2009a)	might	explain	different	evolution	among	those	IRBD	evolving	to	PD	

from	those	evolving	to	DLB.	This	system	supports	the	idea	that	in	early	stages	only	the	

olfactory	 bulb	 is	 affected,	 and	 from	 here,	 two	 different	 progressions	 are	 possible,	 the	

brainstem	predominant	and	the	limbic	predominant.	Clearly,	there	is	a	need	for	further	

neuropathological	studies	in	IRBD	to	elucidate	this	issue.	
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Genetics	of	IRBD	

Genetic	 studies	 of	 RBD	 are	 still	 scarce.	 Until	 now,	 GBA	 mutations	 have	 shown	 the	

strongest	evidence	in	RBD	(Barber	et	al.,	2017;	Gan-Or	et	al.,	2015),	whereas	pathologic	

mutations	in	LRRK2	are	not	present	in	IRBD	(Barber	et	al.,	2017;	Fernández-Santiago	et	

al.,	2016),	which	agrees	with	the	idea	that	LRRK2	patients	usually	present	a	more	benign	

PD	 course	 (Puschmann,	 2013),	 contrary	 to	 patients	with	RBD.	Figure	4	 depicts	 those	

genes	 that	 may	 have	 a	 role	 in	 RBD	 and	 that	 are	 implicated	 in	 PD,	 DLB,	 atypical	

Parkinsonism,	and	MSA.	

Figure	 4.	 RBD’s	 genetics.	 Genes	 implicated	 in	 Parkinson’s	 disease,	 atypical	 Parkinsonism,	
dementia	with	Lewy	bodies,	and	multiple	system	atrophy	are	organized	according	to	the	level	of	
confidence	 in	 their	 involvement	 in	 these	diseases.	These	genes	were	 identified	 in	case-control	
studies,	 with	 candidate	 gene	 approach,	 genome-wide	 association	 studies,	 and	 family-	 based	
studies.	Genes	in	red	are	those	that	may	have	a	role	in	REM	sleep	behavior	disorder;	however,	
note	that	the	role	of	many	of	the	other	genes	in	RBD	has	not	been	studied	yet.	Extracted	from	Gan-
Or	and	Rouleau	in	Rapid-Eye-Movement	Sleep	Behavior	Disorder.	Chapter	41	Genetics	of	REM	
sleep	Behavior	Disorder	(page	591).	https://doi.org/10.1007/978-3-319-90152-7.	
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RBD	in	alpha-Synucleinopathies		

RBD	does	 not	 always	 precede	 the	motor	 onset	 of	 Synucleinopathies.	 Patients	with	 an	

established	 parkinsonism	 disorder	 may	 also	 begin	 to	 suffer	 comorbid	 RBD.	 RBD	

associated	 with	 DLB	 has	 an	 important	 role	 because	 of	 its	 high	 prevalence	 (>70%)	

(Ferman	et	al.,	2011).	RBD	in	DLB	may	occur	either	in	advance	or	simultaneously	with	the	

onset	of	DLB.	 Indeed,	 it	 is	 currently	one	of	 the	 core	 features	 for	 the	diagnosis	of	DLB,	

together	 with	 the	 presence	 of	 fluctuating	 cognition,	 visual	 hallucinations,	 and	

parkinsonism	(McKeith	et	al.,	2017).	Regarding	MSA,	 the	prevalence	of	PSG-confirmed	

RBD	was	up	to	88%	in	these	patients	(Palma	et	al.,	2015)	with	no	differences	between	

Parkinson	and	cerebellar	type	(Cochen	De	Cock	et	al.,	2011;	Muntean	et	al.,	2013).	

According	to	what	we	know	about	Braak	staging	system	for	PD,	one	would	expect	that	

RBD	would	be	present	in	most	newly	PD	patients.	Nevertheless,	a	meta-analysis	focused	

on	 the	 prevalence	 of	 RBD	 in	 PD	 de	 novo	 patients	 demonstrated	 an	 overall	 mean	

prevalence	 of	 23.6%	 (range	 4.3%-69-4%)	 (Zhang	 et	 al.,	 2017),	 moreover,	 RBD	 is	 not	

restricted	to	early	stages	of	PD,	as	it	can	occur	at	any	time	during	the	course	of	the	disease.	

In	 a	 cross-sectional	 cohort,	 RBD	 prevalence	 was	 46%,	 and	 it	 increased	 with	 age	 and	

disease	duration	(Sixel-Döring	et	al.,	2011b).	PD	patients	with	RBD	showed	more	severe	

cognitive	 (Arnulf,	 2012;	 Jozwiak	 et	 al.,	 2017)	 	 and	motor	 impairment,	 more	 frequent	

hallucinations	(Arnulf,	2012),	and	larger	atrophy	in	temporal	regions	than	those	without	

RBD	(Rahayel	et	al.,	2019).	In	keeping	with	the	idea	of	worse	outcome	in	PD	with	RBD,	

presence	of	RBD	is	a	risk	factor	for	dementia	(Anang	et	al.,	2014;	Nomura	et	al.,	2013)	and	

is	associated	with	faster	motor	progression	in	these	patients	(Pagano	et	al.,	2018).	
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Summary	

RBD	is	a	parasomnia	present	 in	1%	of	 the	general	population	characterized	by	

loss	 of	 atonia	 and	 dream-enacting	 behavior	 during	 REM	 sleep.	 RBD	 may	 be	

presented	as	a	secondary	symptom	of	other	neurological	disorders	or	clinically	in	

isolation	 (IRBD).	 IRBD	 is	 considered	 a	 prodromal	 stage	 of	 alpha-

Synucleinopathies,	with	almost	75%	of	patients	converting	after	12	years	of	the	

disease.	Motor	manifestations,	hyposmia,	and	cognitive	impairment	are	the	best	

predictors	of	phenoconversion	in	IRBD.	Mechanisms	underpinning	this	disorder	

may	involve	the	lower	brainstem	nuclei	that	modulate	REM	sleep	muscle	tone	and	

their	 anatomic	 connections.	 Indeed,	 the	 strong	 association	 of	 RBD	 with	 the	

Synucleinopathies	 is	 supported	 by	 the	 neuropathological	 findings	 in	 the	

brainstem,	which	in	turn	supports	the	idea	that	IRBD	might	probably	correspond	

to	the	early	stages	of	Braak	scheme	for	PD	progression.	
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1.1.3. Neuropsychological	impairment	in	IRBD	

With	the	increasing	incidence	of	neurodegenerative	disorders	in	the	population,	the	study	

of	the	cognitive	impairment	associated	with	these	diseases	gained	important	attention	on	

the	neuroscientific	community.	Initially,	many	efforts	were	made	to	detect	subtle	changes	

underlying	the	early	stages	of	Alzheimer’s	disease	(AD).	Within	this	framework,	appeared	

the	 term	 Mild	 cognitive	 impairment	 (MCI)	 that	 was	 proposed	 as	 a	 transitional	 stage	

between	 normal	 cognitive	 function	 and	 clinically	 probable	 AD	 dementia.	 In	 this	 first	

attempt	to	characterize	MCI,	memory	decline	was	the	hallmark	of	the	diagnostic	criteria.	

This	memory	impairment	was	greater	than	expected	for	an	individual’s	age	and	education	

and	was	not	sufficiently	severe	to	warrant	a	diagnosis	of	probable	AD	dementia	(Petersen	

et	al.,	2001).	Shortly	thereafter,	in	an	effort	to	recognize	the	heterogeneity	of	its	clinical	

presentation,	a	new	look	to	these	criteria	was	taken.	Although	memory	was	still	essential	

for	 the	 diagnosis,	 the	 decline	 of	 other	 cognitive	 domains	was	 also	 considered.	 Hence,	

based	on	the	results	of	neuropsychological	testing,	different	MCI	subtypes	were	proposed:	

amnesic	and	non-amnesic	MCI,	and	single	or	multiple	domain	MCI	(Winblad	et	al.,	2004).	

Later	on,	the	MDS	PD-MCI	(PD	with	MCI)	task	force	published	the	MCI	diagnostic	criteria	

adapted	for	PD	patients.	In	keeping	with	the	traditional	MCI,	PD-MCI	enables	to	identify	

patients	at	increased	risk	of	developing	dementia.	These	criteria	also	allow	characterizing	

the	PD-MCI	subtype	according	to	diverse	cognitive	domains.	Contrary	to	the	classical	MCI,	

in	 PD-MCI	 the	 non-amnesic,	 single-domain	 impairment	 is	 the	 most	 common	 subtype	

(Litvan	et	al.,	2012).	

Under	these	circumstances,	a	burgeoning	interest	in	characterizing	the	cognitive	profile	

of	prodromal	alpha-Synucleinopathies	appeared,	that	is	to	say	of	IRBD	condition.	Actually,	

a	 fairly	 extensive	 literature	 on	 neuropsychological	 performance	 in	 IRBD	 is	 currently	

available.	Studies	reporting	the	presence	of	MCI,	state	that	it	is	frequently	identified	in	15-

50%	of	these	patients.	(Bezdicek	et	al.,	2018;	Gagnon	et	al.,	2009;	Galbiati	et	al.,	2019a;	

Génier	Marchand	et	al.,	2017;	Marcone	et	al.,	2019;	Rahayel	et	al.,	2018b;	Terzaghi	et	al.,	

2019,	2013).	Table	3	lists	MCI	percentage	according	to	different	works.	The	frequencies	

reported	per	subtype	are	24-56%	for	non-amnesic	single-domain	(Gagnon	et	al.,	2009;	

Galbiati	 et	 al.,	 2019a;	 Terzaghi	 et	 al.,	 2013),	 19%-43%	 for	 amnesic	 multiple-domain	

(Gagnon	 et	 al.,	 2009;	 Galbiati	 et	 al.,	 2019a;	 Terzaghi	 et	 al.,	 2013),	 and	 12.5-35%	 for	
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amnesic	MCI	(Gagnon	et	al.,	2009;	Galbiati	et	al.,	2019a;	Terzaghi	et	al.,	2013)	(see	Figure	

5).	The	objective	of	this	section	is	to	comprehensively	describe	preliminary	investigations	

on	 the	 understanding	 of	 IRBD’s	 cognitive	 profile	 and	 to	 provide	 an	 overview	 of	

longitudinal	 research	 aiming	 at	 identifying	 those	 cognitive	 domains	 that	 commonly	

decline	 throughout	 the	 disease.	Table	 4	 at	 the	 end	 of	 this	 section	 includes	 the	main	

findings	in	IRBD	cognition.	To	further	review	neuropsychological	tests	and	batteries	refer	

to	Lezak,	et.	al	2012	(Lezak,	2012).	The	substrates	underlying	cognitive	 impairment	 in	

these	 patients	will	 be	 further	 addressed	 in	 the	 next	 section	 (1.1.4.	Brain	 Imaging	 in	

IRBD),	 where	 brain	 structural	 and	 functional	 changes	 in	 IRBD	 will	 be	 thoroughly	

reviewed.		

	

Reference	 IRBD	sample	size	 IRBD	with	MCI,	(n)	%	

Gagnon	et	al.,	2009	 32	 (16)50%	

Terzaghi	et	al.,	2013	 20	 (7)35%	

Génier	Marchand	et	al.,	2017	 76	 (41)54%	

Marcone	et	al.,	2019	 38	 (13)34%	

Bezdicek	et	al.,	2018	 60	 (9)15%	

Rahayel	et	al.,	2018b	 52	 (17)33%	

Terzaghi	et	al.,	2019	 63	 (19)30%	

Galbiati	et	al.,	2019a	 80	 (29)36%	

Table	 3.	Percentage	 of	 IRBD	 patients	with	MCI	 according	 to	 different	 studies.	 Abbreviations:	
IRBD,	Idiopathic	REM	sleep	behavior	disorder;	MCI,	mild	cognitive	impairment;	n,	sample	size.	

Memory		

Both	 in	 aging	 and	 neurodegenerative	 diseases	 it	 is	 essential	 to	 assess	 learning	 and	

memory	performance,	up	to	the	point	that	the	identification	of	memory-specific	profile	of	

an	 individual	 helps	 in	 the	 differential	 diagnosis	 of	 some	 neurodegenerative	 disorders	

(Levy	and	Chelune,	2007;	Salmon	and	Bondi,	2009).	Within	this	framework,	knowing	the	

memory	pattern	of	IRBD	is	attracting	considerable	attention.		

On	one	hand,	verbal	memory	impairment	has	been	consistently	reported	in	IRBD	(Fantini	

et	al.,	2011;	Gagnon	et	al.,	2009;	Her	et	al.,	2019;	Li	et	al.,	2018;	Massicotte-Marquez	et	al.,	

2008;	 Shin	 et	 al.,	 2019;	 Terzaghi	 et	 al.,	 2013,	 2008).	 In	 particular,	 relative	 to	 healthy	

individuals,	 IRBD	 showed	 impairment	 in	 immediate	 memory	 (Gagnon	 et	 al.,	 2009;	

Massicotte-Marquez	 et	 al.,	 2008;	 Shin	 et	 al.,	 2019),	 learning	 (Gagnon	 et	 al.,	 2009;	
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Massicotte-Marquez	 et	 al.,	 2008),	 delayed	 recall	 (Gagnon	 et	 al.,	 2009;	 Li	 et	 al.,	 2018;	

Marques	et	al.,	2010;	Massicotte-Marquez	et	al.,	2008;	Shin	et	al.,	2019;	Terzaghi	et	al.,	

2013)	 and	 recognition	 (Massicotte-Marquez	 et	 al.,	 2008;	 Shin	 et	 al.,	 2019).	 Besides,	

memory	test	with	higher	executive	demand	were	also	able	to	identify	differences	between	

IRBD	and	healthy	controls	(HC).	For	instance,	patients	showed	lower	performance	than	

controls	 in	 logical	 memory	 (Fantini	 et	 al.,	 2011;	 Terzaghi	 et	 al.,	 2013,	 2008)	 and	

prospective	memory	tests	(Bezdicek	et	al.,	2018;	Li	et	al.,	2018;	Marcone	et	al.,	2019).	

	
Figure	5.	Percentage	and	subtypes	of	mild	cognitive	 impairment	(MCI)	 in	 idiopathic	rapid	eye	
movement	sleep	behavior	disorder	(IRBD)	patients,	Parkinson’s	disease	(PD)	with	RBD	patients,	
PD	 without	 RBD	 patients,	 and	 controls.	 Striped	 area	 represents	 non-amnesic	 MCI	 multiple	
domain,	white	area	represents	amnesic	MCI	multiple	domain,	gray	area	represents	non-amnesic	
MCI	single	domain,	and	black	area	represents	amnesic	MCI	single	domain.	(Gagnon	et	al.	2009).	

On	 the	 other	 hand,	 visual	 memory	 is	 still	 poorly	 investigated.	 Relative	 to	 healthy	

individuals	 IRBD	 patients	 showed	 impaired	 performance	 in	 Rey–Osterrieth’s	 complex	

figure	 (ROCF)	 delayed	 recall	 (Terzaghi	 et	 al.,	 2013,	 2008)	 and	 in	 a	 visual-short	 term	

memory	experimental	task	(Rolinski	et	al.,	2016b).	Visual	memory	assessed	with	recall	of	

ROCF,	remains	unclear	since	other	authors	did	not	find	significant	results	(Fantini	et	al.,	

2011;	Her	et	al.,	2019).	The	main	issue	of	assessing	visual	memory	through	ROCF	is	that	

the	recall	success	partly	depends	on	the	strategy	used	in	copying	the	complex	figure,	as	

well	as	VS/VP	functioning,	 thus	memory	output	 is	somehow	related	to	the	 individual’s	

copy	performance.	To	clarify	this	point,	it	would	be	appropriate	to	control	ROCF	memory	

scores	by	patient’s	copy	performance.	

With	few	exceptions,	previous	literature	outlines	learning	and	memory	deficits	in	IRBD	

patients,	with	several	works	focused	on	verbal,	but	only	a	few	on	visual	memory.		
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Executive	functions	and	Attention	

There	is	prolific	 literature	focused	on	the	study	of	attention	and	executive	functions	in	

IRBD	patients.	Verbal	fluency	is	one	of	the	most	affected	subdomains,	with	a	particular	

impairment	 in	 semantic	 fluency	compared	 to	healthy	 individuals	 (Gagnon	et	 al.,	 2009;	

Lerche	 et	 al.,	 2018;	Massicotte-Marquez	 et	 al.,	 2008).	Although	 these	 findings	may	 be	

reflecting	 slowed	 thinking	 and	 executive	 dysfunction,	 the	 fact	 that	 semantic	 is	 more	

frequently	impaired	than	phonemic	fluency		(Gagnon	et	al.,	2009;	Marques	et	al.,	2010),	

leads	to	the	speculation	that	IRBD	patients	might	present	changes	in	regions	involved	in	

language	 capacity.	 In	 this	 sense,	 semantic	 fluency	 in	 PD	 was	 associated	 with	 frontal,	

temporal,	 and	 cerebellar	 areas,	 whereas	 no	 correlation	 was	 found	 between	 brain	

structural	changes	and	phonemic	fluency	(Pereira	et	al.,	2009b).	

Impairment	 in	Trail	making	 test	 (TMT)	part	A	 (TMTA)	 (Youn	 et	 al.,	 2016)	 and	part	B	

(TMTB)	(Gagnon	et	al.,	2009;	Lerche	et	al.,	2018;	Massicotte-Marquez	et	al.,	2008;	Shin	et	

al.,	2019)	has	been	systematically	reported	in	previous	works	and	might	be	manifesting	

complex	visual	scanning	and	mental	flexibility	difficulties	in	IRBD.	The	main	limitation	of	

TMT	 is	 that	 it	 has	 a	 motor	 component	 such	 that	 speed	 and	 agility	 make	 a	 strong	

contribution	to	success.	Hence,	the	fact	that	IRBD	shows	greater	impairment	in	TMT	might	

be	due	not	only	to	complex	visual	scanning	and	mental	 flexibility	problems	but	also	to	

subtle	motor	signs	in	terms	of	motor	speed.	Indeed,	lower	scores	in	the	Purdue	Pegboard	

(Postuma	et	al.,	2009)	support	the	presence	of	motor	speed	slowness	in	IRBD.	To	avoid	

confusion,	TMTB/A	ratio	allows	studying	mental	flexibility	subtracting	the	motor	effect,	

and	 interestingly	 it	 is	 also	 impaired	 in	 these	patients	 (Lerche	 et	 al.,	 2018;	Massicotte-

Marquez	et	al.,	2008).		

There	is	evidence	highlighting	dysfunction	in	attention	and	working	memory.	Previous	

reports	showed	significant	low	performance	in	digit	span	(Gagnon	et	al.,	2009;	Terzaghi	

et	al.,	2013,	2008),	corsi	supraspan	(Ferini-Strambi	et	al.,	2004),	and	attentive	matrices	

(Terzaghi	 et	 al.,	 2013).	 Other	 researchers	 have	 found	 that	 in	 comparison	 to	 healthy	

individuals,	 IRBD	had	impaired	decision-making	measured	through	the	Iowa	Gambling	

task	(Delazer	et	al.,	2012;	Sasai	et	al.,	2012),	interference	control	(Bezdicek	et	al.,	2018),	

and	abstract	capacity	deficit	assessed	with	the	Raven	colored	matrices	(Terzaghi	et	al.,	

2013),	and	the	Similarities	test	(Massicotte-Marquez	et	al.,	2008).	
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Overall,	 these	works	suggest	 that	attention	and	executive	 functions	may	be	affected	 in	

IRBD	patients	relative	to	healthy	individuals.	

Language	

Language	 is	 by	 far	 the	 less	 studied	 function	 in	 IRBD,	which	 is	 surely	 endorsed	on	 the	

assumption	that	IRBD	is	a	prodromal	stage	of	parkinsonism	disorders.	Within	these	few	

studies,	works	using	the	Boston	Naming	Test	did	not	report	denomination	abnormalities	

in	IRBD	(Her	et	al.,	2019;	Li	et	al.,	2018).	Recently,	Galbiati	and	co-workers,	showed	lower	

performance	 in	 IRBD	with	MCI	 in	 the	Token	Test	(Galbiati	et	al.,	2019a),	a	 task	 that	 is	

commonly	 used	 to	 assess	 verbal	 comprehension.	 It	 is	 worth	 noting	 that	 impaired	

performance	 in	 the	 Token	 test	 has	 been	 reported	 in	 PD	 patients	 with	 hallucinations	

(Ramírez-Ruiz	 et	 al.,	 2006).	 A	 possible	 explanation	 other	 than	 verbal	 comprehension	

deficit	might	be	a	failure	in	some	items	with	greater	working	memory	demand,	a	function	

that	has	been	proven	to	be	affected	in	IRBD	(Gagnon	et	al.,	2009;	Terzaghi	et	al.,	2013,	

2008).	

Visuoperceptual	functions	

Visuoperceptive	 (VP)	 and	 visuospatial	 (VS)	 abilities	 in	 IRBD	 have	 been	 gaining	much	

attention	 in	 the	 scientific	 community,	mainly	because	VS/VP	dysfunction	 is	 commonly	

present	in	DLB	(Levy	and	Chelune,	2007;	Tiraboschi	et	al.,	2006)	and	PD	(Garcia-Diaz	et	

al.,	 2018a;	 Pereira	 et	 al.,	 2009a;	 Ramírez-Ruiz	 et	 al.,	 2006).	 More	 interestingly,	 since	

VS/VP	impairment	enables	to	differentiate	between	DLB	and	other	dementias	(Levy	and	

Chelune,	 2007;	 Tiraboschi	 et	 al.,	 2006),	 it	 has	 been	 proposed	 as	 a	 hallmark	 in	 DLB	

cognitive	 differential	 diagnosis	 (Tiraboschi	 et	 al.,	 2006).	 Nevertheless,	 this	 intriguing	

topic	has	been	a	little	overlooked	in	the	literature	with	very	few	works	until	now.	

Object	identification	

Since	most	clinical	neuropsychological	tests	assessing	VP	require	qualitative	correction,	

some	 works	 addressing	 this	 topic	 have	 used	 experimental	 paradigms.	 Back	 in	 2010,	

Marques	and	colleagues	(2010),	hypothesized	that	VP	impairment	was	commonly	present	

in	RBD,	both	in	its	idiopathic	form	and	when	associated	with	PD.	In	their	experiment,	they	

studied	 sensory,	 perceptive,	 and	 attentional	 aspects	 of	 visual	 information	 processing	

(Marques	et	al.,	2010).	Their	results	manifested	a	higher	object	identification	threshold	in	
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IRBD	 and	 PD	 with	 RBD	 (PD-RBD).	 They	 came	 to	 the	 conclusion	 that	 since	 object	

identification	 is	 mainly	 performed	 by	 the	 ventral	 visual	 pathway,	 their	 results	 were	

pointing	out	that	RBD	might	affect	somehow	this	specific	pathway.	Moreover,	the	fact	that	

they	did	not	observe	any	difference	in	visual	perception	between	PD-RBD	and	IRBD,	or	

between	PD	without	RBD	and	HC,	 lead	 them	to	hypothesize	 that	RBD	condition	might	

probably	be	related	to	a	non-dopaminergic	origin	(Marques	et	al.,	2010).	

In	a	subsequent	work,	Plomhause	and	co-workers	(Plomhause	et	al.,	2014)	assessed	VP	

processing	and	visual	attention	with	the	fragmented	picture	identification	task	developed	

by	Biederman	(Biederman	and	Cooper,	1991)	and	the	Posner	Paradigm	(Posner,	1980)	

respectively.	In	comparison	to	healthy	controls,	IRBD	had	perceptive	impairment	but	not	

attentional	 impairment.	 Particularly,	 their	 results	 highlighted	 impaired	 perceptual	

priming	in	IRBD,	classically	measured	by	the	Bierdman’s	task.	The	priming	effect	in	IRBD	

was	only	seen	when	the	object	previously	presented	was	exactly	the	same,	and	not	if	it	

was	“complementary”	(i.e.	the	same	object	but	different	shape)	(Plomhause	et	al.,	2014).	

According	 to	 the	 author’s	 interpretation,	 the	 response	 pattern	 observed	 in	 IRBD	was	

consistent	with	impaired	intermediate	perceptive	processing	of	visual	information,	since	

the	 initial	 presentation	 of	 the	 image	 did	 not	 appear	 to	 activate	 an	 overall	 structural	

representation.	 They	 hypothesized	 that	 the	 neural	 correlate	 of	 this	 impairment	might	

correspond	to	the	lateral	occipital	complex,	which	has	been	shown	to	be	involved	in	object	

recognition	(Plomhause	et	al.,	2014).	

Facial	and	emotion	recognition	

There	 is	 fairly	 evidence	of	 facial	 and	 emotion	 recognition	deficits	 in	PD	 (Baggio	 et	 al.,	

2012;	Garcia-Diaz	et	al.,	2018a;	Pereira	et	al.,	2009a),	nevertheless,	no	one	to	the	best	of	

our	knowledge	has	studied	this	function	in	IRBD.	

Color	discrimination	in	IRBD	

Impaired	color	perception	is	a	common	non-motor	symptom	of	PD	(Postuma	et	al.,	2009;	

Price	et	al.,	1992),	that	is	present	even	in	the	early	stages	of	the	disease	(Büttner	et	al.,	

1995).	Whereas	former	works	attribute	the	deficit	to	retinal	anomalies	(Price	et	al.,	1992),	

it	has	been	reported	that	color	discrimination	in	PD	is	associated	with	posterior	structural	

alterations,	with	MCI	(Bertrand	et	al.,	2012)	and	with	RBD	(Postuma	et	al.,	2009).	Until	

now,	nearly	all	evidence	in	IRBD’s	color	perception	comes	from	Montreal,	Québec,	Canada.	
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They	 identified	 poorer	 color	 discrimination	 in	 IRBD	 compared	 to	 healthy	 individuals	

(Postuma	et	al.,	2011,	2009,	2006).	

Minor	hallucinations	in	IRBD	

Well-structured	visual	hallucinations	(VH)	are	frequently	present	in	PD	and	DLB.	In	this	

sense,	in	a	large	retrospective	study,	a	lifetime	prevalence	of	50%	in	PD	and	73%	in	DLB	

was	identified	(Williams	and	Lees,	2005).	Research	on	the	field,	suggests	that	VH	onset	

might	be	preceded	by	minor	hallucinations	(MH).	A	preliminary	work	reported	that	the	

prevalence	of	MH	in	isolation	was	14.3%	in	PD	(Panel	4	includes	a	brief	description	of	

MH	subtypes	and	prevalence	 in	PD)	 (Fenelon,	2000).	In	keeping	with	 these	 findings,	a	

longitudinal	study	found	out	that	after	4.4	years	of	follow-up,	28.5%	of	the	PD	drug-naïve	

patients	with	MH	developed	well-formed	VH	(Pagonabarraga	et	al.,	2016).	Additionally,	

MH	are	closely	associated	with	other	nonmotor	symptoms	such	as	depression	(Fenelon,	

2000)	 and	 RBD	 (Lenka	 et	 al.,	 2017;	 Pagonabarraga	 et	 al.,	 2016).	 Hence,	 in-depth	MH	

investigation	sounds	of	particular	interest	in	IRBD	(for	a	systematic	review	on	MH	in	PD	

refer	to	Lenka,	et	al.,	2019).		

Despite	its	relevance,	only	one	previous	study	addressed	this	topic	in	IRBD	(Sasai-Sakuma	

et	al.,	2017).	In	a	novel	attempt	to	study	complex	visual	illusions,	they	found	out	that	IRBD	

patients	 experienced	 more	 frequently	 this	 phenomenon.	 In	 addition,	 their	 results	

demonstrated	 that	patients	presenting	pareidolias	had	a	greater	amount	of	REM	sleep	

without	atonia,	lower	sleep	efficiency,	and	worse	cognitive	impairment.	They	put	forward	

the	presence	of	pareidolias	in	IRBD	as	a	possible	predictive	marker	of	Lewy	body	disease.	

The	 role	of	 the	dorsal	visual	 stream	 in	 the	genesis	of	MH	 in	PD	 (Pagonabarraga	et	 al.,	

2014),	could	lead	to	hypothesize	that	the	presence	of	MH	in	IRBD	underlay	abnormalities	

in	these	regions,	even	before	the	motor	onset.	
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Altogether,	 this	 previous	 works	 on	 visuoperception	 identified	 difficulties	 in	 object	

identification	and	color	discrimination,	as	well	as	increased	frequency	of	complex	visual	

illusions	 in	 IRBD	 patients.	 These	 cognitive	 deficits	 may	 be	 manifesting	 posterior	 and	

ventral	visual	pathway	abnormalities.	

Panel	4	Minor	Hallucinations	in	PD	

As	 described	 in	 Fénelon	 et	 al.	 (2000),	 minor	 forms	 of	 hallucinations	 encompass	 different	 types	 of	

hallucinatory	experiences,	namely	 feeling	of	presence,	passage	hallucinations,	and	visual	 illusions.	 In	

their	work,	MH	were	present	in	25.5%	of	PD	patients	(14.3%	in	isolation).	

¨ Visual	illusions:	are	brief	misperceptions	of	objects	or	living	beings	that	differ	from	objective	reality.	
Visual	 illusions	 include	 the	 presence	 of	 pareidolias,	 that	 is	 the	 illusory	 perception	 of	 faces	 or	

animals	from	irrelevant	visual	stimuli.	Based	on	Fénelon	et	al.,	(2000),	illusions	occurred	in	16%	of	

PD	with	MH	(PD-MH).	

¨ Feeling	of	presence:	The	patient	has	the	vivid	sensation	of	the	presence	of	somebody	(more	often	a	
person	than	an	animal)	either	somewhere	in	the	room	or,	less	often,	behind	him	or	her.	Commonly	

occur	while	patients	are	alone.	Presence	hallucinations	was	the	most	frequent	subtype	of	MH	in	

their	work,	and	it	was	present	in	64%	of	PD-MH.	

¨ Passage	hallucinations:	consisted	of	a	brief	appearance	of	a	person	or	an	animal	passing	through	
the	periphery	of	the	visual	field,	moving	sideways.	Patients	usually	have	an	irrepressible	urge	to	

look	towards	the	illusory	moving	perception.	This	subtype	was	present	in	33%	of	PD-MH.	

	
Figure	2.	 Schematic	 representation	of	 the	 iceberg	phenomenon	 in	
patients	with	Parkinson’s	disease	and	minor	hallucinations	extracted	
from	Lenka,	et	al.,	2019.	
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Visuospatial	and	Visuoconstructive	functions		

Visuoconstructive	(VC)	dysfunction	has	been	reported	in	PD	and	DLB	(Garcia-Diaz	et	al.,	

2014;	Gnanalingham	et	 al.,	 1996),	 and	 is	 commonly	 assessed	 using	 copy	 drawing	 and	

building	 tasks.	 Neuropsychological	 investigations	 in	 IRBD	 demonstrated	 lower	

performance	 in	 copy	drawing	 tests.	For	 instance,	 two	previous	works	 identified	 lower	

scores	in	drawing	Clock	(Iranzo	et	al.,	2006;	Youn	et	al.,	2016),	other	authors	in	ROCF	copy	

(Fantini	et	al.,	2011;	Li	et	al.,	2018;	Zhang	et	al.,	2019),	and	Pentagon’s	test	(Galbiati	et	al.,	

2019a).	Even	so,	impairment	in	copy	drawing	tests	remains	unclear	(Gagnon	et	al.,	2009;	

Her	et	al.,	2019;	Li	et	al.,	2018;	Massicotte-Marquez	et	al.,	2008;	Shin	et	al.,	2019;	Terzaghi	

et	al.,	2013,	2008).	On	the	other	hand,	no	differences	with	healthy	individuals	have	been	

reported	in	block	design	tests	(Gagnon	et	al.,	2009;	Li	et	al.,	2018;	Massicotte-Marquez	et	

al.,	2008).	The	main	limitation	of	using	copy	drawing	and	building	tasks	is	that	they	have	

a	significant	motor	component,	so	speed	slowness	and	subtle	motor	signs	may	affect	the	

individual’s	performance.	Therefore,	the	conclusion	of	the	aforementioned	studies	is	not	

straightforward.	 At	 the	 same	 time,	 some	 works	 assume	 that	 poor	 performance	 in	

constructive	tasks	is	showing	VS	deficits	in	IRBD.	However,	as	stated	above,	it	is	difficult	

to	clarify	 if	 these	findings	are	due	to	VS/VC	deficits	or	motor	subtle	signs.	So,	 it	would	

seem	reasonable	including	tests	assessing	this	function	in	isolation,	instead.	Nevertheless,	

the	 specific	 and	 independent	 assessment	 of	 VS	 functions	 has	 been	 neglected	 in	 the	

literature,	with	only	two	previous	works	attempting	to	assess	this	function	(Iranzo	et	al.,	

2006;	Pereira	et	al.,	2019).	Unfortunately,	the	first	work	lacked	a	control	group,	still,	they	

reported	VS	deficit	 in	comparison	to	normalized	scores	(Iranzo	et	al.,	2006).	The	other	

study	showed	a	clear	tendency	to	significance	in	VS	impairment	in	IRBD	relative	to	HC	

(Pereira	et	al.,	2019).	Further	research	including	VS	tests	is	needed	to	elucidate	whether	

IRBD	presents	impairment	in	this	domain.	

IRBD	cognitive	profile	relative	to	PD	

Few	 researchers	 have	 addressed	 the	 question	 of	 how	 the	 IRBD’s	 cognitive	 profile	 is	

relative	 to	 PD’s.	 Although	 some	 results	 are	 available,	 the	 evidence	 is	 not	 conclusive.	

Broadly	 speaking,	preliminary	 studies	have	 found	 that	 IRBD	and	PD-RBD	have	similar	

phonetic	fluency	(Marques	et	al.,	2010),	VS	(Pereira	et	al.,	2019),	VC	(Zhang	et	al.,	2019)	

and	VP	(Marques	et	al.,	2010)	impairment.	Contrary,	others	reported	that	in	comparison	
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to	IRBD,	PD-RBD	had	lower	performance	in	attention	(Gagnon	et	al.,	2009;	Zhang	et	al.,	

2019),	immediate	recall,	and	VC	tasks	(Gagnon	et	al.,	2009).	In	comparison	to	PD	without	

RBD,	IRBD	patients	showed	worse	scores	in	executive	functions,	attention	(Gagnon	et	al.,	

2009),	 semantic	 fluency	 (Gagnon	et	al.,	2009;	Pereira	et	al.,	2019)	and	verbal	memory	

(Gagnon	et	al.,	2009).	Additionally,	color	impairment	has	been	also	identified	in	PD-RBD,	

relative	to	controls	(Figure	6).	The	authors	conclude	that	color	perception	is	more	linked	

to	the	presence	of	RBD	than	PD	since	statistically	significant	differences	were	also	found	

between	PD-RBD	and	PD	without	RBD	(Postuma	et	al.,	2009).	

It	could	be	speculated	that	differences	between	IRBD	and	PD	patients	are	more	evident	

when	PD	patients	are	distinguished	according	to	RBD	presence.	IRBD	and	PD-RBD	seem	

to	share	impairment	in	VP	functions,	with	greater	difficulties	in	visual	scanning	and	VC	in	

PD-RBD.	Hopefully,	the	next	few	years	will	witness	a	considerable	growing	interest	in	this	

challenging	topic.		

	

	
Figure	 6.	 Farnsworth–Munsell	 100-hue	 test	 measures	 in	 normal	 controls,	 in	 patients	 with	
Idiopathic	REM	sleep	behavior	disorder	(IRBD),	PD	patients	with	or	without	REM	sleep	behavior	
disorder	 (PD	 no	 RBD	 and	 PD	 +	 RBD).	 Horizontal	 bar	 indicates	 mean	 value	 for	 group.	 Black	
triangle=	males	≥	50	years;	open	triangle=	males	<	50	years;	filled	circle=	females≥	50	years;	open	
circle=	females	<	50	years	(Postuma	et	al.,	2009).	
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Longitudinal	studies	

Longitudinal	research	attempting	to	find	markers	of	phenoconversion	in	IRBD	is	gaining	

much	 attention,	 with	 a	 particular	 interest	 in	 understanding	 what	 differentiates	 those	

patients	evolving	to	PD	from	those	evolving	to	DLB.	Under	these	circumstances,	the	study	

of	neuropsychological	changes	in	IRBD	over	time	has	become	an	intriguing	area.	Some	

works	 identified	 decrease	 performance	 in	 executive	 functions	 and	 attention	 in	 IRBD	

across	time	(Terzaghi	et	al.,	2013;	Youn	et	al.,	2016).	Although	they	also	included	a	group	

of	healthy	individuals,	they	only	found	time	changes	in	IRBD.	On	the	other	hand,	one	work	

showed	differences	in	cognition	in	IRBD	relative	to	normal	aging	after	2	years.	They	found	

out	 that	 IRBD	patients	had	 lower	performance	 in	working	memory,	visuoconstruction,	

and	delayed	verbal	memory	in	comparison	to	controls	(Fantini	et	al.,	2011).	Nevertheless,	

none	of	these	former	works	reported	an	interaction	between	group	and	time,	so	the	aging	

effect	cannot	be	ruled	out.	

Converters	vs	non-converters	
An	alternative	approach	is	addressing	the	question	of	how	different	cognitive	profile	is	at	

baseline	in	those	patients	that	eventually	phenoconvert	to	a	Synucleinopathy.	Within	this	

framework,	the	proportion	of	MCI	at	baseline	was	found	in	22-50%	of	the	converters,	and	

in	12-19%	of	those	that	remained	disease	free	(Génier	Marchand	et	al.,	2017;	Terzaghi	et	

al.,	 2019).	 When	 studying	 retrospectively	 those	 patients	 that	 developed	 dementia,	

Postuma	and	co-workers	observed	that	all	patients	presented	MCI	at	baseline	(Postuma	

et	 al.,	 2012c).	 In	 this	 context,	 previous	 research	 manifested	 greater	 impairment	 in	

executive	functions,	attention	(Génier	Marchand	et	al.,	2017;	Terzaghi	et	al.,	2019;	Youn	

et	 al.,	 2016),	 semantic	 fluency	 (Génier	 Marchand	 et	 al.,	 2017),	 color	 discrimination	

(Figure	7)	 (Postuma	 et	 al.,	 2011)	 and	 verbal	memory	 (Terzaghi	 et	 al.,	 2019)	 in	 IRBD	

converters	in	comparison	to	non-converters.	Worth	mentioning	is	the	fact	that	almost	all	

works	showing	decline	 in	executive	functions	used	TMT	test.	As	stated	above,	 this	test	

demands	motor	functioning;	for	this	reason,	another	plausible	explanation	is	that	these	

findings	 may	 also	 be	 reflecting	 subtle	 motor	 signs	 in	 IRBD	 that	 eventually	 develop	

parkinsonism.	Contrary	to	previous	papers,	Pereira	and	colleagues	(2019)	did	not	found	

differences	 in	 any	 neuropsychological	 test	 between	 converters	 and	 non-converters	

(Pereira	et	al.,	2019).	
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Figure	7.	Color	vision	testing	in	preclinical	intervals	of	disease.	Year	0	refers	to	examination	at	
time	of	disease	diagnosis,	and	years	-1	to	-5	to	examinations	before	disease	diagnosis.	Square=	
entire	disease	group;	triangle=	dementia/	PD-dementia;	circle=	tremor-onset	PD.	Error	bars	are	
for	the	disease-group	as	a	whole	(standard	error).	The	number	beside	each	data	point	represents	
the	number	of	assessments	at	 that	 time	point	 for	 the	disease	group	as	a	whole.	 *	 significantly	
different	than	age/sex-adjusted	expected	values	(1-sample	t	test).	The	solid	line	represents	the	
regression	line	for	the	entire	disease	group,	and	dotted	lines	represent	regression	lines	for	each	
disease	subgroup	(dementia/PD-dementia	and	tremor-	onset	PD).	(Postuma	et	al.,	2011)	

As	 Génier	Marchand	 et	 al.	 (2018)	 put	 forward	 in	 their	 paper,	 the	 heterogeneity	 seen	

among	IRBD	patients,	is	probably	due	to	the	fact	that	some	IRBD	patients	will	evolve	to	

PD,	others	to	DLB,	and	others	will	remain	idiopathic.	That	could	be	the	reason	why	their	

presentation,	 clinical	 phenotype,	 and	 progression	 may	 vary	 across	 patients	 (Génier	

Marchand	 et	 al.,	 2018).	With	 this	 idea	 in	mind,	 the	 next	 subsection	 does	 an	 in-depth	

analysis	 of	 their	 interesting	 work,	 presenting	 the	 neuropsychological	 profile	 of	 IRBD	

patients	that	finally	phenoconvert	to	an	overt	DLB.	This	intriguing	topic	will	surely	help	

both	clinical	and	research	practice.		

Cognitive	profile	of	IRBD	patients	that	will	eventually	evolve	to	DLB	

In	 their	preliminary	work,	Marchand	et	al.	observed	 that	 cognitive	 impairment	clearly	

distinguishes	 those	 IRBD	patients	 that	will	 finally	evolve	 to	a	DLB	than	 those	 that	will	

develop	a	PD.	Their	results	showed	that	when	comparing	those	converting	to	dementia	
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with	those	converting	to	a	parkinsonism,	the	firsts	performed	worse	in	verbal	learning,	

immediate	 and	delayed	visual	memory,	 as	well	 as	 in	 a	 task	 involving	visuospatial	 and	

visuoconstructive	functions.	Logistic	regression	analysis	showed	that	in	IRBD,	higher	age,	

poorer	performance	on	mental	 flexibility,	 visuospatial	 and	visuoconstructive	 functions	

were	independent	trending	predictors	of	developing	an	overt	dementia	(Génier	Marchand	

et	al.,	2017).	

In	a	major	advance,	the	same	research	group	(2018)	examined	throughout	6	years	the	

cognitive	 profile	 of	 109	 IRBD	 patients	 (Figure	 8).	 Afterward,	 they	 assessed	 the	

progression	 of	 cognitive	 decline	 before	 disorder	 diagnosis	 in	 three	 groups	 of	 IRBD	

patients	 classified	 as	 follows:	 those	 IRBD	 that	will	 remain	 idiopathic	 (still-idiopathic),	

those	 that	will	 eventually	 develop	 an	 overt	 DLB	 (DLB-converters)	 and	 those	 that	will	

convert	 to	 PD	 (PD-converters).	 Their	 results	 showed	 that	 after	 6	 years	 of	 systematic	

follow-up,	DLB-converters	performed	worse	than	still-idiopathic	patients	in	TMTB	almost	

at	 all	 time	 points.	 Interestingly,	 verbal	 fluency,	 the	 ROCF	 copy,	 and	 block	 design	

performance	were	worse	 in	 DLB-converters	 in	 comparison	 to	 still-idiopathic	 and	 PD-

converters,	only	soon	before	conversion	(Génier	Marchand	et	al.,	2018).	

As	for	verbal	episodic	memory,	DLB-converters	showed	a	progressive	decline	in	the	Rey	

Auditory-Verbal	Learning	Test	 (RAVLT),	particularly	 in	 learning	 (sum	of	 trials	1	 to	5),	

immediate	and	delayed	recall,	but	also	in	recognition.	On	the	contrary,	no	decline	in	the	

RAVLT	 test	 was	 detected	 in	 PD-converters	 or	 still-idiopathic	 patients.	 Just	 few	 years	

before	DLB	diagnosis,	DLB-converters	performed	significantly	worse	than	PD-converters	

and	 still-idiopathic	 patients	 in	 immediate	 and	 delayed	 recall.	 Recognition	 in	 DLB-

converters	worsened	in	the	year	when	the	diagnosis	was	done	in	comparison	to	the	two	

other	groups	(Génier	Marchand	et	al.,	2018).	These	results	outline	that	DLB-converters	

present	progressive	memory	decline	that	will	eventually	involve	not	only	evocation	but	

also	recognition	deficits.	

Overall,	this	recent	evidence	reveals	that	IRBD	patients	that	will	evolve	to	DLB	present	

executive	 and	 memory	 decline	 throughout	 years	 of	 the	 disease,	 with	 later	 semantic	

fluency	and	visuoconstructive	impairment.	
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Figure	 8.	 Performance	 changes	 on	 neuropsychological	 tests	 (z	 scores)	 over	 time	 shown	 by	
regression	lines.	Dotted	colored	lines	represent	confidence	intervals	(95%)	of	the	slope.	0= last	
follow-up	for	patients	who	remained	idiopathic	and	year	of	conversion	for	PD	and	DLB	patients;	-
1,	-2,	-3,	-4,	-5,	-6=	6	previous	follow-up	years.	Black	dotted	line	represents	-1.5	thresholds	for	z	
scores,	which	is	considered	to	be	clinically	impaired	performance.	PD,	Parkinson’s	disease;	DLB,	
dementia	with	Lewy	bodies;	TMT,	Trail	Making	Test;	RAVLT,	Rey	Auditory-Verbal	Learning	Test;	
ROCF,	Rey-Osterrieth	Complex	Figure	(Génier	Marchand	et	al.,	2018).	

Cognitive	tests	that	may	predict	clinical	progression	in	IRBD	

This	 is	another	 intriguing	question	 that	may	help	 to	select	neuropsychological	 tests	 in	

clinical	practice,	but	also	in	clinical	trials	that	attempt	to	study	those	patients	at	higher	

risk	 to	 convert.	 Researches	 that	 have	 addressed	 this	 question	 found	 out	 executive	

functions	and	semantic	fluency	to	be	cognitive	markers	of	progression	in	IRBD	(Génier	

Marchand	et	al.,	2018;	Génier	Marchand	et	al.,	2017;	Terzaghi	et	al.,	2019).	In	particular,	

in	Terzaghi	et	al.	work,	the	executive	domain,	measured	using	Raven’s	colored	matrices,	

Weigl’s	sorting	Test,	Frontal	assessment	battery,	and	verbal	fluency	was	associated	with	

phenoconversion	 (Terzaghi	 et	 al.,	 2019).	 In	 the	 same	 line,	 in	 Génier	 Marchand	 and	

colleagues’	research,	Stroop	Color	Word	Test,	TMTB,	and	ROCF	copy	performance	were	
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independent	 predictors	 of	 dementia	 in	 IRBD	 (Génier	 Marchand	 et	 al.,	 2017).	 In	 a	

subsequent	study	of	 the	same	group,	 they	highlighted	that	 the	TMTB	was	the	test	 that	

better	 detects	 early	 prodromal	 dementia	 stages,	whereas	 semantic	 fluency	 and	 verbal	

episodic	learning	tests	such	as	the	RAVLT	test,	were	the	best	for	monitoring	changes	over	

time	 (Génier	 Marchand	 et	 al.,	 2018).	 Finally,	 in	 a	 5-year	 follow-up	 study	 with	 IRBD,	

abnormal	color	vision	was	associated	with	an	 increased	risk	of	conversion	to	an	overt	

alpha-Synucleinopathy,	mostly	to	DLB	(Postuma	et	al.,	2015b).	
	
Taken	as	a	whole,	TMTB,	semantic	fluency,	color	perception,	and	verbal	episodic	learning	

tests	may	be	helpful	to	detect	those	IRBD	patients	that	will	eventually	progress	to	an	overt	

dementia.	
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Summary	

Altogether,	the	evidence	outlines	that	in	comparison	to	healthy	individuals,	IRBD	

patients	 present	 impairment	 in	 verbal	 memory,	 semantic	 fluency,	 object	

identification,	 color	 discrimination,	 mental	 flexibility,	 and	 visuoconstruction.	 It	

should	be	pointed	out,	 that	 there	are	 slightly	different	 cognitive	profiles	among	

IRBD	patients,	depending	on	their	final	onset.	Those	IRBD	that	will	evolve	to	DLB	

present	greater	progressive	executive	and	memory	decline	throughout	years	of	the	

disease,	 with	 later	 semantic	 fluency,	 visuoconstructive	 difficulties,	 and	 even	

greater	memory	impairment.	Finally,	when	compared	to	PD	patients,	IRBD	and	PD-

RBD	 seem	 to	 share	 impairment	 in	 visuoperceptual	 abilities,	 with	 higher	

dysfunction	in	attention	and	visuoconstruction	in	PD-RBD.	
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1.1.4. Brain	imaging	in	IRBD	

Magnetic	Resonance	Imaging	(MRI)	is	one	of	the	most	commonly	used	techniques	in	the	

field	 of	 neuroscience.	 Particularly	 since	 MRI	 allows	 detecting	 regional	 and	 signal	

abnormalities,	 it	 is	 widely	 used	 in	 the	 study	 of	 brain	 changes	 associated	 with	

neurodegeneration.	 In	 the	 past	 decade,	 the	 characterization	 of	 brain	 structure	 and	

function	in	IRBD	as	a	prodromal	stage	of	Synucleinopathies	has	become	an	emergent	field	

of	study.	This	subsection	exposes	an	overview	of	previous	literature	on	neuroimaging	in	

IRBD.	First,	I	will	present	a	systematic	review	of	literature	reporting	structural,	functional,	

and	 metabolic	 abnormalities	 underlying	 IRBD.	 Second,	 I	 will	 expose	 previous	 works	

regarding	 neuroanatomical	 and	 neurofunctional	 bases	 of	 clinical	 and	 cognitive	

manifestations	in	IRBD.	Table	5,	Table	6,	Table	7,	and	Table	8	at	the	end	of	the	current	

section,	present	the	main	structural,	functional,	and	metabolic	findings	in	IRBD.	

Gray	matter	changes	

There	 is	 a	 considerable	 amount	 of	 procedures	 that	 enable	 us	 to	 understand	 brain	

structure	and	its	relationship	with	neurodegeneration.	The	most	common	methodologies	

to	explore	gray	matter	(GM)	integrity	include	voxel-based	morphometry	(VBM),	Cortical	

thickness	(CTh),	and	volumetric	analysis.		

A	 growing	 body	 of	 structural	 MRI	 research	 supports	 the	 view	 that	 GM	 changes	 are	

common	 in	 IRBD	 patients.	 Based	 on	 the	 implication	 of	 the	 striatum	 in	 parkinsonism	

disorders,	preliminary	work	in	this	field	focused	on	the	study	of	striatal	volumes.	They	

found	reduced	bilateral	putamen	in	IRBD	patients	in	comparison	to	healthy	individuals	

(Ellmore	et	al.,	2010a).	Later,	in	2012,	using	a	1.5T	MRI,	a	VBM	approach	showed	IRBD	

had	GM	volume	reduction	in	the	cerebellum,	the	pons,	and	in	the	left	parahippocampal	

gyrus	(Figure	9A)	(Hanyu	et	al.,	2012).	The	authors	confirmed	the	expected	hypothesis	

that	brainstem	abnormalities	may	be	 responsible	 for	 the	occurrence	of	 IRBD	and	may	

stand	out	striking	similarities	with	Lewy	body-like	diseases.	

In	2014,	Rahayel	and	colleagues	published	structural	data	obtained	with	a	3T	MRI	that	

can	be	more	sensitive	to	subtle	cortical	changes	than	1.5T	scanners.	Their	research	using	

VBM	showed	GM	volume	loss	in	the	right	superior	frontal	sulcus	(Figure	9E)	(Rahayel	et	

al.,	2014).	Shortly	thereafter,	with	a	larger	sample	of	IRBD,	the	same	group	reported	lower	
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GM	volume	in	the	frontal	cortices,	anterior	cingulate	gyri,	and	caudate	nucleus,	as	well	as	

reduced	global	volume	in	the	right	putamen	in	comparison	to	HC.	Additionally,	using	the	

shape	analysis	 technique,	 they	revealed	atrophy	 in	external	and	 internal	 left	pallidum,	

whereas	caudate,	putamen	and	thalamus	did	not	manifest	any	shape	variation	in	the	IRBD	

patients	(Figure	9C-D)	(Rahayel	et	al.,	2018a).		

	
Figure	9.	 Gray	matter	 (GM)	volume	 changes	 in	 IRBD	 in	 comparison	 to	healthy	 individuals.	A.	
Reduced	GM	volume	in	IRBD	(Hanyu	et	al.,	2012);	B.	 In	red-yellow	areas	showing	increase	GM	
density	values	in	IRBD	(Scherfle	et	al.,	2011);	C.	Shape	abnormalities	in	IRBD	patients,	red	cluster	
is	 showing	 atrophy	 in	 left	 pallidum	 (Rahayel	 et	 al.,	 2018a);	D.	 Reduced	 GM	 volume	 in	 IRBD	
(Rahayel	et	al.,	2018a);	E.	Reduced	GM	in	IRBD	(Rahayel	et	al.,	2014).	

There	 are	 some	 slight	 discrepancies	 in	 the	 topographic	 cortical	 thickness	 pattern	

underlying	IRBD	degeneration.	In	the	first	attempt	to	define	this	pattern,	IRBD	patients	

exhibited	cortical	 thinning	encompassing	only	the	right	hemisphere.	Particularly,	 IRBD	

had	atrophy	in	the	right	medial	frontal	lobe	and	a	region	extending	from	the	cingulate	and	

paracingulate	gyri	to	the	gyrus	rectus,	the	dorsolateral	part	of	the	superior	frontal	gyrus,	

and	 in	 the	 right	 lingual	 and	 fusiform	 gyri	 (Figure	 10A)	 (Rahayel	 et	 al.,	 2014).	 A	

subsequent	 study	 of	 the	 same	 group	 identified	 bilateral	 cortical	 thinning	 in	 IRBD,	 in	

regions	such	as	the	medial	superior	frontal,	orbitofrontal	and	anterior	cingulate	cortices,	
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and	 the	 right	dorsolateral	primary	motor	 cortex	 (Figure	10B)	 (Rahayel	et	al.,	2018a).	

Differences	 among	 their	 studies	might	 be	 explained	 by	 two	 factors,	 first,	 their	 second	

study	 included	 a	 larger	 sample,	 and	 second,	 they	 did	 not	 use	 the	 same	 technique	 to	

analyze	cortical	thickness.	Recently,	in	Pereira	and	colleagues’	work	(2019),	IRBD	patients	

manifested	cortical	atrophy	in	left	lateral	occipital	and	postcentral	gyri,	which	extended	

to	 left	 inferior	 parietal	 and	 supramarginal	 areas	 (Figure	 10C).	 On	 combining	 these	

previous	studies,	cortical	thinning	in	IRBD	seems	to	be	present	in	the	cingulate	cortex,	the	

lateral	prefrontal	and	somatosensorial	and	motor	areas,	regions	that	are	affected	in	both	

PD	and	DLB.	

	
Figure	 10.	 Cortical	 thickness	 abnormalities	 in	 IRBD	 in	 comparison	 to	 healthy	 individuals.	A.	
(Rahayel	et	al.	2014);	B.	(Rahayel	et	al.,	2018a);	C.	(Pereira	et	al.,	2019).	

Nevertheless,	 there	 are	 discrepancies	 regarding	 the	 presence	 of	 atrophy	 in	 structures	

such	as	the	brainstem	and	the	hippocampus.	Whereas	one	study	reported	GM	reductions	

in	the	tegmental	portion	of	the	pons	(Hanyu	et	al.,	2012),	when	using	3T	MRI	scanners,	

differences	 in	 this	 region	were	 not	 detected	 (Rahayel	 et	 al.,	 2018a).	 In	 the	 same	 line,	

proton	magnetic	resonance	spectroscopy	was	not	able	to	detect	brainstem	abnormalities	

in	patients	with	IRBD	(Iranzo	et	al.,	2002).	As	regards	the	hippocampus,	only	one	work	
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using	 VBM	 has	 focused	 on	 this	 structure,	 showing	 increases	 in	 GM	 densities	 in	 both	

hippocampi	 (Figure	 9B)	 (Scherfler	 et	 al.,	 2011).	 But	 bearing	 in	 mind	 that	

hypermetabolism	in	the	hippocampus	is	also	identified	(see	Metabolic	studies),	further	

research	is	needed	to	elucidate	the	hippocampal	involvement	in	IRBD	patients,	and	the	

sensibility	of	MRI	approaches.	

Given	the	fact	that	most	IRBD	patients	will	eventually	develop	an	overt	Synucleinopathy,	

there	is	growing	interest	in	knowing	the	similarities	among	IRBD,	PD,	and	DLB	patients.	

Nonetheless,	 still,	only	a	 few	works	 focused	on	such	objectives.	 In	2010,	Ellmore	et	al.	

found	significantly	smaller	left	putamen	in	IRBD	in	comparison	to	age-matched	early	PD	

patients.	The	authors	interpreted	such	unexpected	results,	as	a	compensatory	structural	

increase	 in	 striatal	 volume	 due	 to	 a	 deficit	 in	 dopaminergic	 function	 (Ellmore	 et	 al.,	

2010b).	 A	 recent	 work	 using	 structural	 MRI	 of	 the	 Parkinson’s	 Progression	 Markers	

Initiative	 (PPMI)	 database	 found	 no	 differences	 in	 cortical	 thickness	 and	 subcortical	

measures	between	PD	de	novo	and	patients	with	IRBD.	The	authors	suggested	that	the	

absence	of	significant	results	could	be	due	 to	 the	 fact	 that	 the	prevalence	of	 future	PD	

converters	in	their	sample	was	probably	high,	and	thus	subtle	PD-like	GM	changes	in	IRBD	

patients	were	already	ongoing	(Pereira	et	al.,	2019).	

Although	there	are	still	some	discrepancies,	these	previous	investigations	highlight	the	

presence	of	GM	changes	in	the	anterior	cingulate	and	in	somatosensorial	and	motor	areas	

in	IRBD,	with	still	unclear	results	in	subcortical	and	hippocampal	structures.	Further	data	

collection	 is	 required	 to	better	 characterize	gray	matter	abnormalities	 in	 IRBD,	with	a	

particular	focus	on	the	hippocampal	formation.	

White	matter	changes	

Diffusion	 Tensor	 Imaging	 (DTI)	 approach	 provides	 information	 about	 microscopic	

changes	in	white	matter	(WM)	tissue.	Very	little	is	known	about	how	does	IRBD	affects	

WM	integrity.	The	 first	 investigation	 to	explore	 this	 topic	demonstrated	with	a	whole-

brain	analysis,	that	relative	to	healthy	individuals,	IRBD	exhibit	decreased	axial	diffusivity	

in	the	pons,	 in	bilateral	corona	radiata,	and	the	SN	and	increased	fractional	anisotropy	

(FA)	bilaterally	in	the	internal	capsule	and	olfactory	regions.	Whereas	the	fornix,	the	right	
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visual	stream,	and	the	left	superior	temporal	lobule	had	both	reduced	FA	and	increased	

radial	diffusivity	(RD)	(Figure	11)	(Unger	et	al.,	2010).		

Figure	11.	White	matter	 abnormalities	 in	 IRBD	patients	 (Unger	 et	 al.,	 2010).	A.	 In	 blue	 axial	
diffusivity	changes;	B.	In	yellow	changes	in	radial	diffusivity;	C.	Changes	in	fractional	anisotropy,	
increases	are	shown	in	red-yellow,	and	decreases	in	light-blue-blue.	

In	the	same	line,	subsequent	investigations	identified	reduced	FA	in	the	mesencephalic	

tegmentum,	 the	 rostral	 pons	 (Figure	 12A)	 (Scherfler	 et	 al.,	 2011)	 and	 the	 SN	

(Pyatigorskaya	et	al.,	2017),	as	well	as	 increased	mean	diffusivity	 (MD)	 in	 the	pontine	

tegmentum	and	reticular	 formation	(Figure	12B)	(Scherfler	et	al.,	2011).	Of	particular	

interest	 are	 the	 WM	 abnormalities	 recently	 identified	 in	 IRBD	 relative	 to	 clinical	 PD	

patients.	With	increase	MD	in	IRBD	mainly	found	in	the	right	hemisphere,	namely	in	the	

corpus	callosum,	the	superior	and	inferior	longitudinal	fasciculus,	the	corticospinal	tract,	

the	forceps	major,	and	the	corona	radiata	(Ohlhauser	et	al.,	2019)	(see	Figure	12C).	The	

authors	 interpret	 this	 right	 predominance	 as	 early	 asymmetric	 neurodegeneration	 in	

prodromal	stages.	
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Altogether,	 these	previous	works	demonstrate	 IRBD	may	present	microstructural	WM	

abnormalities	 in	 regions	 that	 regulate	 REM	 sleep,	 and	 that	 are	 known	 to	 have	

neurodegenerative	 pathology	 in	 early	 PD	 (Table	 5	 summarizes	 structural	 findings	 in	

IRBD).	

Figure	 12.	 White	 matter	 abnormalities	 in	 IRBD	 (continuation).	 A.	 In	 red-yellow	 areas	 of	
decreased	fractional	anisotropy	in	comparison	to	healthy	controls	(HC)	(Scherfler	et	al.,	2011);	B.	
In	 red-yellow	 areas	 with	 significantly	 increased	 mean	 diffusivitiy	 (MD)	 in	 comparison	 to	 HC	
(Scherfler,	 et	 al.	 2011);	 C.	 In	 blue	 Increased	 MD	 in	 IRBD	 patients	 in	 comparison	 to	 clinical	
Parkinson’	disease	patients	(Ohlhauser	et	al.,	2019).	

Structural	connectivity	

In	broad	terms,	connectivity	is	how	brain	regions	communicate	with	one	another	and	how	

information	 is	 passed	 from	 one	 brain	 area	 to	 the	 next	 (Bijsterbosch	 et	 al.,	 2017).		

Structural	connectivity	 is	commonly	referred	to	 the	existence	of	WM	tracts	connecting	

different	brain	regions,	which	is	usually	derived	from	diffusion-weighted	imaging	(DWI)	

through	 tractography.	 Moreover,	 T1-weighted	 MRI	 is	 also	 used	 to	 build	 connectivity	

matrices	based	on	the	correlation	coefficient	between	all	pairs	of	regions.	
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The	characterization	of	human	structural	connectome	in	healthy,	but	also	in	pathological	

brains,	 is	 increasingly	 becoming	 a	 focus	 of	 interest	 in	 neuroimaging	 research.	

Unfortunately,	very	little	is	known	about	structural	connectivity	in	IRBD,	with	only	two	

previous	works	using	this	approach	(K.	M.	Park	et	al.,	2018;	Wen	et	al.,	2017),	and	only	

one	 of	 them	 including	 exclusively	 IRBD	 patients	 (K.	 M.	 Park	 et	 al.,	 2018).	 The	 first	

investigation	 (Wen	 et	 al.,	 2017)	 used	 deterministic	 tractography	 to	 explore	 structural	

connectivity	in	prodromal	PD	(IRBD	or/and	hyposmic	patients)	and	de	novo	PD	patients.	

They	 also	 applied	 graph	 analysis	 that	 showed	 higher	 small	 worldness	 and	 cluster	

coefficient	in	prodromal	PD	patients	relative	to	HC	and	PD	de	novo.	Besides,	to	further	

identify	 specific	 connections	where	WM	structural	 connectivity	was	altered,	 they	used	

Network-based	Statistics	(NBS).	This	technique	revealed	that	prodromal	PD	patients	had	

greater	connectivity	between	regions	 involved	 in	motor,	olfactory,	and	sleep	 functions	

compared	 to	HC	and	de	novo	PD	(see	Table	6	 and	Figure	13	 for	 further	details).	The	

authors	 considered	 that	 finding	 increased	 network	 efficiency	 and	 connectivity	 in	

prodromal	PD	might	suggest	neural	compensation	in	premotor	PD	phases.		

Figure	 13.	 Structural	 connectivity	 characterization	 of	 prodromal	 PD	 (hyposmic	 and/or	 IRBD	
patients).	A.	 Prodromal	 PD	 have	 greater	 connectivity	 than	HC;	B.	 Prodromal	 PD	 have	 greater	
connectivity	than	de	novo	PD	(Wen	et	al.,	2017).	

More	recently,	Park	and	colleagues	(2018)	used	T1-weighted	images	to	define	73	regions	

of	interest	and	obtained	correlation	matrices	between	every	pair	of	nodes.	They	finally	

computed	graph	analysis	that	showed	decreased	global	network,	average	degree,	global	

efficiency,	and	local	efficiency,	and	increased	characteristic	path	length	in	IRBD	patients	

in	 comparison	 to	 HC.	 The	 authors	 concluded	 that	 IRBD	 manifests	 topological	



 

  48 

48 48 
48 

disorganization	of	the	global	brain	network,	which	may	be	implicated	in	the	pathogenesis	

of	IRBD	(K.	M.	Park	et	al.,	2018).	The	main	limitation	of	this	work	is	its	small	sample	size	

of	10	IRBD	patients.	Within	this	in	mind,	further	research	is	required	to	characterize	how	

IRBD	affects	structural	connectivity.	

Functional	MRI	changes	

If	structural	connectivity	offers	the	possibility	to	study	the	structural	integrity	of	tracts	

connecting	different	brain	regions,	functional	connectivity	explores	the	dependence	and	

coactivation	of	the	signal	from	these	areas.	That	is	to	say,	to	study	functional	connectivity,	

the	similarity	of	 the	signals	 from	different	brain	regions	 is	measured,	 if	 the	signals	are	

similar,	 this	 is	 likely	 to	mean	 that	 they	 are	 connected	 (Bijsterbosch	 et	 al.,	 2017).	 This	

approach	enables	us	to	explore	how	well	the	brain	is	connected	under	certain	conditions.	

Within	 this	 framework,	 the	 characterization	 of	 brain	 functional	 connectivity	 in	

neurodegeneration	 is	 attracting	 considerable	 attention	 and	 may	 explain	 subtle	

abnormalities	even	in	the	early	stages	of	the	disease.	The	last	two	decades	have	witnessed	

a	 huge	 growth	 of	 publications	 showing	 functional	 connectivity	 abnormalities	 in	

neurodegenerative	disorders	(Hohenfeld	et	al.,	2018).	

Nevertheless,	 functional	 connectivity	 constitutes	 a	 relatively	 new	 topic	 of	 research	 on	

IRBD	literature,	with	only	a	few	studies	published	to	date	(Table	6	summarizes	functional	

findings	in	IRBD).	Preliminary	work	in	this	field	was	carried	out	less	than	a	decade	ago.	In	

2013	Ellmore,	et	al.	focused	its	work	on	SN	functional	connectivity	in	IRBD.	Their	results	

highlighted	that	IRBD	patients	had	reduced	connectivity	between	SN	and	the	left	putamen	

in	comparison	to	HC,	but	increased	connectivity	in	comparison	to	PD	patients.	Moreover,	

IRBD	showed	higher	connectivity	than	HC	between	the	SN	and	the	right	superior	occipital	

gyrus,	 but	 lower	 than	 PD	 patients	 (Ellmore	 et	 al.,	 2013).	 Taking	 into	 account	 these	

findings,	 they	 concluded	 that	 altered	 nigrostriatal	 and	 nigrocortical	 connectivity	

characterizes	IRBD	before	motor	impairment.	

More	recently,	Rolinski	et	al.	(Rolinski	et	al.,	2016a)	proposed	a	new	approach	to	detect	

functional	connectivity	changes	in	an	ad	hoc	defined	basal	ganglia	(BG)	network	(BGN).	

They	demonstrated	that	both	IRBD	and	PD	patients	had	reduced	coactivation	within	the	

BGN	when	 compared	 to	HC,	 but	 also	 between	 the	BG	 and	 frontal	 regions,	 namely	 the	

cingulate	and	paracingulate	gyri,	the	orbital	cortices	and	the	inferior	and	middle	frontal	
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gyri	(Figure	14).	Interestingly,	this	abnormal	BGN	connectivity	enables	to	differentiate	

both	IRBD	and	PD	from	controls	with	high	sensitivity	(95.8%)	and	specificity	(73.9%),	

drawing	 our	 attention	 to	 the	 potential	 role	 of	 functional	 connectivity	 to	 detect	 early	

dysfunction	in	BG.		In	addition	to	that,	they	also	studied	the	relationship	between	the	BG	

connectivity	 and	 the	 metabolic	 changes	 assessed	 through	 single-photon	 emission	

computed	 tomography	 (SPECT),	 finding	 no	 correlation	 between	 these	 measures.	 In	

keeping	with	a	previous	work	(Ellmore	et	al.,	2013),	they	reached	the	conclusion	that	the	

PD-like	functional	connectivity	signature	exists	even	before	the	motor	onset	in	IRBD.	In	

particular,	they	underline	the	idea	of	using	BG	functional	connectivity	as	a	biomarker	for	

detecting	early	BG	malfunction,	thus	helping	to	identify	at-risk	patients	(Rolinski	et	al.,	

2016a).	

	

Figure	 14.	 Results	 of	 resting	 state	 functional	 MRI	 analysis	 (Rolinski	 et	 al.,	 2016a).	 Group	
difference	maps	illustrate	clusters	of	significantly	reduced	connectivity	(blue)	in	patients	with	A.	
Parkinson’s	 disease	 and	 B.	 Idiopathic	 rapid	 eye	 movement	 sleep	 behavior	 disorder,	 when	
compared	to	healthy	individuals.	A	map	of	an	ad	hoc	Basal	Ganglia	network	is	shown	in	orange.	
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Figure	15.	Thalamic	functional	connectivity	in	IRBD.	A-C.	Alterations	in	striato-thalamo-pallidal	
functional	 connectivity	 (FC)	 in	 prodromal	 PD	 (IRBD	 and/or	 hyposmia)	 (Dayan	 and	 Browner,	
2017).	A.	Region-to-region	FC	in	the	basal	ganglia	using	non-parametric	network-based	statistic	
analysis.	 In	red	those	connections	where	the	prodromal	PD	showed	reduced	FC	relative	to	the	
control	group.	B.	Seed-to-voxel	FC	analysis	were	 the	prodromal	PD	group	showed	reduced	FC	
relative	 to	 HC	 between	 the	 right	 putamen	 and	 a	 cluster	 encompassing	 the	 left	 putamen	 and	
pallidum;	C.	Seed	to	voxel	analysis	were	the	prodromal	PD	relative	to	HC	had	reduced	FC	between	
the	left	putamen	and	clusters	in	the	left	pallidum,	and	right	putamen	and	pallidum.	D-E.	Altered	
thalamo-cortical	 FC	 between	 IRBD	 and	 controls	 (Byun	 et	 al.,	 2020).	 D.	Statistical	maps	 of	 the	
regions	where	FC	with	 the	 left	 thalamus	was	 significantly	 increased	 in	 IRBD	 compared	 to	 the	
controls;	E.	The	average	FC	value	of	 left	 thalamus	 to	right	cuneus,	 left	 fusiform	gyrus,	and	 left	
lingual	 gyrus	 across	 controls	 and	 IRBD	 patients.	 Abbreviation:	 IRBD,	 idiopathic	 rapid	 eye	
movement	sleep	behavior	disorder.	
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In	 2017	 Dayan	 and	 Browner	 took	 a	 new	 look	 at	 BG	 dysfunction	 in	 prodromal	 PD	

purposing	 a	different	 approach	 that	 allowed	 them	 to	 study	 the	BG	as	 a	network	 itself	

(Dayan	 and	 Browner,	 2017).	 This	 work	 included	 patients	 suffering	 IRBD	 and/or	

hyposmia	because	it	was	focused	on	prodromal	PD	stages,	therefore	some	caution	should	

be	 taken	 in	 the	 generalization	 of	 these	 results	 to	 the	 IRBD	 population.	 This	 research	

revealed	 that	 relative	 to	 controls,	 the	prodromal	PD	group	presented	 reduced	 striato-

thalamo-pallidal	functional	connectivity	(Figure	15A-C	and	Table	6).	Nonetheless,	their	

technique	was	unable	to	reveal	disrupted	connectivity	of	the	SN.	More	recently,	using	a	

seed	to	whole-brain	approach	Byun,	et	al.	reported	increased	connectivity	relative	to	HC	

between	the	left	thalamus	and	posterior	regions	in	IRBD	patients	(Figure	15D-E)	(Byun	

et	al.,	2020).	They	interpreted	such	a	result	as	a	compensatory	mechanism	for	cognitive	

impairment	in	IRBD.	

In	light	of	this	evidence,	Postuma	(2016)	put	forward	resting-state	functional	MRI	(fMRI)	

as	a	new	biomarker	of	prodromal	neurodegeneration	in	PD	(Postuma,	2016),	which	will	

probably	enhance	the	number	and	quality	of	works	that	seek	to	attempt	this	topic.	

One	of	the	major	drawbacks	of	these	previous	works	is	that	they	focused	their	analyses	

on	previously	selected	regions	including	mainly	the	basal	ganglia	(Dayan	and	Browner,	

2017;	Ellmore	et	 al.,	 2013;	Rolinski	 et	 al.,	 2016a).	Although	 their	 approaches	are	 fully	

justified	 on	 the	 assumption	 that	 IRBD	 is	 a	 prodromal	 stage	 of	 PD,	 this	 raises	 many	

questions	about	functional	whole-brain	connectivity	in	IRBD,	which	until	now	have	not	

been	dealt	with	in-depth	and	remains	an	intriguing	challenge.		

Metabolic	studies	

Molecular	 imaging	 is	 a	 powerful	 instrument	 that	 helps	 to	 understand	 the	 underlying	

metabolic	 mechanisms	 of	 certain	 diseases.	 Positron	 emission	 tomography	 (PET)	 and	

SPECT	 are	 among	 the	 most	 widely	 used	 functional	 nuclear	 imaging	 techniques	 in	

neuroscience.	Particularly,	PET	and	SPECT	have	a	longer	tradition	than	fMRI	research	on	

the	 characterization	 of	 brain	 function	 in	 neurodegeneration.	 Currently,	 there	 is	 a	

considerable	 amount	of	 literature	using	nuclear	 imaging	 in	 IRBD.	 In	 this	 subsection,	 a	

brief	overview	of	those	works	that	are	somehow	related	to	the	framework	of	this	Doctoral	

Thesis	will	be	given	(Table	7	list	the	most	important	metabolic	findings	in	IRBD).	For	a	
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recent	systematic	review	and	meta-analysis	refer	to	Bauckneht	and	colleagues	(Figure	

16)	(Bauckneht	et	al.,	2018).		

One	 of	 the	 major	 topics	 to	 be	 investigated	 in	 this	 field	 was	 the	 identification	 of	

dopaminergic	abnormalities	in	IRBD,	just	as	it	has	been	widely	identified	in	PD	(Kaasinen	

and	Vahlberg,	2017).	In	this	sense,	initial	studies	using	dopaminergic	imaging,	reported	

dopamine	deficit	in	IRBD	(Figure	17A)	(Albin	et	al.,	2000;	Eisensehr	et	al.,	2000),	with	

20-40%	 of	 the	 IRBD	 patients	 showing	 abnormal	 DAT	 imaging	 relative	 to	 healthy	

individuals	(Iranzo	et	al.,	2010b;	Kim	et	al.,	2010).	Of	particular	interest	is	the	fact	that	

compared	to	PD,	IRBD	patients	had	less	prominent	DAT	deficit	in	the	striatum	(Arnaldi	et	

al.,	2015;	Eisensehr	et	al.,	2003;	Zoetmulder	et	al.,	2016),	supporting	the	ongoing	idea	that	

IRBD	may	be	a	prodromal	stage	of	PD.	

Figure	16.	Box	plots	of	PET/SPECT	presynaptic	dopaminergic	standardized	binding	ratio	of	some	
selected	 studies,	 expressed	 as	 percentages	 with	 respect	 to	 each	 study’s	 own	 healthy	 cohort	
(Bauckneht	et	al.,	2018).	

Much	work	on	the	potential	of	nuclear	MRI	has	been	carried	out	to	reveal	brain	perfusion	

changes	 in	 IRBD	compared	to	healthy	 individuals.	Broadly,	previous	 literature	showed	

that	relative	to	healthy	controls,	 IRBD	patients	had	increased	blood	flow	in	subcortical	

regions,	 namely	 the	 pons	 and	 putamen	 (Holtbernd	 et	 al.,	 2014;	 Mazza	 et	 al.,	 2006;	

Vendette	et	al.,	2011),	the	cerebellum	(Holtbernd	et	al.,	2014),	and	hippocampus	(Ge	et	

al.,	2015;	Mazza	et	al.,	2006;	Vendette	et	al.,	2012,	2011);	whereas	decreased	regional	flow	

was	detected	in	frontal	(Ge	et	al.,	2015;	Hanyu	et	al.,	2011;	Mazza	et	al.,	2006;	Vendette	et	

al.,	2012,	2011),	temporal,	parietal	(Ge	et	al.,	2015;	Hanyu	et	al.,	2011;	Mazza	et	al.,	2006;	
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Sakurai	 et	 al.,	 2014;	 Vendette	 et	 al.,	 2012,	 2011)	 and	 occipital	 (Sakurai	 et	 al.,	 2014)	

cortices	(Figure	17B-D).	Overall	these	studies	suggested	that	region-specific	metabolic	

abnormalities	exist	in	IRBD	patients,	affecting	both	subcortical	and	cortical	structures.		

	
Figure	 17.	 Metabolic	 changes	 in	 IRBD.	 A.	 Preliminary	 study	 showing	 dopamine	 deficit	 in	
Idiopathic	rapid	eye	movement	sleep	behavior	disorder	(IRBD).	The	image	shows	the	[123I]IPT-
SPECT	of	one	patient	with	IRBD,	one	with	PD	and	one	healthy	control	(HC).	Note	the	bilaterally	
reduced	 IPT	 binding	 ratio	 in	 the	 IRBD	 patient,	 whereas	 in	 the	 PD	 patient	 the	 reduction	 is	
asymmetrical,	being	more	pronounced	contralateral	to	the	symptomatic	body	side	of	the	patient	
(Eisensehr	et	al.,	2000).	RT,	right;	LT,	left;	B.	IRBD	patients	had	hypoperfusion	in	comparison	to	
HC	(Vendette	et	al.,	2011);	C.	hyperperfusion	in	IRBD	relative	to	HC	group	(Vendette	et	al.,	2011);	
D. Normalized	 glucose	metabolism	 in	 the	 IRBD	patients	 increased	 (red)	 and	decreased	 (blue)	
relative	to	HC	(Ge	et	al.,	2015).	

Most	 neurodegenerative	 disorders	 are	 characterized	 by	 specific	 glucose	 metabolic	

patterns,	 commonly	detected	with	 18F-FDG-PET	brain	 imaging	 (Brown	et	 al.,	 2014).	 In	

keeping	with	the	specific	pattern	of	altered	glucose	metabolism	found	in	PD	(Eidelberg,	
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2009;	Eidelberg	et	al.,	1994;	Teune	et	al.,	2014,	2013);	it	has	been	identified	a	metabolic	

pattern	underlying	IRBD	(Meles	et	al.,	2018;	Wu	et	al.,	2014).	This	so	called	IRBD-related	

pattern	(IRBDRP)	(Figure	18A-B)	has	been	also	recognized	using	18F-FDG-PET	(Meles	et	

al.,	 2018;	 Wu	 et	 al.,	 2014).	 The	 IRBDRP	 is	 characterized	 by	 hypermetabolism	 in	 the	

cerebellum,	 brainstem,	 thalamus,	 sensorimotor	 cortex	 and	 hippocampus	 (Meles	 et	 al.,	

2018;	Wu	et	al.,	2014),	and	by	hypometabolism	in	the	middle	cingulate,	parietal	(Meles	et	

al.,	 2018),	 temporal	 and	 occipital	 (Meles	 et	 al.,	 2018;	 Wu	 et	 al.,	 2014)	 cortices.	

Interestingly,	this	IRBDRP	partially	overlaps	with	the	PD-related	pattern	(Figure	18C-D)	

(Meles	et	al.,	2018).	 	Suggesting	that	IRBDRP	may	be	an	early	manifestation	of	the	PD-

related	pattern	(PDRP)	(Meles	et	al.,	2018)	and	thus,	may	be	useful	to	identify	those	at	

higher	risk	 to	develop	a	parkinsonism	disorder	 (Wu	et	al.,	2014).	Further	 longitudinal	

research	on	this	 topic	 is	needed	to	determine	how	the	 IRBDRP	change	throughout	 the	

disease.	

Figure	18.	A-B	show	IRBD-related	pattern	(IRBDRP)	identified	in	18F-FDG	PET	scans	from	IRBD	
and	 healthy	 individuals	 using	 spatial	 covariance	 analysis.	 Voxel	with	 positive	 regions	weights	
(hypermetabolism)	are	color-coded	red;	those	with	negative	region	weights	(hypometabolism)	
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are	color-coded	blue.	A.	IRBDRP	identified	in	Wu	and	colleagues	(2014);	B.	IRBDRP	identified	in	
Meles	and	colleagues	(2018);	C.	IRBDRP	and	PDRP	overlap,	relatively	hypermetabolic	regions	of	
PDRP	 (green)	and	 IRBDRP	 (red)	 (Meles	et	 al.,	 2018);	D.	 IRBDRP	and	PDRP	overlap,	 relatively	
hypometabolic	regions	of	PDRP	(purple)	and	IRBDRP	(blue)	(Meles,	et	al.,	2018).	

The	evidence	of	molecular	imaging	research	in	IRBD	points	out	the	striatal	dopaminergic	

deficit	and	cortical	and	subcortical	functional	abnormalities	that	are	consistent	with	the	

metabolic	PD-like	pattern.	

Iron	deposition	

The	increased	iron	deposition	has	been	consistently	reported	to	occur	in	parkinsonism	

disorders,	and	it	is	thought	to	contribute	to	the	damage	of	dopaminergic	neurons	in	this	

disease	(Berg	and	Hochstrasser,	2006).	In	light	of	this	evidence,	the	scientific	community	

has	hypothesized	that	this	increment	in	brain	iron	deposition	will	probably	be	present	in	

PD	prodromal	 stages.	There	 is	 still	 considerable	uncertainty	with	regards	 to	 this	 topic	

since	while	some	preliminary	research	demonstrated	 increase	 iron	deposition	 in	 IRBD	

relative	to	controls	(Sun	et	al.,	2019),	others	did	not	identify	any	significant	result	(J.	H.	

Lee	et	al.,	2014).	Interestingly,	one	of	these	previous	works	found	that	PD	patients	had	

elevated	iron	levels	in	the	SN	in	comparison	to	IRBD	(Sun	et	al.,	2019).	

Longitudinal	studies	

Owing	to	a	recent	multicentric	study,	there	is	robust	evidence	on	the	phenoconversion	

rate	in	IRBD.	They	determined	that	the	estimated	12-year	risk	of	converting	to	an	overt	

neurodegenerative	disease	is	73.5%	(Postuma	et	al.,	2019).	For	this	reason,	longitudinal	

data	 in	 individuals	 suffering	 from	 IRBD	 is	 generating	 considerable	 interest,	mainly	 in	

terms	of	detecting	 those	at-risk	patients	(for	a	systematic	review	and	meta-analysis	of	

longitudinal	data	refer	to	(Galbiati	et	al.,	2019b)).	Despite	decades	of	research,	few	works	

have	examined	brain	markers	that	enable	to	predict	those	patients	that	will	eventually	

convert	to	a	defined	parkinsonism	disorder.	

In	2010,	Iranzo	et	al.	carried	out	the	first	longitudinal	work	using	neuroimaging.	After	2.5	

years	follow-up,	those	IRBD	patients	that	had	pathological	dopamine	transporter	(DAT)	

binding	 in	 the	 striatum	 at	 baseline,	 showed	 an	 increased	 risk	 for	 the	 development	 of	

Synucleinopathies	(Iranzo	et	al.,	2010b).	The	impact	of	this	preliminary	contribution	lied	

in	the	possibility	of	detecting	subclinical	changes	in	IRBD	that	might	be	useful	markers	to	
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identify	individuals	at	increased	risk	of	phenoconversion.	Shortly	thereafter,	additional	

works	 found	 out	 other	 prognostic	 biomarkers.	 For	 instance,	 larger	 increased	

hippocampal	 perfusion	 (Dang-Vu	 et	 al.,	 2012)	 latent	 abnormalities	 in	 the	 PDRP	

expression	 (Holtbernd	 et	 al.,	 2014;	Yoon	 et	 al.,	 2019),	 and	bilateral	 putaminal	 activity	

(Iranzo	 et	 al.,	 2017a;	 Miyamoto	 et	 al.,	 2020),	 were	 all	 able	 to	 predict	 a	 subsequent	

phenoconversion	to	a	defined	parkinsonism	in	IRBD.		

More	recently,	Pereira	and	co-workers	(Pereira	et	al.,	2019)	reported	that	IRBD	patients	

that	 eventually	 convert	 to	 a	 Lewy	 body	 disease	 had	 widespread	 thinning	 in	 the	 left	

superior	 frontal,	 right	 precentral	 and	 right	 lateral	 occipital	 gyri	 compared	 to	 non-

converters,	without	differences	in	subcortical	regions	(Figure	19).	One	of	the	main	issues	

of	this	study	is	that	they	did	not	include	MRI	follow-up	for	the	control	group,	which	does	

not	allow	answering	the	question	of	how	different	brain	changes	are	in	IRBD	over	time	in	

comparison	to	normal	aging.			

	
Figure	19.	Cortical	thinning	in	IRBD	patients	that	converted	to	a	Lewy	body	disorder	compared	
to	 non-converters.	 Vertex-wise	 comparisons	 of	 cortical	 thickness	 between	 patients	 with	
idiopathic	REM	sleep	behavior	disorder	(IRBD)	that	progressed	to	a	Lewy	body	disorder	at	follow-
up	(converters)	compared	to	IRBD	patients	that	remained	disease	free	(nonconverters).	The	color	
scale	 bar	 shows	 the	 logarithmic	 scale	 of	 p	 values	 (−log10).	 Lh,	 left	 hemisphere,	 Rh	 right	
hemisphere	(Pereira	et	al.,	2019).	

Overall,	previous	longitudinal	data	highlight	that	metabolic	abnormalities	and	thinning	in	

frontal	 and	 occipital	 cortices	 in	 IRBD	 are	 associated	 with	 a	 greater	 likelihood	 of	

developing	 a	 presumed	 Synucleinopathy.	 Although	 this	 research	 has	 illuminated	

promising	 results,	 there	 is	 still	 a	 need	 for	 extensive	 longitudinal	 studies	 using	

neuroimaging	techniques.	

Neural	correlates	

In	this	subsection,	an	overview	of	the	neural	substrates	underlying	cognitive	impairment	

in	IRBD	will	be	given.	A	summary	of	cognitive	and	clinical	neural	correlates	is	presented	
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in	Table	8.	Neuroanatomical	correlates	of	olfactory	dysfunction	will	be	further	addressed	

in	the	next	section	(1.2.3.	Neural	correlates	of	olfactory	dysfunction),	where	olfactory	

function	in	IRBD	will	be	thoroughly	reviewed.	

Brain	correlates	of	clinical	features	

Previous	research	has	aimed	at	seeking	neuroanatomical	and	neurofunctional	bases	of	

clinical	manifestations	in	IRBD.	In	this	context,	RBD	duration	has	been	associated	mainly	

with	 frontal	 (Ge	 et	 al.,	 2015;	 Rahayel	 et	 al.,	 2018a),	 posterior	 (Ge	 et	 al.,	 2015),	 and	

cerebellar	(Ge	et	al.,	2015)	changes.	Regarding muscle	activity	during	REM	sleep	(Bedard	

et	al.,	2019;	Dušek	et	al.,	2019;	Rahayel	et	al.,	2018a;	Zoetmulder	et	al.,	2016)	and	%	of	

REM	sleep	without	atonia	(Ehrminger	et	al.,	2016),	it	has	been	shown	an	association	with	

cholinergic	alterations	 in	the	mesopontine	and	paracentral	areas	(Bedard	et	al.,	2019),	

DAT	binding	in	the	putamen	(Dušek	et	al.,	2019;	Zoetmulder	et	al.,	2016),	caudate	and	

fusiform	 atrophy	 (Rahayel	 et	 al.,	 2018a)	 and	 lower	 neuromelanin	 signal	 of	 the	 locus	

coeruleus/subcoeruleus	(Ehrminger	et	al.,	2016).	As	 for	neuropsychiatric	symptoms,	a	

recent	 study	 proposes	 caudate,	 left	 calcarine,	 and	 right	 cuneus	 atrophy	 to	 underly	

depression	in	IRBD	patients	(Bourgouin	et	al.,	2018).	

Motor	status	in	IRBD	has	been	related	to	hippocampal	perfusion	(Dang-Vu	et	al.,	2012),	

caudate	and	cerebellum	volumes	(Rahayel	et	al.,	2018a),	and	frontal	and	fusiform	thinning	

(Pereira	et	al.,	2019).	Interestingly,	when	motor	output	was	assessed	more	thoroughly,	

slower	finger	tapping	of	the	right	hand	was	associated	with	cortical	thinning	in	the	right	

paracentral	 and	 superior	 parietal	 lobule	 cortices,	 and	 bilaterally	 with	 the	 pallidum.	

Whereas	 in	 the	 left	hand	correlated	with	cortical	 thinning	 in	 the	right	postcentral	and	

superior	parietal	lobule	cortices	(Rahayel	et	al.,	2018b). In	their	recent	work,	Yamada,	et	

al.	 (2019)	 examined	 functional	 connectivity	 abnormalities	 in	 sensorimotor	 regions	

underlying	mild	motor	impairment	in	IRBD.	They	evidenced	that	in	comparison	to	IRBD	

with	 normal	motor	 function,	 patients	with	mild	motor	 impairment	 showed	 increased	

connectivity	between	the	cerebellum	and	primary	somatosensory	and	premotor	cortices.	

They	 hypothesize	 that	 increased	 cerebellar-cortical	 functional	 connectivity	 may	

represent	compensation	for	mild	nigrostriatal	dopaminergic	dysfunction	(Yamada	et	al.,	

2019).	
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Taken	 as	 a	 whole,	 these	 previous	 findings	 highlight	 that	 the	 IRBD	 clinic	 is	 better	

understood	when	we	look	at	different	kinds	of	neuroimaging	techniques,	identifying	the	

important	role	of	regions	such	as	the	premotor,	somatosensory,	and	posterior	cortices,	

the	hippocampi,	cerebellum,	and	striatal	regions.	

Brain	correlates	of	cognitive	impairment	in	IRBD	

Because	there	is	extensive	evidence	of	cognitive	impairment	in	RBD	(see	subsection	1.1.3	

Neuropsychological	impairment	in	IRBD),	there	is	a	growing	interest	in	investigating	

the	 substrates	 underlying	 cognitive	 impairment	 in	 these	 patients.	 However,	 few	

researchers	have	addressed	this	question.		

Figure	 20.	 Regional	 cerebral	 blood	 flow	 (rCBF)	 characterization	 in	 IRBD	 patients	 with	 mild	
cognitive	impairment	(IRBD-MCI)	and	IRBD	patients	without	MCI	(IRBD-NoMCI).	A.	Brain	areas	
in	which	rCBF	is	lower	in	IRBD-MCI	than	in	IRBD-NoMCI	patients;	B.	Brain	areas	in	which	rCBF	is	
higher	in	IRBD-MCI	than	in	IRBD-NoMCI	patient;	C.	Brain	areas	in	which	rCBF	is	lower	in	IRBD-
MCI	patients	than	in	controls;	D.	Brain	areas	in	which	rCBF	is	higher	in	IRBD-MCI	patients	than	in	
controls	(Vendette	et	al.,	2012).	
	

What	we	know	about	brain	abnormalities	in	IRBD	patients	with	MCI	(IRBD-MCI)	is	largely	

based	on	two	previous	studies.	Back	in	2012,	Vendette	and	colleagues	(2012),	reported	

cortical	 hypoperfusion	 in	 the	 occipital,	 temporal,	 and	 parietal	 regions	 in	 IRBD-MCI	

compared	with	controls,	and	IRBD	without	cognitive	 impairment.	Moreover,	 IRBD-MCI	
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showed	 increased	hyperperfusion	 in	 the	right	hippocampus,	 the	putamen,	and	 the	 left	

paracentral	gyrus	(Figure	20)	(Vendette	et	al.,	2012).	They	concluded	that	this	specific	

posterior	 cortical	 pattern	 in	 IRBD-MCI	was	 similar	 to	 that	 found	 in	DLB	 and	 PD	with	

dementia.	 Subsequent	work	 focused	 on	 structural	 data,	 found	 out	 that	 IRBD-MCI	 had	

cortical	thinning	in	the	frontal,	cingulate,	temporal,	the	insula	and	occipital	cortices,	and	

abnormal	surface	contraction	in	the	putamen	and	thalamus.	On	the	other	hand,	patients	

without	MCI	had	cortical	thinning	restricted	to	the	frontal	cortex.	It	is	worth	mentioning	

that	thinning	in	the	right	middle	temporal	cortex	was	able	to	discriminate		(AUROC=	0.79)	

those	patients	having	MCI	from	those	with	normal	cognition	(Figure	21)	(Rahayel	et	al.,	

2018b).		

Figure	 21.	 Cortical	 and	 subcortical	 abnormalities	 in	 IRBD	 patients	 with	 MCI,	 IRBD	 patients	
without	MCI,	and	controls.	A-C	show	differences	in	cortical	thickness	(see	specific	contrasts	in	the	
figure).	D.	Decreased	cortical	volume	in	IRBD	patients	with	MCI	compared	to	controls.	The	color	
bar	indicates	the	logarithmic	scale	of	p	values	(−log10)	for	between-group	differences,	with	red-
yellow	areas	representing	reductions	 in	 the	 first	compared	to	 the	 last	group	 in	 the	contrast	E.	
Compared	to	IRBD	patients	without	MCI,	IRBD	patients	with	MCI	showed	abnormal	contraction	
in	 the	 left	 putamen	 and	 thalamus	 F.	 IRBD	 patients	 with	 MCI	 also	 had	 abnormal	 contraction	
compared	to	controls	in	the	bilateral	putamen	and	thalamus	and	the	left	pallidum	(Rahayel	et	al.,	
2018b).	

As	for	specific	cognitive	domains,	works	addressing	color	perception	correlates	in	IRBD	

(Figure	22),	 found	that	it	was	associated	with	the	hippocampal	region	(Dang-Vu	et	al.,	

2012),	frontal	and	occipital	perfusion	(Vendette	et	al.,	2011),	and	with	GM	changes	in	the	

right	cuneus	and	hippocampus	(Rahayel	et	al.,	2018b).	Additionally,	lower	performance	
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in	 visuospatial	 functions	 (Figure	 23A-B)	 was	 associated	with	 thinning	 in	 the	 frontal,	

insular	 (Rahayel	 et	 al.,	 2018b),	 temporal,	 parietal	 and	occipital	 cortices	 (Pereira	 et	 al.,	

2019;	Rahayel	et	al.,	2018b),	and	with	the	right	hippocampus	(Rahayel	et	al.,	2018b).	

	

	
Figure	22.	 Color	perception	measured	by	Farnsworth-Munsell	100	Hue	Test	 scores	 (FM-100)	
neuronal	correlates.	A.	Correlation	between	brain	perfusion	in	the	middle	frontal	gyrus	and	FM-
100	score	in	IRBD	(Vendette	et	al.	2011);	B.	Correlation	between	cortical	thickness	and	FM-100	
scores	(Rahayel	et	al.,	2018b);	C.	Brain	perfusion	in	the	left	hippocampus	was	correlated	with	FM-
scores	 across	 IRBD	 patients	 (Dang-Vu	 et	 al.,	 2012);	 D.	 Increased	 cortical	 surface	 area	 was	
associated	with	lower	performance	in	color	discrimination	(Rahayel	et	al.,	2018b).	

With	regard	to	attention	and	executive	functions,	impairment	in	this	domain	correlated	

with	 thinning	 in	 the	 frontal,	 temporal	 and	 occipital	 cortices	 (Rahayel	 et	 al.,	 2018b)	

(Figure	23A)	as	well	as	with	metabolic	changes	in	PD-like	regions	(Yoon	et	al.,	2019).	On	

learning	and	memory,	 lower	performance	was	associated	with	 cortical	 thinning	 in	 the	

frontal	(Pereira	et	al.,	2019),	temporal,	insular,	and	occipital	(Pereira	et	al.,	2019;	Rahayel	

et	al.,	2018b)	cortices,	with	changes	in	right	hippocampus	(Rahayel	et	al.,	2018b)	(Figure	

23A-B),	with	higher	thalamic-fusiform	connectivity	(Byun	et	al.,	2020)	and	with	reduced	

striatal	dopamine	uptake	(Bezdicek	et	al.,	2018).	
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Figure	23.	Cortical	abnormalities	are	associated	with	cognitive	scores	in	patients	with	IRBD.	A.	
Cortical	 thinning	was	associated	with	 lower	performance	 in	attention	and	executive	 functions,	
learning	and	memory	and	visuospatial	abilities	(Rahayel	et	al.,	2018b);	B.	Cortical	thickness	was	
associated	with	immediate	recall	and	visuospatial	abilities	(Pereira	et	al.,	2019).		

Although	 only	 some	 studies	 are	 available,	 the	 evidence	 points	 out	 that	 changes	 in	

posterior	brain	regions	are	reflecting	cognitive	dysfunction	in	IRBD-MCI.	This	conclusion	

arose	from	Rahayel	et	al.	(Rahayel	et	al.,	2018b)	who	suggested	that	most	of	the	markers	

of	neurodegeneration	in	IRBD	are	associated	with	occipital	abnormalities	stressing	that	

posterior	region	may	have	an	important	role	in	IRBD	phenoconversion.		
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Summary	

Altogether,	 structural	 neuroimaging	 in	 IRBD	 identified	 cortical	 thinning	 in	 the	

cingulate	cortex,	the	lateral	prefrontal	and	somatosensorial,	and	motor	areas,	as	

well	as	subcortical	GM	loss	mainly	in	putamen,	brainstem,	and	pallidum.	With	only	

one	work	focused	on	hippocampal	structure,	finding	increased	volume.	As	for	WM,	

abnormalities	are	shown	in	the	pons,	the	SN,	and	in	olfactory	regions.	Functional	

imaging,	 highlights	 disrupted	 functional	 connectivity	within	 the	 BG	 and	 also	 in	

cortico-striatal	networks	in	IRBD.	Nevertheless,	whole-brain	connectivity	remains	

unexplored.	SPECT	and	PET	imaging	showed	striatal	dopaminergic	deficit,	as	well	

as	cortical	and	subcortical	metabolic	abnormalities	with	a	PD-like	pattern.	

Cognitive	impairment	in	IRBD	is	characterized	by	posterior	cortical	pattern	and	

hippocampal	 hypermetabolism.	 Longitudinal	 research	 demonstrated	 that	

decrease	DAT	binding	 in	 the	striatum,	 increased	perfusion	 in	 the	hippocampus,	

and	thinning	in	the	left	superior	frontal,	right	precentral,	and	right	lateral	occipital	

gyri	are	associated	with	clinical	progression	to	an	overt	Synucleinopathy.	
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1.2. Olfactory	dysfunction	
The	estimated	prevalence	of	smell	dysfunction	in	a	population-based	study	(n=3519)	was	

13.5%	and	was	found	to	increase	with	age	(Liu	et	al.,	2016).	Furthermore,	a	more	rapid	

decrement	 of	 olfaction	has	been	 systematically	 reported	 in	 several	 neurodegenerative	

disorders.	Particularly,	there	is	a	large	body	of	literature	highlighting	the	relation	between	

Synucleinopathies	and	smell	dysfunction.	In	this	section,	I	will	review	the	link	between	

olfactory	impairment	and	Synucleinopathies,	with	a	special	focus	on	olfactory	dysfunction	

on	premotor	stages	of	PD.	I	will	present	the	known	neural	correlates	of	hyposmia	in	PD	

and	its	premotor	stages.	Finally,	I	will	introduce	the	most	commonly	used	smell	tests.	

1.2.1. Olfaction	in	Synucleinopathies	

Research	on	olfaction	in	Synucleinopathies	has	a	long	tradition,	especially	in	PD.	Olfactory	

impairment	 is	observed	 in	PD	de	novo	patients	and	can,	 therefore,	occur	regardless	of	

dopaminergic	treatment	(Doty	et	al.,	1992;	Tissingh	et	al.,	2001).	In	a	multicenter	study,	

the	prevalence	of	olfactory	deficits	in	PD	was	estimated	to	be	96.7%	when	compared	with	

young	subjects,	and	74.5%	when	adjusted	for	age	(Haehner	et	al.,	2009).	The	degree	of	

olfactory	 impairment	 can	 range	 from	 normal	 to	 severe	 hyposmia.	 In	 the	 same	 study,	

Haehner,	et	al.	(2009),	identified	45%	of	PD	patients	as	anosmics,	51.7%	as	hyposmics,	

whereas	 only	 3.3%	 PD	 patients	were	 normosmics	 (Haehner	 et	 al.,	 2009).	 It	 has	 been	

suggested	that	normosmic	patients	could	be	a	unique	clinical	phenotype	with	fewer	motor	

deficits	and	a	more	benign	disease	course	(Lee	et	al.,	2015).	In	contrast,	severe	olfactory	

dysfunctions	 have	 been	 associated	with	worse	 cognitive	 performance,	more	 cognitive	

decline	over	time,	and	a	higher	risk	of	progression	to	MCI	and	dementia.	(Baba	et	al.,	2012;	

Damholdt	et	al.,	2011;	Fullard	et	al.,	2016;	J.-W.	Park	et	al.,	2018;	Postuma	and	Gagnon,	

2010).	 Smell	 function	 has	 also	 been	 investigated	 as	 a	 potential	 marker	 of	 disease	

progression.	In	this	context,	most	studies	did	not	show	correlation	between	olfaction	and	

disease	duration	(Doty	et	al.,	1988;	Haehner	et	al.,	2014;	Hawkes	et	al.,	1997;	Herting	et	

al.,	2008),	suggesting	that	olfactory	 impairment	 is	 independent	of	disease	severity	and	

duration,	making	it	unlikely	to	be	a	reliable	marker	of	disease	progression	(Fullard	et	al.,	

2017)	(Table	9	shows	the	most	important	uses	of	olfactory	testing	in	PD).	
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Olfaction	in	differential	diagnosis	

The	 importance	of	olfaction	 in	PD	 is	such	 that	hyposmia	can	distinguish	patients	 from	

healthy	 individuals	 (Doty	et	al.,	1995;	Double	et	al.,	2003;	Suzuki	et	al.,	2011)	and	has	

demonstrated	 to	be	as	sensitive	as	DaTscan	 in	 the	diagnosis	of	PD	(Deeb	et	al.,	2010).	

Furthermore,	 smell	 dysfunction	 may	 help	 in	 the	 differential	 diagnosis	 of	 some	

neurodegenerative	 disorders.	 Whereas	 in	 DLB	 previous	 data	 showed	 an	 olfactory	

phenotype	similar	to	that	of	PD	(McShane	et	al.,	2001;	Olichney	et	al.,	2005;	Westervelt	et	

al.,	2003;	Yoon	et	al.,	2015),	olfaction	is	less	affected	in	other	parkinsonian	syndromes,	

such	as	MSA,	corticobasal	degeneration	(CBD)	and	progressive	supranuclear	palsy	(PSP)	

(Krismer	et	al.,	2017;	Müller	et	al.,	2002a;	Silveira-Moriyama	et	al.,	2010b,	2009;	Wenning	

et	al.,	1995).	For	this	reason,	smell	performance	can	be	useful	in	distinguishing	PD	from	

other	motor	disorders	(Table	9),	such	as	PSP	(Doty	et	al.,	1993;	Silveira-Moriyama	et	al.,	

2010b;	Suzuki	et	al.,	2011;	Wenning	et	al.,	1995)	and	MSA	(Goldstein	et	al.,	2008;	Kikuchi	

et	al.,	2011;	Krismer	et	al.,	2017;	Suzuki	et	al.,	2011;	Wenning	et	al.,	1995).	

Olfactory	progression	over	PD	

The	progression	of	olfactory	deficits	in	PD	is	unclear.	Only	three	longitudinal	works	have	

attempted	 to	study	 the	olfactory	progression	 in	PD	(Herting	et	al.,	2008;	Meusel	et	al.,	

2010;	Müller	et	al.,	2002b).	Whereas	Meusel	et	al.	(2010)	reported	an	overall	olfactory	

decline,	Herting	et.	al.	(2008)	and	Müller	et.	al.	(2002)	found	contradictory	results,	with	

some	patients	presenting	an	olfactory	progression	and	others	remaining	stable.	The	main	

shortcoming	of	these	previous	works	is	that	they	did	not	include	a	control	group,	which	

makes	 it	 difficult	 to	 distinguish	 disease-related	 decline	 from	 the	 effects	 of	 aging	 on	

olfactory	function	(Sorokowska	et	al.,	2015).		

Altogether	highlights	the	strong	prevalence	of	olfactory	dysfunction	in	PD	patients,	even	

in	the	early	stages	of	the	disease,	supporting	the	Braak’s	scheme	early	implication	of	the	

olfactory	bulb.	Although	olfactory	changes	over	time	have	been	slightly	detected	in	PD,	

the	lack	of	a	control	group	in	previous	studies	precludes	to	discard	aging	effects.	Finally,	

olfactory	tests	may	be	useful	to	distinguish	among	neurodegenerative	disorders,	as	well	

as	to	predict	conversion	in	prodromal	PD,	such	as	IRBD.	The	next	subsection	will	present	

data	demonstrating	that	smell	dysfunction	is	already	affected	in	PD	premotor	stages.		
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Uses	of	olfactory	testing		 Study	findings	
Differential	diagnosis	

PD	versus	tauopathies	
Odor	identification	in	PSP	and	CBD	is	similar	to	controls.	
Olfactory	deficit	can	aid	in	discrimination	between	PD	and	
tauopathiesa	

PD	versus	MSA	
Olfactory	 impairment	 in	 MSA	 is	 intermediate	 between	 PD	 and	
tauopathies.	 Olfactory	 ability	 should	 be	 used	 cautiously	 to	
distinguish	PD	and	MSAb	

PD,	DLB	versus	AD	

PD,	DLB	and	AD	all	demonstrate	olfactory	impairment.	Hyposmia	
tends	to	be	more	common	and	more	severe	in	PD	and	DLB	than	
AD,	 but	 significant	 overlap	 prevents	 differentiation	 based	 on	
olfaction	alonec	

Potential	biomarker	for	PD	in	premotor	stages	

	
In	 asymptomatic	 relatives	 of	 PD	 patients	 and	 in	 prodromal	 PD	
(IRBD	 patients)	 hyposmia	 is	 associated	with	 risk	 of	 developing	
PDd	

Prognosis	in	PD	

Motor	progression	
Some	evidence	suggests	that	olfactory	impairment	is	independent	
of	disease	severity	and	duration,	making	it	unlikely	to	be	a	reliable	
marker	of	disease	progressione	

Non-motor	progression	
Olfactory	impairment	has	been	associated	with	apathy,	autonomic	
symptoms,	anxiety	and	depression	in	cross-sectional	studiesf	

Cognitive	decline	
Severe	 olfactory	 dysfunctions	 have	 been	 associated	with	worse	
cognitive	 performance,	 more	 cognitive	 decline	 over	 time,	 and	
higher	risk	of	progression	to	MCI	and	dementia	g	

Table	9.	Use	of	olfactory	function	testing	in	PD.	Adapted	from	Fullard,	et	al.	2017.	
a(Doty	et	al.,	1993;	Silveira-Moriyama	et	al.,	2010b;	Suzuki	et	al.,	2011;	Wenning	et	al.,	1995);	
b(Goldstein	et	al.,	2008;	Kikuchi	et	al.,	2011;	Krismer	et	al.,	2017;	Silveira-Moriyama	et	al.,	2009;	
Suzuki	et	al.,	2011;	Wenning	et	al.,	1995);	c(McShane	et	al.,	2001;	Olichney	et	al.,	2005;	Westervelt	
et	al.,	2003;	Yoon	et	al.,	2015);	d(Berendse	and	Ponsen,	2009;	Haehner	et	al.,	2007;	Postuma	et	al.,	
2019;	Ross	et	al.,	2008);	e(Doty	et	al.,	1988;	Haehner	et	al.,	2014;	Hawkes	et	al.,	1997;	Herting	et	
al.,	2008);	f(Berendse	et	al.,	2011;	Cramer	et	al.,	2010;	Goldstein	et	al.,	2010);	g	(Baba	et	al.,	2012;	
Damholdt	et	al.,	2011;	Fullard	et	al.,	2016;	J.-W.	Park	et	al.,	2018;	Postuma	and	Gagnon,	2010).	
Abbreviations:	 AD,	 Alzheimer’s	 disease;	 DLB,	 dementia	 with	 Lewy	 bodies;	 CBD,	 corticobasal	
degeneration;	 IRBD,	 idiopathic	REM	 sleep	behavior	disorder;	MCI,	mild	 cognitive	 impairment;	
MSA,	multiple	system	atrophy;	PD,	Parkinson’s	disease;	PSP,	progressive	supranuclear	palsy.	

1.2.2. Olfactory	dysfunction	as	a	premotor	manifestation	of	PD	

The	 high	 prevalence	 of	 hyposmia	 in	 PD	 has	 fostered	 a	 great	 interest	 in	 olfaction	 as	 a	

potential	biomarker	for	PD.	In	this	sense,	olfactory	dysfunction	has	been	found	to	be	a	

preclinical	or	premotor	manifestation	in	PD	(Haehner	et	al.,	2007;	Ross	et	al.,	2008).	In	a	

study	of	asymptomatic	relatives	of	PD	patients,	hyposmia	was	associated	with	a	12.5%	

risk	of	developing	PD	within	five	years	(Berendse	and	Ponsen,	2009).	Similarly,	patients	
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diagnosed	with	idiopathic	hyposmia	are	at	higher	risk	of	developing	PD	(Haehner	et	al.,	

2007)	and	have	a	greater	future	decline	in	language	and	memory	functions	(Weintraub	et	

al.,	2017).	

Hyposmia	is	a	sensitive	measure	of	underlying	PD	pathology,	yet	its	specificity	is	low	since	

there	are	other	causes	of	olfactory	impairment.	For	this	reason,	the	potential	of	olfaction	

as	a	biomarker	of	conversion	is	higher	when	used	in	combination	with	other	PD	markers,	

namely	 IRBD,	 constipation,	 neuroimaging	 findings	 (i.e,	 abnormal	 DAT	 imaging),	 and	

cognitive	impairment.	Hence,	the	implementation	of	olfactory	testing	in	a	population	at	

high	 risk	 for	 developing	 a	 Synucleinopathy,	 such	 as	 IRBD,	might	 help	 to	 improve	 the	

positive	predictive	value	of	olfaction	(Fullard	et	al.,	2017).	The	next	subsection	does	an	in-

depth	review	of	olfactory	dysfunction	in	IRBD	patients.	

Olfactory	dysfunction	in	IRBD	

Evidence	 of	 olfactory	 dysfunction	 in	 premotor	 stages	 of	 Synucleinopathies	 is	 also	

supported	by	the	presence	of	hyposmia	in	IRBD	patients.	Olfactory	impairment	in	IRBD	

has	been	reported	in	35.7–97.0%	of	patients	compared	with	2.5–16.6%	of	healthy	control	

subjects	(Högl	et	al.,	2018).	Classification	based	on	olfactory	tests,	highlights	that	5.5-36%	

of	IRBD	patients	are	normosmic	(Iwanami	et	al.,	2010;	Miyamoto	et	al.,	2010;	Yoon	et	al.,	

2019),	>40-80%	have	hyposmia	(Iwanami	et	al.,	2010;	Miyamoto	et	al.,	2010)	and	>13-

42.2%	anosmia	(Iwanami	et	al.,	2010;	Miyamoto	et	al.,	2010;	Shin	et	al.,	2013;	Yoon	et	al.,	

2019).	In	IRBD	olfactory	impairment	is	associated	with	age	(Fantini	et	al.,	2006;	Miyamoto	

et	al.,	2010),	particularly	odor	discrimination	(Miyamoto	et	al.,	2010)	and	identification	

worsened	with	increasing	age	(Fantini	et	al.,	2006;	Miyamoto	et	al.,	2010).	However,	no	

significant	effect	for	gender	has	been	shown,	suggesting	that	both	men	and	women	are	

affected	by	the	same	extent	of	olfactory	loss	(Fantini	et	al.,	2006;	Wan	et	al.,	2016).	Table	

10	at	the	end	of	the	current	section,	present	the	most	important	findings	relating	to	IRBD	

and	olfactory	performance.		

Olfactory	dysfunction	in	IRBD	patients	includes	impairment	in	odor	threshold	(Iranzo	et	

al.,	 2013;	Mahlknecht	 et	 al.,	 2015;	Miyamoto	 et	 al.,	 2010;	 Stiasny-Kolster	 et	 al.,	 2005),	

discrimination	 (Mahlknecht	 et	 al.,	 2015;	 Miyamoto	 et	 al.,	 2010;	 Stiasny-Kolster	 et	 al.,	

2005)	and	 identification.	With	smell	 identification	as	 the	most	systematically	reported	

olfactory	dysfunction	in	IRBD	(Aguirre-Mardones	et	al.,	2015;	Barber	et	al.,	2017;	Dušek	
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et	al.,	2019;	Fantini	et	al.,	2006;	Huang	et	al.,	2016;	Iranzo	et	al.,	2013;	Mahlknecht	et	al.,	

2015;	Miyamoto	et	al.,	2011,	2010;	Pereira	et	al.,	2019;	Shin	et	al.,	2019,	2013;	Stiasny-

Kolster	et	al.,	2005).	In	keeping	with	the	idea	of	larger	identification	impairment	in	IRBD,	

some	 previous	 works	 found	 that	 odor	 identification	 can	 discriminate	 with	 a	 high	

sensitivity	83.3-90%	and	specificity	81.5-83.3%	between	IRBD	and	healthy	 individuals	

(Huang	et	al.,	2016;	Miyamoto	et	al.,	2011).		

Olfactory	dysfunction	in	these	patients	has	been	found	even	20	years	before	motor	onset	

(Fereshtehnejad	et	al.,	2019).	But	interestingly,	longitudinal	works	showed	that	olfaction	

changes	only	slightly	over	time	(5	years	follow-up)	(Postuma	et	al.,	2011),	and	that	the	

decline	in	IRBD	is	similar	to	that	observed	in	healthy	elder	controls	after	a	4-year	follow-

up	(Iranzo	et	al.,	2013)	(Figure	24).	The	notion	that	olfactory	impairment	may	be	stable	

across	time	in	IRBD,	is	supported	by	the	fact	that	most	cross-sectional	findings	did	not	

show	 a	 significant	 relationship	 between	 smell	 impairment	 and	 disease	 severity	 or	

duration	(Aguirre-Mardones	et	al.,	2015;	Iranzo	et	al.,	2013;	Miyamoto	et	al.,	2011,	2010,	

2009;	Shin	et	al.,	2013).	Overall,	 it	 is	suggested	 that	 the	 lack	of	olfactory	changes	over	

IRBD	might	be	explained	by	 the	 topographical	progression	of	alfa-synuclein	pathology	

proposed	 by	 Braak	 staging,	 being	 the	 olfactory	 bulbs	 affected	 in	 premotor	 stages	 of	

Synucleinopathies.	

With	the	above	caveats	in	mind,	hyposmia	has	gained	attention	as	a	potential	biomarker	

of	conversion	in	those	individuals	at	prodromal	stages	of	the	disease.	In	this	sense,	in	IRBD	

patients,	 hyposmia	 has	 demonstrated	 to	 be	 the	 most	 specific	 feature	 to	 predict	

phenoconversion	 among	 all	 non-motor	 symptoms	 (Fereshtehnejad	 et	 al.,	 2019).	

Particularly,	previous	works	have	found	IRBD	patients	with	olfactory	dysfunction	to	have	

an	 increased	short-term	risk	of	developing	manifested	PD	and	DLB	(Mahlknecht	et	al.,	

2015;	 Postuma	 et	 al.,	 2011).	 It	 is	 worth	 mentioning	 that	 the	 presence	 of	 olfactory	

dysfunction	in	IRBD	is	also	associated	with	larger	cognitive	impairment	(Sasai	et	al.,	2013;	

Shin	et	al.,	2019).	
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Figure	24.	Progression	of	olfactory	deficit	in	IRBD.	A.	Odor	identification	UPSIT	score	(Iranzo	et	
al.,	 2013);	B.	 Odor	 detection	 threshold	 STT	 score	 (Iranzo	 et	 al.,	 2013);	C.	Olfactory	 testing	 in	
preclinical	intervals	of	disease.	Year	0	refers	to	examination	at	time	of	disease	diagnosis,	and	years	
-1	 to	 -5	 to	 examinations	 before	 disease	 diagnosis.	 Square=	 entire	 disease	 group;	 triangle=	
dementia/	PD-dementia;	circle=	tremor-onset	PD.	Error	bars	are	for	the	disease-group	as	a	whole	
(standard	error).	The	number	beside	each	data	point	represents	the	number	of	assessments	at	
that	time	point	for	the	disease	group	as	a	whole.	*	significantly	different	than	age/sex-adjusted	
expected	 values	 (1-sample	 t	 test).	 The	 solid	 line	 represents	 the	 regression	 line	 for	 the	 entire	
disease	 group,	 and	 dotted	 lines	 represent	 regression	 lines	 for	 each	 disease	 subgroup	
(dementia/PD-dementia	and	tremor-	onset	PD).	(Postuma	et	al.,	2011)	
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1.2.3. Neural	correlates	of	olfactory	dysfunction		

The	mechanisms	underpinning	olfactory	 loss	 in	PD	are	still	uncertain	but	may	 involve	

neuropathological	 alterations	 in	 the	 olfactory	 system	 (see	 Panel	 5).	 In	 this	 sense,	

anatomical	correlates	of	olfactory	impairment	in	PD	has	been	associated	with	atrophy	of	

the	olfactory	bulb	(Chen	et	al.,	2014;	Sengoku	et	al.,	2015;	Wang	et	al.,	2011),	piriform	

(Ibarretxe-Bilbao	et	 al.,	 2010;	E.-Y.	 Lee	et	 al.,	 2014;	Wattendorf	 et	 al.,	 2009;	Wu	et	 al.,	

2011),	and	orbitofrontal	cortices	(E.-Y.	Lee	et	al.,	2014;	Wu	et	al.,	2011).	The	gray	matter	

correlates	of	olfactory	deficits	differ	according	to	the	disease	stage;	in	early	PD	patients,	

significant	 correlations	 are	 seen	 in	 the	 right	 piriform	 cortex,	 while	 in	 moderate	 and	

advanced	patients	the	right	amygdala	is	implicated	(Wattendorf	et	al.,	2009)	(Figure	25).	

According	to	Braak	stages	(Braak	et	al.,	2003),	the	orbitofrontal	cortex,	a	tertiary	olfactory	

structure,	is	affected	relatively	early,	and	prior	to	posterior	parietal	regions.	Changes	in	

the	orbitofrontal	cortex	are	therefore	expected	in	early	disease	stages.	Finally,	there	are	

no	previous	follow-up	studies	including	MRI	data,	so	the	neural	correlates	of	smell	decline	

remain	unknown.		

Neuroanatomical	substrates	of	olfactory	impairment	in	IRBD	is	largely	based	on	nuclear	

neuroimaging	data.	Olfactory	identification	loss	was	related	to	reduced	regional	cerebral	

blood	flow	in	the	anterior	parahippocampal	gyri,	a	region	that	is	known	to	be	involved	in	

olfactory	functions,	but	also	in	the	right	occipital	gyrus,	left	superior	temporal,	posterior	

cerebellum	(Vendette	et	al.,	2011),	 the	medial	 frontal	gyrus	(Dang-Vu	et	al.,	2012)	and	

with	higher	expression	of	the	PD	(Meles	et	al.,	2017)	and	PDRBD	related	pattern	(Yoon	et	

al.,	2019).	Moreover,	previous	studies	have	identified	correlations	between	smell	loss	and	

putaminal	(Dušek	et	al.,	2019),	amygdala	(Shin	et	al.,	2019),	striatal,	and	SN	uptake	(Lee	

et	al.,	2019).	As	for	structural	data,	smell	identification	has	been	associated	with	cortical	

thinning	in	bilateral	lateral	occipital	cortices	and	the	right	cuneus	(Rahayel	et	al.,	2018b),	

orbitofrontal	and	precentral	regions	(Pereira	et	al.,	2019)	(Figure	26).	
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Panel	5	Olfactory	system	

	

	

	
Olfactory	receptors	are	first	order	neurons	located	in	the	nasal	epithelium	on	the	superior	

nasal	 cavity.	 From	 these	 olfactory	 cells,	 information	 is	 sent	 to	 neurons	 located	 in	 the	

olfactory	bulb,	 located	in	the	ventral	surface	of	the	frontal	 lobe.	From	the	olfactory	bulb,	

axons	project	to	structures	within	the	limbic	cortex,	 including	the	cortex	in	the	temporal	

lobe	associated	with	long-term	memory	formation.	Figure	at	the	top	depicts	regions	that	

receive	information	from	the	olfactory	bulb	(https://courses.lumenlearning.com/austincc-

ap1/chapter/special-senses-smell-olfaction/).	 The	 scheme	 represents	 the	major	 afferent	

projections	and	structures	of	the	olfactory	system.	(extracted	from	Doty,	2012).	
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Figure	25.	Neural	correlates	of	olfaction	in	PD.	A.	Olfactory-associated	cortical	atrophy	in	early	
PD	 patients	 and	 in,	B.	moderately	 advanced	 PD	 patients.	 The	 correlation	 plots	 show	 that	 the	
relative	GM	volume	decreases	with	lower	scores	of	olfactory	function	(Wattendorf	et	al.,	2009);	

A B

D

C
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C.	PD	patients	with	anosmia	demonstrated	significantly	 lower	fractional	anisotropy	in	the	WM	
adjacent	 to	 gyrus	 rectus	 and	 to	 the	 primary	 olfactory	 cortex	 than	HC.	 Regression	 plots	 show	
correlation	between	FA	values	in	WM	adjacent	to	primary	olfactory	cortex	and	UPSIT	scores	in	PD	
patients	(Ibarretxe-Bilbao	et	al.,	2010);	D.	GM	volume	loss	in	PD	subjects	relative	to	HC.	Scatter	
plots	of	GM	volume	with	UPSIT	scores	for	both	PD	and	controls:	PD	GM	volume	in	the	right	inferior	
piriform	cortex	(D-1)	and	left	anterior	orbitofrontal	cortex	(D-2)	correlated	with	UPSIT	scores	(E.	
Y,	Lee	et	al.,	2014).	Abbreviations:	FA,	 fractional	anisotropy;	GM,	gray	matter;	PD,	Parkinson’s	
disease;	R,	right;	UPSIT,	University	of	Pennsylvania	Smell	Identification	Test;	WM,	white	matter.	

Figure	26.	Neural	correlates	of	olfaction	in	IRBD.	A-B.	Correlation	between	UPSIT	and	cortical	
thickness	A.	UPSIT	scores	correlate	with	the	bilateral	lateral	occipital	cortices	and	the	right	cuneus	
(Rahayel	et	al.,	2018b);	B.	UPSIT	scores	correlate	with	the	left		medial	orbitofrontal,	left	precentral	
and	 right	medial	 orbitofrontal	 thinning	 (Pereira	 et	 al.,	 2019);	C.	 Correlation	between	 regional	
cerebral	blood	flow	and	UPSIT	scores	(Vendette	et	al.,	2011).	

Hyposmia	in	the	context	of	the	Braak	Staging	System	for	PD	

As	mentioned	in	the	first	section	of	the	introduction	(see	Figure	3),	according	to	Braak	

staging	for	PD,	Lewy	pathology	begins	in	the	olfactory	bulb	and	dorsal	motor	nucleus	of	
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the	vagus	(Braak	et	al.,	2003),	which	is	consistent	with	the	premotor	onset	of	hyposmia.	

This	 hypothesis	 is	 supported	 by	 the	 fact	 that	 alpha-synuclein	 pathology	 has	 been	

systematically	found	in	olfactory	regions	in	PD	patients	(Panel	5	depicts	olfactory	system	

regions).	Particularly,	 this	pathology	has	been	found	 in	the	olfactory	bulb,	 the	anterior	

olfactory	 nucleus,	 the	 amygdala,	 the	 piriform	 cortex,	 the	 entorhinal	 cortex	 and	 the	

orbitofrontal	cortex	of	PD	(Beach	et	al.,	2009b;	Harding	et	al.,	2002b;	Pearce	et	al.,	1995).	

Lewy	body	pathology	in	the	olfactory	bulb	has	also	been	detected	in	PD	premotor	stages,	

such	as	IRBD	(Iranzo,	et	al.,	2014a).	Moreover,	Beach	et	al.,	found	out	that	when	only	one	

structure	was	affected	in	patients	with	incidental	Lewy	bodies,	it	was	most	commonly	the	

olfactory	 bulb	 (Beach	 et	 al.,	 2009a).	 These	 findings	 support	 the	 hypothesis	 that	 early	

alpha-synuclein	pathology	in	PD	involves	the	olfactory	bulb	and	associated	structures	and	

may	progress	from	the	periphery	to	central	structures.		

1.2.4. Measuring	olfaction	

There	 are	 different	 ways	 of	 testing	 smell	 functions.	 Broadly,	 it	 could	 be	 divided	 into	

electrophysiological	 (odor-related	 potentials)	 and	 psychophysical	 tests.	 This	 last	

category	 encompasses	 tests	 that	 measure	 odor	 identification,	 threshold	 detection,	

discrimination,	and	memory	of	odorants	(Doty,	2012a).	Odor	identification	tests,	such	as	

the	University	of	Pennsylvania	Smell	Identification	Test	(UPSIT)	(Doty,	1995)	and	Sniffin	

Identification	tests	(Hummel	et	al.,	2007),	are	by	 far	 the	most	commonly	 implemented	

tests	to	evaluate	olfaction	worldwide	(Doty,	2012a).	Such	tests	are	used	in	both	research	

and	 clinical	 settings	 to	 assess	 olfactory	 dysfunction	 in	 neurodegenerative	 disorders.	

Indeed,	UPSIT	and	Sniffin’	Stick	tests	have	been	traditionally	used	as	diagnostic	tools	in	

PD	(Doty,	2012a),	and	their	accuracy	for	this	disease	is	high	(Doty	et	al.,	1995;	Mahlknecht	

et	al.,	2016;	Rodríguez-Violante	et	al.,	2014a).	The	neural	correlates	of	such	tests	in	IRBD	

and	 PD	 are	 presented	 in	 the	 subsection	 1.2.3	 Neural	 correlates	 of	 olfactory	

dysfunction.	

The	main	drawback	of	 these	 tools	 is	 that	performance	 in	 smell	 identification	 tests	are	

subject	 to	 cultural	 variation.	 For	 this	 reason,	 the	 UPSIT	 has	 been	 adapted	 to	 several	

countries	 (Ogihara	 et	 al.,	 2011;	 Picillo	 et	 al.,	 2014;	 Rodríguez-Violante	 et	 al.,	 2011;	

Silveira-Moriyama	et	al.,	2010a,	2008;	Yücepur	et	al.,	2012).	Even	though	changes	in	some	

specific	items	have	improved	sensitivity	and	specificity,	it	is	hard	to	generalize	the	results	
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to	 other	 populations	 (Picillo	 et	 al.,	 2014;	 Rodríguez-Violante	 et	 al.,	 2014a;	 Silveira-

Moriyama	et	al.,	2008).	Furthermore,	previous	works	found	a	decreased	identification	of	

some	UPSIT	items	in	healthy	populations	(Kondo	H,	Matsuda	T,	Hashiba	M,	1998;	Picillo	

et	al.,	2014;	Rodríguez-Violante	et	al.,	2014b;	Silveira-Moriyama	et	al.,	2008).	Given	that	

cross-cultural	aspects	may	influence	UPSIT	results	(Rodríguez-Violante	et	al.,	2014a),	it	

could	be	of	interest	to	perform	a	more	detailed	analysis	of	the	UPSIT	to	identify	those	with	

less	capability	to	detect	olfactory	deficits	in	a	given	population	due	to	cultural	bias.	

Olfactory	 functions	 in	 normal	 subjects	 are	 clearly	 influenced	 by	 age	 (Mckinnon	 et	 al.,	

2010)	and	gender	(Doty	et	al.,	1982,	1978,	1975).	Loss	of	olfactory	identification	ability	is	

seen	 from	 the	 fifth	 decade	onwards	but	 is	most	 remarkable	 between	 the	 seventh	 and	

eighth	decades	of	life.	In	PD	patients,	it	has	also	been	found	that	UPSIT	scores	decreased	

as	a	function	of	age	(Doty	et	al.,	1995).	Sex-related	differences	in	the	UPSIT	have	also	been	

described	 in	 PD,	with	 a	 lower	 performance	 for	men	 (Doty	 et	 al.,	 1995).	 These	 results	

suggest	 that	 age	 and	 sex	 should	 be	 taken	 into	 consideration	 when	 using	 olfactory	

measures	as	a	tool	for	PD	diagnosis.	In	this	setting,	Doty	and	colleagues	(Doty	et	al.,	1995)	

proposed	optimal	cut-off	scores	that	best	discriminate	between	PD	and	healthy	subjects,	

according	 to	 different	 age	 groups	 and	 according	 to	 gender.	 As	 far	 as	we	 know,	 these	

results	have	not	been	validated	for	PD	in	the	UPSIT	Spanish	version.	

Because	olfactory	impairment	manifests	years	before	to	the	motor	onset,	olfactory	testing	

has	 the	 potential	 to	 serve	 as	 an	 early	 diagnostic	 marker	 of	 PD	 (Deeb	 et	 al.,	 2010;	

Rodríguez-Violante	 et	 al.,	 2011;	 Silveira-Moriyama	 et	 al.,	 2008),	 particularly	 in	 IRBD	

patients.	As	mentioned	above,	the	UPSIT	and	the	Sniffin’	Stick	test	are	the	most	frequently	

used	in	PD	research	and	clinics.	Therefore,	there	is	an	especial	interest	in	knowing	not	

only	 the	performance	but	also	 the	diagnostic	 accuracy	 in	distinguishing	 IRBD	patients	

from	controls	and	the	neural	correlates	of	such	tests.	Improving	the	accuracy	of	olfactory	

clinical	 testing	 in	 IRBD	could	help	 identify	patients	 at	 a	higher	 risk	of	 conversion	 to	 a	

neurodegenerative	 disease,	 and	 thus	 define	 target	 populations	 for	 disease-prevention	

trials.	
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Summary	

The	 strong	 prevalence	 of	 olfactory	 dysfunction	 in	 the	 early	 stages	 of	 PD	 is	 in	

accordance	 with	 the	 Braak’s	 scheme	 early	 implication	 of	 the	 olfactory	 bulb.	

Evidence	 of	 olfactory	 dysfunction	 in	 premotor	 stages	 of	 Synucleinopathies	 is	

supported	by	the	presence	of	hyposmia	 in	IRBD	patients,	even	20	years	before	

motor	onset.	The	importance	of	olfaction	in	PD	and	IRBD	is	such	that	hyposmia	

can	differentiate	patients	from	healthy	individuals.	Furthermore,	olfactory	tests	

may	be	useful	to	distinguish	among	motor	neurodegenerative	disorders,	as	well	

as	 to	predict	 conversion	 in	prodromal	PD.	Longitudinal	works	 in	 IRBD	and	PD	

showed	 that	 olfaction	 changes	 only	 slightly	 over	 time	 across	 the	 Lewy	 body	

continuum,	which	might	be	explained	by	the	topographical	progression	of	alfa-

synuclein	pathology	proposed	by	Braak	staging,	being	the	olfactory	bulbs	affected	

in	 premotor	 stages	 of	 Synucleinopathies,	with	 later	 progression	 to	 the	 central	

structures.	Improving	the	accuracy	of	olfactory	clinical	testing	in	IRBD	could	help	

identify	patients	at	a	higher	risk	of	conversion	to	a	neurodegenerative	disease,	

and	thus	define	target	populations	for	disease-prevention	trials.	
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CHAPTER	2	

Objectives	and	Hypotheses	
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2.1.	Objectives	

MAIN	OBJECTIVES:	

The	present	Doctoral	Thesis	is	contextualized	in	the	use	of	MRI	to	characterize	structural	

and	functional	brain	changes	underpinning	cognitive	impairment	in	Idiopathic	REM	sleep	

behavior	disorder,	as	well	as	 the	study	of	olfactory	dysfunction	as	an	early	perceptual	

dysfunction	in	IRBD	and	PD.		

The	main	objectives	of	this	Thesis	are:	

1 To	characterize	structural	and	functional	brain	substrates	underlying	Idiopathic	REM	

sleep	behavior	disorder	as	well	as	to	relate	these	findings	to	cognitive	performance,		

2 To	 study	 olfactory	 dysfunction	 as	 a	 preclinical	 and	 clinical	 biomarker	 of	 alpha-

Synucleinopathies,	and	its	progression	throughout	the	disease,	

3 To	investigate	progressive	brain	degeneration	in	IRBD,	and	to	investigate	how	these	

changes	relate	to	cognitive	decline.	

	

SPECIFIC	OBJECTIVES:	

1 To	characterize	cognitive	impairment	in	IRBD	patients	and	its	correlation	with	cortical	

and	subcortical	parameters	of	MRI	brain	atrophy.	

2 To	 characterize	 functional	 connectivity	 and	 their	 relation	 to	 impaired	 cognition	 in	

IRBD.	

3 To	assess	the	sensitivity	and	specificity	of	olfactory	tests	in	IRBD	and	PD.	

4 To	investigate	olfactory	dysfunction	and	its	progression	in	IRBD	and	PD,	as	well	as	its	

neural	correlates.	

5 To	describe	cortical	degeneration	in	IRBD.	

6 To	explore	changes	over	time	in	cognitive	functions	in	IRBD	and	their	relationship	with	

the	progression	of	brain	atrophy.	
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2.2.	Hypotheses	

MAIN	HYPOTHESES:	

The	main	hypotheses	of	the	present	Doctoral	Thesis	are:	

1 IRBD	 will	 be	 characterized	 by	 specific	 changes	 in	 brain	 structure	 and	 functional	

connectivity	that	will	be	associated	with	olfactory	and	cognitive	impairment,	

2 IRBD	 patients	 will	 show	 structural	 brain	 changes	 over	 time	 and	 cognitive	 decline	

superior	to	that	seen	in	normal	aging,	

3 Smell	 dysfunction	will	 be	 identified	 in	 IRBD	 and	PD,	 and	 it	 is	 expected	 to	 progress	

slightly	with	disease	course.	

SPECIFIC	HYPOTHESES:	

1 IRBD	 patients	 will	 show	 clinical,	 cognitive,	 and	 olfactory	 impairment	 compared	 to	

healthy	controls,	which	is	expected	to	be	similar	to	that	previously	described	in	PD.	

2 We	 expect	 cortical	 and	 subcortical	 brain	 atrophy	 in	 IRBD	 patients	 compared	 to	

controls.	 Specific	 MRI	 changes	 in	 this	 condition	will	 be	 consistent	 with	 findings	 in	

Synucleinopathies.	

3 Functional	connectivity	will	be	reduced	in	IRBD	patients	compared	to	controls,	similar	

to	that	found	in	PD	and	DLB.	

4 IRBD	 will	 present	 distinct	 neural	 correlates	 for	 olfactory	 impairment	 and	 other	

cognitive	functions.	

5 The	progression	of	olfactory	impairment	is	expected	to	be	mild	both	in	PD	and	IRBD.		

6 Progressive	 cortical	 degeneration	 in	 IRBD	 patients	 compared	 to	 normal	 aging	 over	

time	is	expected,	given	that	this	parasomnia	is	considered	part	of	the	prodromal	phase	

of	the	Synucleinopathies	PD	and	DLB.	

7 Given	that	cortical	atrophy	is	expected	throughout	the	disease	course,	IRBD	patients	

will	show	cognitive	decline	over	time	with	specific	neuroanatomical	substrates.	
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CHAPTER	3	

Materials	and	Methods	
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The	present	Doctoral	Thesis	 consists	of	 a	 total	of	 six	 studies,	 listed	below,	 comprising	

samples	 of	 patients	with	 IRBD,	 PD	 and	 healthy	 controls	 (Figure	27	 depicts	 the	 study	

samples	included	in	the	current	Thesis).	

Study	1	

Campabadal,	A.,	Segura,	B.,	Junque,	C.,	Serradell,	M.,	Abos,	A.,	Uribe,	C.,	Baggio,	H.C.,	Gaig,	

C.,	Santamaria,	J.,	Compta,	Y.,	Bargallo,	N.,	Iranzo,	A.,	Cortical	gray	matter	and	hippocampal	

atrophy	in	idiopathic	Rapid	Eye	Movement	sleep	behavior	disorder.	Front	Neurol.	10,	312	

(2019)	https://doi:10.3389/fneur.2019.00312			

Study	2	

Campabadal.	 A.,	 Abos,	 A.,	 Segura,	 B.	 Serradell,	 M.,	 Uribe,	 C.,	 Baggio,	 H.C.,	 Gaig,	 C.,	

Santamaria,	J.,	Compta,	Y.,	Bargallo,	N.,	Junque,	C.,	Iranzo,	A.,	Disruption	of	posterior	brain	

functional	connectivity	and	its	relation	to	cognitive	impairment	in	idiopathic	REM	sleep	

behavior	 disorder.	 Neuroimage	 Clinical	 25,	 102138	 (2020).	

https://doi.org/10.1016/j.nicl.2019.102138		

Study	3	

Campabadal,	A.,	Segura,	B.,	Baggio,	H.	C.,	Abos,	A.,	Uribe,	C.,	Garcia-Diaz,	A.	I.,	Marti,	M.J.,	

Valldeoriola,	F.,	Compta,	Y.,	Bargallo,	N.,	Junque,	C.,	Diagnostic	Accuracy,	Item	Analysis	

and	Age	Effects	of	the	UPSIT	Spanish	Version	in	Parkinson’s	Disease.	Arch.	Clin.	

Neuropsychol	acy053	(2018)	https://doi.org/10.1093/arclin/acy053	

Study	4	

Campabadal,	A.,	Segura,	B.,	Junque,	C.,	Serradell,	M.,	Abos,	A.,	Uribe,	C.,	Baggio,	H.C.,	Gaig,	

C.,	Santamaria,	 J.,	Bargallo,	N.,	 Iranzo,	A.,	Comparing	the	accuracy	and	neuroanatomical	

correlates	of	 the	UPSIT-40	and	 the	Sniffin’	 Sticks	 test	 in	REM	sleep	behavior	disorder.	

Park.	Relat.	Disord	65,	197-202	(2019)	https://doi.org/10.1016/j.parkreldis.2019.06.013		
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Campabadal,	 A.*,	 Inguanzo,	 A.,*	 Segura,	 B.,	 Junque,	 C.,	 Serradell,	M.,	 Abos,	 A.,	 Uribe,	 C.,	

Baggio,	H.C.,	Gaig,	C.,	Santamaria,	J.,	Compta,	Y.,	Bargallo,	N.,	Iranzo,	A.,	Cortical	Gray	Matter	

progression	 in	 Idiopathic	 REM	 sleep	 behavior	 disorder	 and	 its	 relation	 to	 cognitive	
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  93 

Study	6	

Campabadal,	A.*,	Uribe,	C.*,	Segura,	B.,	Baggio,	H.C.,	Abos,	A.,	Garcia-Diaz,	A.I.,	Marti,	M.J.,	

Valldeoriola,	 F.,	 Compta,	 Y.,	 Bargallo,	 N.,	 Junque,	 C.,	 Brain	 correlates	 of	 progressive	

olfactory	 loss	 in	 Parkinson’s	 disease.	 Park.	 Relat.	 Disord	 41,	 44–50	 (2017)	

https://doi.org/10.1016/j.parkreldis.2017.05.005	

	

Below,	a	brief	description	of	the	principal	methodological	procedures	for	each	study	is	

provided.	 A	 summary	 of	 the	 settings	 and	 analyses	 for	 each	 one	 is	 given	 in	Table	 11.	

Further	details	 are	 specified	 along	 this	 chapter	 and	 in	 the	 corresponding	manuscripts	

attached	in	Chapter	4.		

3.1. Study	Sample	

Study	samples	1,	2,	and	4	

Samples	1,	2,	and	4	consist	of	twenty-one	patients	with	IRBD	and	twenty-seven	healthy	

participants.	One	IRBD	patient	was	excluded	in	studies	1	and	2	for	the	presence	of	MRI	

artifacts.	And	one	HC	 in	study	2,	due	to	excessive	head	movement.	 IRBD	patients	were	

recruited	 from	 our	 sleep	 disorders	 center	 (Department	 of	 Neurology,	 Hospital	 Clinic,	

Barcelona,	 Catalonia,	 Spain).	 Diagnosis	 of	 IRBD	 required	 a	 history	 of	 dream-enacting	

behaviors,	 video-polysomnographic	 demonstration	 of	 REM	 sleep	 without	 atonia,	 and	

absence	 of	 other	 neurological	 diseases	 (see	 further	 details	 of	 diagnostic	 criteria	 in	

Chapter	1).	 	 IRBD	patients	did	not	have	 cognitive	or	motor	 complaints	 at	 the	 time	of	

diagnosis.	Healthy	subjects	did	not	show	cognitive,	motor,	or	sleep	complaints	and	were	

recruited	from	the	Institut	de	l’Envelliment	(Barcelona,	Spain).	

Study	Sample	3	

Study	sample	3	was	mainly	selected	from	a	data	base	of	the	neuroimaging	lab	including	a	

larger	cohort	of	healthy	elders	and	Parkinson’s	disease	patients	who	underwent	olfactory	

evaluation.	 The	 study	 sample	 included	 97	 non-demented	 PD	 patients	 and	 65	 healthy	

subjects.	 PD	 patients	 were	 recruited	 from	 an	 outpatient	 Movement	 disorders	 clinic	

(Parkinson’s	disease	and	Movement	Disorders	Unit,	Department	of	Neurology,	Hospital	

Clinic,	 Barcelona,	 Catalonia,	 Spain).	 Healthy	 subjects	 consisted	 of	 individuals	who	 had	
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previously	volunteered	who	take	part	in	studies	of	aging	at	the	Institut	de	l’Envelliment	

(Barcelona,	Spain).	

Figure	 27.	 Study	 sample.	 The	 figure	 placed	 at	 the	 top	 represents	 the	 idiopathic	 REM	 sleep	
behavior	disorder	(IRBD)	cohort.	A	group	of	healthy	controls	(HC),	and	IRBD	patients	underwent	
MRI,	olfactory	and	neuropsychological	assessment	twice	(1.6	years	between	evaluations).	Study	
samples	1,	2,	and	4	included	the	baseline	data,	whereas	study	5	included	those	patients	that	were	
evaluated	twice.	Lower	figure	represents	the	Parkinson’s	disease	(PD)	cohort:	The	study	sample	
3,	included	97	non-demented	PD	patients	and	65	HC	who	underwent	olfactory	evaluation	with	
the	 UPSIT.	 Study	 sample	 6,	 consist	 of	 25	 PD	 and	 24	 HC	 who	 underwent	 olfactory	 and	 MRI	
evaluation	twice	(4	years	between	evaluations).	These	subjects	are	part	of	a	cohort	of	98	PD	and	
33	HC,	recruited	between	October	2010	and	March	2012	(baseline	assessment)	and	then	followed	
up	after	four-year	period	approximately.	We	only	included	subjects	who	underwent	olfactory	and	
MRI	evaluation	at	both	time	points.	At	baseline,	the	UPSIT	was	only	administered	to	a	subsample.		
PD	patients	were	recruited	from	an	outpatient	movement	disorders	clinic	(Parkinson’s	disease	
and	Movement	Disorders	Unit,	Neurology	Service,	Hospital	Clinic,	Barcelona,	Catalonia,	Spain),	
IRBD	patients	were	recruited	from	a	sleep	unit	(Multidisciplinary	Sleep	Unit,	Neurology	service,	

27	HC

Baseline

21	IRBD

Follow-up

14	IRBD

18	HC

1.6	years

Study	1 Study	2 Study	4 Study	5

Idiopathic	RBD	cohort

Underwent MRI, 
olfaction and 

neuropsychological 
assessment twice

Parkinson’s	disease	cohort

N=97
PD	patients	with	UPSIT	at	any	time	point

N=65	
HC	with	UPSIT	at	any	time	point

4	years

Underwent olfaction 
and MRI twice

Study	6

Study	3

25	PD

24	HC

Baseline Follow-up

98	PD

33	HC

The	Aging	Institute	at	the	
Universitat Autònoma de	Barcelona	

At	baseline,	the	UPSIT	
was	only	administered	
to	a	small	subsample.	
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Hospital	 Clinic,	 Barcelona,	 Catalonia,	 Spain).	 HC	 consisted	 of	 individuals	 who	 had	 previously	
volunteered	in	studies	of	aging	at	the	aging	Institute	at	the	Universitat	Autònoma	de	Barcelona	
(Institut	de	l’envelliment).	

Study	Sample	5	

Sample	 5	 included	 14	 patients	 with	 IRBD	 and	 18	 healthy	 subjects	 who	 underwent	

neuropsychological	and	MRI	evaluation	at	two	different	time-points;	at	baseline	and	after	

1.6	±	0.3	years	for	patients	and	1.6	±	0.2	years	for	controls	of	follow-up	(t	=	0.807;	P	=	

0.426).	 All	 participants	 are	 part	 of	 a	 longitudinal	 cohort	 recruited	 between	 2015	 and	

2017.	 IRBD	 patients	 were	 recruited	 from	 our	 sleep	 disorders	 center	 (Department	 of	

Neurology,	 Hospital	 Clinic,	 Barcelona,	 Catalonia,	 Spain),	 and	 none	 of	 them	 developed	

parkinsonism	during	the	 follow-up.	Healthy	subjects	did	not	show	cognitive,	motor,	or	

sleep	complaints	and	were	recruited	from	the	Institut	de	l’Envelliment	(Barcelona,	Spain).	

Study	sample	6	

The	 study	 sample	 included	 25	 PD	 patients	 and	 24	 healthy	 controls	 who	 underwent	

olfactory	and	MRI	evaluation	twice.	These	subjects	are	part	of	a	bigger	cohort	recruited	

between	October	2010	and	March	2012.	In	the	present	study,	we	only	included	subjects	

who	underwent	olfactory	and	MRI	evaluation	at	both	time	points.	In	the	2010	cohort,	the	

UPSIT	was	only	administered	to	a	subsample.	The	mean	(±standard	deviation)	follow-up	

interval	was	44.9	±	5.7	months	for	patients	and	45.9	±	3.5	months	for	controls	(F	=	0.732;	

P	=	0.468).		

Exclusion	and	Inclusion	criteria	

The	 exclusion	 criteria	 for	 all	 samples	 consisted	 of:	 [1]	 Presence	 of	 psychiatric	 and/or	

neurologic	comorbidity,	[2]	low	global	IQ	score	estimated	by	the	Vocabulary	subtest	of	

the	Wechsler	Adult	Intelligence	Scale,	3rd	edition	(scalar	score	≤7	points),	[3]	Mini-mental	

state	examination	(MMSE)	score	<25,	[4]	claustrophobia,	[5]	MRI	movement	artifacts,	and	

[6]	significant	pathological	MRI	findings	other	than	mild	white	matter	hyperintensities	in	

the	 FLAIR	 sequence,	 and	 [7]	 evidence	 in	 HC	 of	 sleep	 disorders	 or	 mild	 cognitive	

impairment.		

The	specific	inclusion	criteria	for	IRBD	group	(studies	1,	2,	4,	and	5)	were:	[1]	no	cognitive	

or	motor	complaints	at	the	time	of	diagnosis	[2]	a	history	of	dream-enacting	behaviors,	
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video-polysomnographic	 demonstration	 of	 REM	 sleep	 without	 atonia;	 [3]	 absence	 of	

other	neurological	diseases.	

Table	11.	Summary	of	main	characteristics	from	each	study	

Study	 Sample	
size	

Design	 MRI	data	 Analysis	
technique	

Neuropsychological	and	
Olfactory	assessment	

1	 20	IRBD		
27	HC	

Cross-sectional	 T1-weighted	

§ CTh	
§ Shape	
analysis	

§ Subcortical	
segmentation	

§ Hippocampal	
subfields	
segmentation	

VFD,	JLO,	FRT,	Phonetic	
fluency,	Semantic	fluency,	
RAVLT,	Digit	Forward	and	
Backward,	Stroop	test,	
SDMT,	TMT,	BNT	

2	
20	IRBD		
27	HC	 Cross-sectional	

T1-weighted	
rs-fMRI	

§ TFNBS	
§ Graph	
analysis	

FRT,	Phonetic	fluency,	
RAVLT,	Clock	Copying	Test,	
Stroop	Test,	Digit	Forward	
and	Backward,	SDMT	

3	 97	PD		
65	HC	

Cross-sectional	 - 	 - 	 UPSIT	

4	 21	IRBD		
27	HC	

Cross-sectional	 T1-weighted	 § VBM	 UPSIT		
Sniffin’	Sticks	Extended	Test	

5	
14	IRBD	
18	HC	 Longitudinal	 T1-weighted	

§ CTh	
	

VFD,	JLO,	FRT,	Phonetic	
fluency,	Semantic	fluency,	
RAVLT,	Digit	Forward	and	
Backward,	Stroop	test,	
SDMT,	TMT,	BNT,	UPSIT	

6	
25	PD	
24	HC	 Longitudinal	 T1-weighted	 § CTh	 UPSIT		

Abbreviations:	BNT,	Boston	Naming	Test;	FRT	Short,	Facial	Recognition	test	short	version;	CTh,	
Cortical	Thickness;	HC,	 healthy	 controls;	 IRBD,	 idiopathic	 rapid	 eye	movement	 sleep	behavior	
disorder;	JLO,	Benton’s	Judgment	of	Line	Orientation	test;	MMSE,	Mini-mental	state	examination;	
MRI,	Magnetic	Resonance	Imaging;	RAVLT,	Rey’s	Auditory	Verbal	Learning	Test;	rs-fMRI,	resting	
state	functional	MRI;	SDMT,	Symbol	Digits	Modalities	Test	Oral	version;	TFNBS,	Threshold-free	
network-based	 statistics;	 TMT,	 Trail	 Making	 Test;	 UPSIT,	 University	 of	 Pennsylvania	 Smell	
Identification	Test;	VBM,	Voxel-based	morphometry;	VFD,	Visual	Form	Discrimination.	

The	specific	inclusion	criteria	for	PD	group	(studies	3	and	6)	were:	[1]	the	fulfillment	of	

UK	PD	Society	Brain	Bank	diagnostic	criteria	for	PD	(Hughes	et	al.,	1992);	[2]	no	surgical	

treatment	with	deep	brain	stimulation.	The	exclusion	criteria	for	PD	were:	[1]	Hoehn	and	

Yahr	 (H&Y)	 (Hoehn	 and	Yahr,	 1967)	 score	 >	 3	 (defined	 as	mild	 to	moderate	 bilateral	

disease	 with	 some	 postural	 instability	 but	 physically	 independent);	 [2]	 dementia	
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according	to	Movement	Disorder	Society	criteria	(Dubois	et	al.,	2007):	(a)	PD	developed	

prior	 to	 the	 onset	 of	 dementia,	 (b)	 PD	 associated	 with	 a	 decreased	 Global	 Cognitive	

Efficiency,	(c)	cognitive	impairment	in	more	than	one	cognitive	domain,	and	(d)	impact	

on	daily	living	resulting	from	cognitive	deficits,	over	and	above	those	imposed	by	motor	

and	autonomic	problems.	

Specific	exclusion	criteria	for	the	olfactory	assessment	(studies	3,	4,	5,	and	6)	were	applied:	

[1]	history	of	nasal	bone	fracture,	[2]	diagnosis	of	rhinitis,	or	nasal	polyps,	and	[3]	upper	

respiratory	tract	infections	in	the	2	weeks	prior	to	testing.		

Ethical	Statements	

Studies	1,	2,	4,	and	5	

The	 studies	 were	 approved	 by	 the	 Ethics	 Committee	 of	 the	 University	 of	 Barcelona	

(IRB00003099)	 and	 Hospital	 Clinic	 (HCB/2014/0224).	 All	 subjects	 provided	 written	

informed	consent	to	participate	after	full	explanation	of	the	procedures	involved.		

Studies	3	and	6	

The	 studies	 were	 approved	 by	 the	 Ethics	 Committee	 of	 the	 University	 of	 Barcelona	

(IRB00003099).	All	subjects	provided	written	informed	consent	to	participate	after	full	

explanation	of	the	procedures	involved.	
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3.2. Clinical	and	Neuropsychological	assessment	
In	all	study	samples,	neuropsychiatric	symptomatology	was	assessed.	Moreover,	for	IRBD	

and	 PD	 patients	 motor	 signs	 were	 evaluated.	 A	 comprehensive	 battery	 of	

neuropsychological	tests	was	administered	for	studies	1,	2,	and	5.	In	studies	3,	4,	5,	and	6	

olfactory	 testing	 was	 included.	 Further	 details	 are	 specified	 along	 the	 subsequent	

subsections.	

3.2.1. Clinical	assessment	

Studies	1,	2,	4,	and	5	

In	studies	1,	2,	4,	and	5	the	presence	of	motor	symptoms	in	the	IRBD	group	was	evaluated	

using	the	International	Parkinson	and	Movement	Disorders	Society	Unified	Parkinson's	

Disease	Rating	Scale	motor	 section	 (MDS-UPDRS-III)	 (Goetz	 et	 al.,	 2008).	Neurological	

examination	based	on	the	MDS-UPDRS-III	frequently	disclosed	mild	parkinsonian	signs,	

that	 were,	 however,	 not	 sufficient	 to	 diagnose	 Parkinsonism	 according	 to	 standard	

criteria.	(Postuma	et	al.,	2015a).	

To	 study	 the	 presence	 of	 RBD-like	 symptomatology	 in	 both	 patients	 and	 controls	 the	

Innsbruck	REM	Sleep	Behavior	Disorder	 Inventory	(RBD-I)	was	used	(Frauscher	et	al.,	

2012).	

Studies	3	and	6	

In	studies	3	and	6	motor	disease	severity	was	evaluated	using	H&Y	staging	and	the	Unified	

Parkinson’s	Disease	Rating	Scale	motor	section	(UPDRS-III)	(Fahn	and	Elton,	1987).	All	

PD	 patients	 were	 taking	 antiparkinsonian	 medication	 consisting	 of	 different	

combinations	 of	 L-DOPA,	 COMT	 inhibitors,	 MAO	 inhibitors,	 dopamine	 agonists,	 and	

amantadine.	In	order	to	standardize	doses,	levodopa	equivalent	daily	dose	(LEDD)	was	

calculated	 as	 suggested	 by	Tomlinson	 and	 colleagues	 (Tomlinson	 et	 al.,	 2010).	 All	

assessments	were	done	in	on	state.	

Studies	1,	2,	3,	and	4	

Neuropsychiatric	symptomatology	was	measured	by	means	of	Beck	Depression	Inventory	

II	 (Beck	 A,	 Steer	 R,	 1996),	 Starkstein’s	 Apathy	 Scale	 (Starkstein	 et	 al.,	 1992),	 and	 the	

Neuropsychiatric	Inventory	(NPI)	(Cummings	et	al.,	1994).	
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3.2.2. Neuropsychological	assessment	

In	 studies	 1,	 2,	 and	 5	 participants	 were	 evaluated	 with	 a	 comprehensive	

neuropsychological	battery	(Table	12).	Attention	and	working	memory	were	assessed	

with	the	Digit	Span	Forward	and	Backward,	the	Symbol	Digits	Modalities	Test	(SDMT)-

Oral	version.	Executive	functions	were	evaluated	with	Trail	Making	Test	(TMT,	parts	A	

and	B)	(in	seconds),	phonetic	(words	beginning	with	the	letter	“p”	in	1	min),	and	semantic	

(animals	in	1	min)	fluencies	and	the	Stroop	Color-word	Test.	Language	was	assessed	by	

the	 total	number	of	 correct	 responses	 in	 the	 short	version	of	 the	Boston	Naming	Test	

(BNT).	In	the	memory	domain,	we	assessed	total	learning	recall	(sum	of	correct	responses	

from	trial	I	to	trial	V),	delayed	recall	(total	recall	after	20min),	and	recognition	abilities	

using	 Rey’s	 Auditory	 Verbal	 Learning	 Test	 (RAVLT	 total,	 RAVLT	 recall,	 and	 RAVLT	

recognition,	respectively).	Visuospatial	and	visuoperceptual	functions	were	assessed	with	

Benton’s	Judgement	of	Line	Orientation	(JLO),	Visual	Form	Discrimination	(VFD),	Clock	

Copying	Test,	and	Facial	Recognition	(FRT)	tests	(Lezak,	2012).	

Table	12.	Summary	of	Neuropsychological	tests	

DOMAIN	 TEST	

Global	Cognition	 Mini	Mental	State	Examination	(MMSE)	(Folstein	et	al.,	1975)		

Attention	and	

Working	memory	

Digit	Span	Forward	and	Backward	(Wechsler,	1999)		

Symbol	Digits	Modalities	Tests	(SDMT)	(Smith,	2000)	

Executive	functions	

Trail	Making	Test	(TMT,	in	seconds)	part	A	and	part	B	(Lezak	et	al.,	2012)	

Phonetic	fluency	(words	beginning	with	the	letter	“p”	in	1	minute,	Lezak	

et	al.	2012)		

Semantic	fluency	(animals	in	1	minute,	Lezak	et	al.	2012)		

Stroop	Color-word	Test	(Stroop,	1935)	

Memory	

Total	learning	recall	(sum	of	correct	responses	from	trial	I	to	trial	V),	

delayed	recall	(total	recall	after	20	min)	and	recognition	from	Rey’s	

Auditory	Verbal	Learning	Test	(RAVLT)	(Lezak	et	al.	2012)		

Visuospatial	and	

visuoperceptual	

functions	

Visual	Form	Discrimination	(VFD),	(Benton	et	al.,	1994)	

Clock	Copying	Test	(Royall	et	al.,	1998)		

Benton’s	Judgement	of	Line	Orientation	(JLO),	(Benton	et	al.,	1978)		

Facial	Recognition	test	Short	form	(FRT)	(Benton	et	al.,	1994)	

Language	 Short	version	of	the	Boston	Naming	Test	(BNT)	(Kaplan	et	al.,	1983)	
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Expected	z	scores	adjusted	for	age,	sex,	and	education	for	each	test,	and	each	subject	were	

calculated	based	 on	 a	multiple	 regression	 analysis	 performed	 in	 the	HC	 group	 for	 the	

study	sample	1.	(Aarsland	et	al.,	2009).		

In	 study	 2,	 five	 cognitive	 domains	 were	 obtained	 using	 the	 combination	 of	 two	

neuropsychological	tests	for	each	one	(computed	as	the	mean	of	the	expected	z	scores):	

[1]	attention	domain,	including	Digit	Span	Forward	and	Backward	(WAIS);	[2]	memory	

domain,	 the	 total	 learning	 recall	 (sum	of	 correct	 responses	 from	 trial	 I	 to	 trial	V)	 and	

recognition	(true	recognition	after	20	min)	from	the	Rey's	Auditory	Verbal	Learning	Test;	

[3]	 visuospatial	 and	 visuoperceptual	 (VS/VP)	 domain,	 calculated	 with	 Benton	 Facial	

Recognition	 and	 Clock	 Copying	 Test;	 [4]	 executive	 function	 domain,	 with	 Stroop	

Interference	and	phonetic	fluency	(words	beginning	with	the	letter	“p”	in	1	min);	and	[5]	

mental	processing	speed	domain,	using	the	Symbol	Digits	Modalities	Test-Oral	version	

and	Stroop	Color	test.	

3.2.3. Statistical	analysis	for	clinical	and	neuropsychological	measures	

In	all	the	studies,	statistical	analyses	and	plots	of	neuropsychological,	demographical	and	

clinical	 data	were	 carried	out	using	 the	 statistical	 package	 SPSS	22	and	24	 (2013	and	

2016;	Armonk,	NY:	IBM	Corp.),	Matlab	(R2019b)	and	RStudio	(2015;	available	online	at:	

www.	rstudio.com).	Independent	tests	(t-test/Mann-Whitney	U	test)	were	used	to	assess	

group	 differences	 between	 patients	 and	 healthy	 subjects	 in	 clinical	 variables	 such	 as	

neuropsychological	 tests,	 and	 neuropsychiatric	 symptoms	 at	 baseline.	 Pearson’s	 chi-

squared	test	was	applied	to	assess	group	differences	in	categorical	variables.	In	study	5	

and	 6,	 group-by-time	 interaction	 effects	 in	 clinical	 variables	 between	 patients	 and	

controls	 were	 assessed	 through	 a	 repeated-measures	 general	 lineal	 model.	

Demographical	 data	 was	 included	 as	 covariate	 when	 needed	 (further	 details	 in	 the	

corresponding	manuscript).	Spearman's	correlations	were	used	to	study	the	association	

among	clinical	data,	and	between	clinical	and	neuroimaging	data.	
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3.3. Olfactory	assessment	
In	 the	 present	 Doctoral	 Thesis,	 four	 of	 the	 studies	 included	 an	 olfactory	 evaluation.	

Further	 details	 regarding	 measures	 and	 analyses	 are	 specified	 in	 the	 following	

subsections	and	the	corresponding	manuscripts	attached	in	Chapter	4	(studies	3,	4,	5,	and	

6).	Panel	6	includes	a	presentation	of	the	olfactory	measures	used	in	these	studies.	

Olfactory	assessment	studies	3,	5,	and	6	

In	studies	3,	5,	and	6,	odor	identification	was	assessed	using	the	Spanish	version	of	the	

University	of	Pennsylvania	Smell	Identification	Test	(UPSIT)	(Doty,	1995).	

Olfactory	assessment	study	4	

In	study	4,	olfaction	was	assessed	using	the	Spanish	version	of	the	UPSIT	(Doty,	1995)	and	

the	Sniffin’	Sticks	Extended	Test	(Hummel	et	al.,	2007). 

3.3.1. Sensitivity,	specificity	and	diagnostic	accuracy	
One	 of	 the	 aims	 in	 studies	 3	 and	 4,	 was	 to	 study	 the	 diagnostic	 accuracy	 of	 different	

olfactory	tests	in	a	sample	of	PD	(study	3)	and	a	sample	of	IRBD	patients	(study	4).	In	both	

studies,	 the	 statistical	 analysis	 of	 olfactory	 data	 was	 carried	 out	 using	 the	 statistical	

package	SPSS-24	(2016;	Armonk,	NY:	IBM	Corp.)	and	RStudio	(2015;	available	online	at:	

www.	rstudio.com).	Below,	a	detailed	explanation	of	the	procedure	used	to	compute	these	

measures	is	presented	for	each	study.	

Study	3	

First,	multiple	regression	analysis	with	a	stepwise	method	was	used	to	define	possible	

UPSIT	score	predictors	in	the	whole	sample	and	the	PD	group.	Predictors	were	chosen	

based	on	previous	 literature	 (Deeb	et	 al.,	 2010;	Doty,	2012a,	2012b,	1987;	Frye	et	 al.,	

1990;	Hubert	et	al.,	1980;	Joyner,	1964;	Mckinnon	et	al.,	2010)	and	correlation	analysis.	

Age,	PD	diagnosis,	sex,	years	of	education,	and	smoking	status	were	introduced	as	possible	

predictors	 for	 the	whole	 sample	 regression.	 For	 the	 PD	 subsample,	 PD	 diagnosis	was	

excluded,	and	clinical	measures	such	as	H&Y,	UPDRS-III,	and	LEDD	were	added.	

Secondly,	 sensitivity,	 specificity,	 diagnostic	 accuracy,	 positive	 predictive	 value,	 and	

negative	predictive	value	for	PD	condition,	were	calculated	for	the	UPSIT	total	score,	and	

for	 each	 item	 (Panel	 7	 further	 explains	 diagnostic	 measures	 calculation).	 Finally,	
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Pearson’s	chi-squared	test	was	used	to	compare	the	percentage	of	HC	and	PD	patients	

who	correctly	identified	each	item	of	the	40	items	UPSIT	version.	

	

	

Panel	6	Olfactory	measures	

The	University	of	Pennsylvania	Smell	Identification	Test	(UPSIT-40)	

The	 UPSIT	 is	 a	 standardized	 multiple-choice	 scratch-and-sniff	 test	 consisting	 of	 four	 test	

booklets	with	10	items	each.	In	accordance	with	normative	instructions,	subjects	scratch	the	

impregnated	area	and	have	to	recognize	familiar	odorants.	Then,	they	are	asked	to	select	one	

of	 four	 possible	 answers	 for	 each	 item.	 Following	 normative	 data	 presented	 in	 the	 UPSIT	

manual	(Doty	et	al.,	1995),	which	includes	adjustment	for	age	and	sex,	scores	greater	than	33	

in	males	and	34	in	females	are	considered	to	reflect	normosmia,	and	scores	lower	or	equal	to	

18	reflect	anosmia.	Microsmia	ranges	from	33	or	34	(depending	on	the	subject’s	gender)	to	19.	

	

The	Sniffin’	Sticks	Extended	Test	(Sniffin)		

The	Sniffin’Sticks	Extended	Test	(www.burghart-mt.de)	consists	of	three	subtests:	

1. the	 Sniffin	 Threshold	 test	 (Sniffin-Thr)	 used	 to	 ascertain	 the	 patient's	 olfactory	

threshold,	 measuring	 the	 lowest	 concentration	 of	 an	 odorant	 that	 the	 patient	 can	

discern.	It	has	48	Sniffin’	Sticks	(32	blanks	and	16	dilutions	of	n-butanol)	

2. the	 Sniffin	 Discrimination	 test	 (Sniffin-D),	 where	 the	 patient	 must	 differentiate	

between	smells	with	varying	degrees	of	similarity.	It	consists	of	48	Sniffin’	Sticks	(48	

Sniffin’	Sticks = 16	pairs	of	odorants	each	with	one	individual	smell)	

3. the	 Sniffin	 Identification	 test	 (Sniffin-I)	 consists	 of	 16	 Sniffin’	 Sticks	with	 everyday	

smells	 which	 the	 patients	 have	 to	 identify	 using	 a	 selection	 card	 containing	 four	

choices. 	

The	results	of	all	subtests	are	added	up	to	get	the	total	score	(Sniffin-Total).	

	

 
The University of Pennsylvania Smell Identification TestTM (Sensonics) (Image extracted from Doty 
and Kamath, 2014) and The Sniffin’ Sticks test kit (Burghardt®, Wedel, Germany) (Image extracted 
from Rumeau, Nguyen and Jankowski, 2016) 
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Study	4	

In	study	4,	the	Mann-Whitney	U	test	was	used	to	assess	group	differences	between	IRBD	

and	controls	in	clinical	and	olfactory	continuous	variables,	and	Pearson's	chi-squared	test	

was	 applied	 to	 assess	 group	differences	 in	 categorical	 variables.	 Correlations	between	

olfactory	measures	and	clinical	scores	in	IRBD	patients	were	analyzed	using	Spearman's	

rho	correlation.	Finally,	stepwise	independent	binary	logistic	regressions	were	computed	

introducing	the	diagnosis	(either	HC	or	IRBD)	as	a	dependent	variable	and	the	olfactory	

measures	as	predictive	variables.	The	Bonferroni	method	was	used	to	correct	for	multiple	

comparisons.	 A	 receiver	 operating	 characteristic	 (ROC)	 curve	was	 computed	 for	 each	

olfactory	measure.	RStudio	(2015)	was	used	to	calculate	statistical	differences	of	the	area	

under	 the	 curve	 (AUC)	 values	 from	 ROC	 (AUROC)	 analysis.	 Sensitivity,	 specificity,	

diagnostic	 accuracy,	 positive	 predictive	 value,	 and	 negative	 predictive	 value	 for	 IRBD	

were	calculated	according	to	the	resulting	optimal	cut-off	(see	Panel	7).		

Panel	7	Diagnostic	accuracy	measures	

Altered	test	performances	were	considered	as	positive	findings,	whereas	correct	performance	

defined	negatives.	True	positives	(TP)	were	defined	as	 the	number	of	patients	with	altered	

performance	 in	 a	 certain	 test;	 true	 negatives	 (TN)	 as	 the	 number	 of	 HC	 with	 correct	

performance;	 false	 positives	 (FP)	 were	 calculated	 as	 the	 number	 of	 HC	 with	 altered	

performance;	finally,	false	negatives	(FN)	were	described	as	the	number	of	patients	who	had	

scores	greater	than	the	optimal	cut-off.		

The	following	diagnostic	measures	were	calculated:	

- Sensitivity,	defined	as	the	probability	of	testing	positive	when	the	disease	is	present:		

TP/(TP	+	FN)	

- Specificity,	defined	as	the	probability	of	testing	negative	when	the	disease	is	absent:		

TN/(FP	+	TN)	

- Positive	predictive	value	(PPV),	calculated	as	the	percentage	of	subjects	with	a	positive	

test	who	actually	have	the	disease:		

TP/(TP	+	FP)	

- Negative	predictive	value	(NPV),	defined	as	the	percentage	of	subjects	with	a	negative	

test	who	do	not	have	the	disease:		

TN/(TN	+	FN)	

- Overall	diagnostic	accuracy	was	defined	as	the	proportion	of	correctly	classified	subjects	

among	all	subjects:		

(TP	+	TN)/(TP	+	TN	+	FP	+	FN)	
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3.4. MRI	acquisition	
MRI	 data	 were	 acquired	 in	 a	 3-Tesla	 Siemens	 scanner	 (Magnetom	 Trio	 Tim	 scanner	

syngo)	using	an	eight-channel	head	coil	at	the	Unitat	d’Imatge	per	Ressonància	Magnètica	

IDIBAPS	 (Institut	 d’Investigacions	 Biomèdiques	 Agustí	 Pi	 i	 Sunyer),	 Hospital	 Clínic	 de	

Barcelona,	Barcelona.	All	the	images	were	inspected	visually	to	ensure	that	they	did	not	

contain	MRI	artifacts	or	excessive	movement	before	analysis.		

In	 the	 present	 Doctoral	 Thesis,	 the	 scanning	 protocol	 included	 the	 following	 MRI	

sequences:		

§ Structural	T1	images:	high-resolution	3-dimensional	T1-weighted	images	acquired	

in	the	sagittal	plane	(TR=2300	ms,	TE=2.98	ms,	TI=900	ms,	240	slices,	FOV=256	mm,	

1-mm	isotropic	voxel)	in	studies	1,	2,	4,	5,	and	6.	

§ FLAIR:	axial	FLAIR	sequence	(TR	=	9000	ms,	TE	=	96	ms)	in	studies	1,	2,	4,	5,	and	6.	

§ Resting-state	 functional	 images:	 a	 resting-state	 10-min-long	 functional	 gradient-

echo	echo-planar	 imaging	sequence	 (240	T2*-weighted,	TR=2500	ms,	TE=28	ms,	

flip	 angle=80◦,	 slice	 thickness=3	mm,	FOV=240	mm,	with	3-mm	 isotropic	 voxels)	

was	acquired	in	study	2.	Subjects	were	instructed	to	keep	their	eyes	closed,	not	to	

fall	asleep,	and	not	to	think	anything	in	particular.	

3.5. Neuroimaging	techniques	
After	acquiring	the	MRI	data,	the	images	were	preprocessed	and	analyzed.	In	this	section,	

I	 will	 present	 the	 neuroimaging	 techniques	 used	 in	 studies	 1,	 2,	 4,	 5,	 and	 6.	 Further	

technical	details	are	exposed	in	the	corresponding	manuscripts	attached	in	Chapter	4.	

3.5.1. Structural	MRI	

In	this	work,	T1-weighted	MR	images	had	two	main	purposes.	Firstly,	structural	images	

were	 used	 to	 obtain	 cortical	 parcellation,	 subcortical	 volumetry,	 and	 hippocampal	

subfield	 segmentation.	 Secondly,	 given	 that	 structural	 images	 have	 higher	 spatial	

resolution	compared	to	other	acquisitions,	they	were	also	employed	in	registration	and	

normalization	preprocessing	steps	in	functional	study	2,	allowing	a	better	transformation	

from	the	subject	native	space	to	a	standardized	space.	
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In	studies	1,	4,	5,	and	6	structural	analyses	were	computed.	Specifically,	in	study	1	Cortical	

thickness,	 hippocampal	 shape	 analysis,	 subcortical	 and	 hippocampal	 subfields	

segmentation	approaches	were	applied.	In	study	4,	voxel-based	morphometry	was	used	

to	 study	 the	 relationship	 between	 smell	 impairment	 and	 GM	 volume	 in	 the	 olfactory	

system.	In	studies	5	and	6,	longitudinal	analysis	of	cortical	thickness	was	used	to	study	the	

GM	progression	in	IRBD	and	PD.	Finally,	in	study	6,	the	percentage	of	change	of	the	striatal	

nuclei	was	calculated.	

Cortical	thickness		

Cortical	thickness	is	calculated	as	the	distance	between	the	gray/white	matter	boundary	

and	the	pial	surfaces	at	each	vertex	of	the	cortical	mantle	(Fischl	and	Dale,	2000)	(Figure	

28).	In	studies	1,	5,	and	6,	FreeSurfer	software	5.1	version	was	used	to	estimate	cortical	

thickness	(available	at	https://surfer.	nmr.mgh.harvard.edu/	since	2011).	The	3D	cortical	

surface	 model	 used	 in	 this	 estimation	 is	 created	 using	 intensity	 and	 continuity	

information,	as	described	in	detail	by	the	authors	(Fischl	and	Dale,	2000).	Independent	

steps	are	performed	in	the	initial	preprocessing	of	 images	for	each	subject:	removal	of	

non-brain	tissue,	automated	Talairach	transformation,	intensity	normalization	(Sled	et	al.,	

1998),	 tessellation	 of	 the	 gray	 matter/white	 matter	 boundary,	 automated	 topology	

correction	(Ségonne	et	al.,	2007),	and	accurate	surface	deformation	to	optimally	place	the	

gray	matter/white	matter	and	gray	matter/cerebrospinal	fluid	(CSF)	boundaries	(Fischl	

and	Dale,	2000).	The	 resulting	 representation	of	 cortical	 thickness	 is	 calculated	as	 the	

distance	 between	white	 and	 pial	 surfaces	 at	 each	 vertex	 of	 the	 reconstructed	 cortical	

mantle	(Sled	et	al.,	1998).	In	our	study,	results	for	each	subject	were	carefully	inspected	

visually	 to	 ensure	 accuracy	 of	 registration,	 skull	 stripping,	 segmentation,	 and	 cortical	

surface	 reconstruction.	 Cortical	 thickness	 maps	 were	 smoothed	 using	 a	 circularly	

symmetric	Gaussian	kernel	across	the	surface	with	a	full	width	at	half	maximum	(FWHM)	

of	15	mm.	

Comparisons	 between	 groups	 were	 assessed	 using	 a	 vertex-by-vertex	 general	 linear	

model	 introducing	 demographical	 covariates	 when	 needed	 (further	 details	 in	 the	

corresponding	 manuscript).	 Vertex-wise	 correlations	 between	 cortical	 thickness	 and	

cognitive	measures	were	computed	in	the	study	1.	 In	order	to	avoid	clusters	appearing	

significant	 purely	 by	 chance	 (i.e.,	 false	 positives),	Monte	 Carlo	 Null-Z	 Simulation	with	
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10,000	iterations	was	applied	to	cortical	thickness	maps	to	provide	clusterwise	correction	

for	multiple	comparisons;	results	were	thresholded	at	a	corrected	p-value	of	0.05	(Hagler	

et	al.,	2006).	

Figure	28.	Coronal	(Left)	and	horizontal	 (Right)	slices	of	 the	 left	hemisphere	with	gray/white	
(yellow)	and	pial	(red)	surfaces	overlaid.	Adapted	from	Fischl	&	Dale	(2000).	 

Longitudinal	analysis	of	Cortical	thickness	

In	studies	5	and	6	after	processing	each	subject	cross-sectionally,	in	order	to	perform	the	

longitudinal	analyses	of	the	data,	within-subject	templates	(Reuter	and	Fischl,	2011)	and	

the	corresponding	longitudinal	files	were	created	for	each	time	point	and	subject.	Briefly,	

a	template	volume	for	each	subject,	using	information	from	all	of	their	time	points	(time	

1	 and	 time	 2),	 and	 an	 average	 image	 were	 created	 using	 robust,	 inverse,	 consistent	

registration	 (Reuter	 et	 al.,	 2010).	 All	 time	 points	 were	 constructed	 through	 unbiased	

mean	images	and	later	aligned.	After	registration	and	creation	of	the	templates,	images	

from	all	time	points	were	mapped	to	the	template	location	and	averaged	and	processed	

with	the	default	cross-sectional	stream.	The	symmetrized	percent	change	(SPC)	was	used	

for	 longitudinal	 analyses	 of	 cortical	 thickness.	 Cortical	 thickness	 SPC	 is	 the	 rate	 in	

mm/year	with	respect	to	the	average	thickness	[(Thickness	at	time	point	1	–	Thickness	at	

time	 point	 2)/Interval	 between	 assessments)]/[0.5*(Thickness	 at	 time	 point	 1	 +	

Thickness	at	time	point	2)].	In	aging	or	disease,	SPC	is	expected	to	be	negative	in	most	

regions	(https://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalTwoStageModel).	

Comparisons	 between	 groups	 in	 the	 cortical	 thickness	 SPC	 were	 performed	 using	 a	

vertex-by-vertex	 general	 linear	model.	 Time	 effects	 in	 each	 group	 and	 group-by-time	

interaction	effects	were	computed,	SPC	was	included	as	a	dependent	factor	and	group	as	

an	 independent	 factor.	 Regression	models	 included	 SPC	 as	 an	 independent	 factor	 and	
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cognitive	 or	 olfactory	 scores	 as	 dependent	 factors.	 Demographical	 covariates	 were	

included	when	 needed	 (further	 details	 in	 the	 corresponding	manuscript).	 In	 order	 to	

avoid	clusters	appearing	significant	purely	by	chance	(i.e.,	 false	positives),	Monte	Carlo	

null-Z	simulation	with	10,000	iterations	was	applied	to	cortical	thickness	maps	to	provide	

clusterwise	 correction	 for	 multiple	 comparisons.	 Simulation	 was	 applied	 for	 negative	

time	effects	(time	2	<	time	1)	in	each	group,	on	all	other	models,	simulation	was	applied	

for	absolute	results.	Results	were	thresholded	at	a	corrected	p-value	<0.05.	

Subcortical	segmentation	

Automated	subcortical	segmentation	performed	with	FreeSurfer	(version	5.1)	was	used	

to	estimate	subcortical	volumetry	in	studies	1	and	6.	In	this	procedure,	each	voxel	in	the	

normalized	 brain	 volume	 is	 assigned	 one	 of	 about	 forty	 labels	

(http://freesurfer.net/fswiki/SubcorticalSegmentation).	 The	 general	 linear	model	 was	

used	to	assess	group	differences	between	patients	and	healthy	subjects	in	MRI	volumetric	

data.	Estimated	Total	Intracranial	Volume	(eTIV)	was	obtained	to	correct	volumetric	data	

for	inter-individual	differences	in	brain	sizes.	

Longitudinal	analysis	of	subcortical	volumes	

In	 study	 6,	 the	 SPC	 of	 striatal	 volumes	 was	 computed	 to	 investigate	 longitudinal	

differences	between	groups.	The	SPC	of	UPSIT	scores	was	also	calculated	and	correlated	

with	SPC	of	striatal	volumes.	Control	of	the	false-discovery	rate	to	5%	(FDR)	was	used	to	

correct	for	multiple	testing	(Benjamini,	2010).		

Hippocampal	Subfields	segmentation	

In	study	1,	in	order	to	characterize	GM	abnormalities	in	the	hippocampal	formation	two	

different	 techniques	were	 used:	 hippocampal	 subfield	 segmentation	 and	 hippocampal	

shape	 analysis.	 For	 the	 first	 approach,	 FreeSurfer	 automated	 hippocampal	 subfield	

segmentation	 [version	 6.0	 (Iglesias	 et	 al.,	 2015)]	 was	 used	 to	 estimate	 individual	

hippocampal	 subfield	 volumes.	 Segmentation	 analysis	 was	 conducted	 for	 the	 right	

hippocampus.	 Since	 no	 previous	 works	 have	 studied	 hippocampal	 subfields	 in	 IRBD	

patients,	an	exploratory	analysis	was	undertaken,	and	results	were	considered	significant	

if	they	showed	a	p-value	of	p	<	0.05.	All	hippocampal	subfield	measures	were	introduced	

in	a	general	linear	model	with	eTIV	as	a	covariate.		
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Hippocampal	Shape	Analysis		

The	second	approach	to	investigate	hippocampal	abnormalities	in	study	1,	was	done	by	

the	FIRST,	FSL’s	model-based	segmentation/registration	tool	(https://fsl.fmrib.ox.ac.uk/	

fsl/fslwiki/FIRST)	 (Patenaude	 et	 al.,	 2011).	 Segmentation	 of	 both	 hippocampi	 with	

automated	boundary	correction	was	generated.	We	then	used	first-utils	to	run	a	vertex-

wise	 analysis	 on	 the	 results.	 FSL’s	 Randomize	 script	 (Anderson	 and	 Robinson,	 2001;	

Winkler	et	al.,	2014)	with	5,000	random	permutations	of	the	data	was	used	to	study	inter-

group	differences.	ETIV	was	estimated	with	FSL	according	to	ENIGMA’s	imaging	protocol	

(http://enigma.usc.edu/).	Age	and	eTIV	were	introduced	as	covariates	in	the	analyses.	A	

subsequent	analysis	introducing	both	age	and	sex	as	covariates	was	computed.	All	results	

were	thresholded	at	p	<	0.05.	Correlations	with	cognitive	variables	were	performed.		

Voxel-based	morphometry	of	the	olfactory	system	

Voxel-based	 morphometry	 estimates	 the	 amount	 of	 GM	 in	 a	 voxel	 through	 its	 signal	

intensity	 (Good	 et	 al.,	 2001),	 allowing	 for	 voxel-wise	 comparison	 of	 local	 GM	

concentrations.	 In	 study	 4,	 VBM	 was	 used	 to	 investigate	 the	 relationship	 between	

olfactory	performance	and	GM	volume	in	the	olfactory	system.	To	this	end,	a	region	of	

interest	was	first	defined.	Specifically,	a	mask	including	the	olfactory	system	regions	was	

created	including	the	amygdalae;	hippocampi;	thalami;	insular	cortices;	parahippocampal	

gyri;	superior	frontal	gyrus,	orbital	part;	middle	frontal	gyrus,	orbital	part;	gyrus	rectus;	

olfactory	 cortex;	 and	 the	 limbic	 subregion	 of	 the	 striatum	 (including	 the	 nucleus	

accumbens	and	the	ventral	portion	of	the	caudate	nucleus	and	putamen	bilaterally).	The	

Automated	Anatomical	Labeling	atlas	was	used	to	create	the	corresponding	masks,	except	

the	 limbic	 striatum	mask,	 which	 was	 obtained	 from	 the	 Oxford-GSK-Imanova	 striatal	

connectivity	atlas	(available	in	FSL).	

Structural	data	were	analyzed	with	FSL-VBM	(Douaud	et	al.,	2007),	an	optimized	VBM	

protocol	 (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM)	 (Good	 et	 al.,	 2001)	 carried	 out	

with	FSL	tools	(Smith	et	al.,	2004).	First,	structural	images	were	brain-extracted	and	gray-

matter-segmented	 before	 being	 registered	 to	 the	MNI	 152	 standard	 space	 using	 non-

linear	 registration.	 The	 resulting	 images	 were	 averaged	 to	 create	 a	 study-specific	

template,	to	which	native	gray	matter	images	were	non-linearly	re-registered.	Second,	all	

native	gray	matter	 images	were	non-linearly	registered	to	this	study-specific	template,	
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resampled	to	a	voxel	size	of	2x2x2	mm3,	and	modulated	to	correct	for	local	expansion	or	

contraction	due	to	the	non-linear	component	of	the	spatial	transformation.	The	olfactory	

system	mask	was	created	to	define	a	search	volume	for	subsequent	statistical	testing.	A	

voxelwise	 general	 linear	 model	 with	 non-parametric	 permutation	 testing	 (5,000	

permutations)	 was	 used	 alongside	 threshold-free	 cluster	 enhancement	 for	 statistical	

inference.	False-discovery	rate	 (FDR)	correction	was	applied	 for	multiple	comparisons	

correction.	 Statistical	 significance	 was	 established	 at	 FDR-corrected	 p-values	 (q-

values) < 0.05.	

3.5.2. Functional	MRI	

Functional	 MRI	 measures	 brain	 activity	 by	 detecting	 increase	 blood	 oxygen	 level-

dependent	(BOLD)	signal,	which	is	an	indirect	measure	of	neuronal	activity.	Two	different	

modalities	 are	 commonly	 used:	 task-based	 fMRI	 and	 resting-state	 fMRI.	 In	 task-based	

fMRI,	scanning	protocol	is	done	while	subjects	are	performing	specific	tasks,	whereas	in	

rs-fMRI,	no	specific	cognitive	demands	are	required,	and	the	participant	is	instructed	to	

remain	awake	and	still	and	not	to	think	anything	in	particular.	In	study	2,	fMRI	resting-

state	 modality	 was	 used	 to	 characterized	 functional	 connectivity	 in	 IRBD.	 Functional	

connectivity	 gives	 information	 about	 the	 relationship	 between	 BOLD	 signals	 obtained	

from	two	separate	regions	of	the	brain	(Figure	29)	(Bijsterbosch	et	al.,	2017).	In	the	next	

subsection,	I	will	describe	data	processing	procedures	and	the	different	approaches	used	

to	study	functional	connectivity	in	study	2.	

Figure	 29.	 Functional	 connectivity	 gives	 information	 about	 the	 relationship	 between	 BOLD	
signals	obtained	 from	two	separate	 regions	of	 the	brain	 (in	 the	picture	highlighted	 in	 red	and	
blue).	The	underlying	assumption	is	that	if	two	different	regions	show	similarities	in	their	BOLD	
signals	over	time,	they	are	functionally	connected	(Bijsterbosch	et	al.,	2017).	
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Data	processing	

Basic	functional	image	preprocessing	was	done	using	AFNI	(https://afni.nimh.nih.gov/)	

and	FSL	(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL).	First	steps	included	the	removal	of	

the	first	five	volumes	to	allow	magnetization	stabilization,	despiking,	motion	correction,	

brain	 extraction,	 grand-mean	 scaling,	 linear	 detrending,	 and	 temporal	 filtering	

(maintaining	frequencies	above	0.01	Hz).	

To	remove	the	effects	of	head	motion	and	other	non-neural	sources	of	signal	variation	

from	the	functional	data,	we	used	an	Independent	Component	Analysis	based	strategy	for	

Automatic	Removal	of	Motion	Artifacts	(ICA-AROMA)	(Pruim	et	al.,	2015).	 ICA-AROMA	

decomposes	the	data	via	ICA	and	automatically	identifies	which	of	these	components	are	

related	to	head	motion	by	using	four	robust	and	standardized	features.	As	quality	control	

measure	 to	 assess	 the	 efficacy	 of	 ICA-AROMA	 in	 reducing	 relationship	 between	 signal	

variation	and	motion,	we	performed	correlations	between	framewise	head	displacement	

(Power	et	 al.,	 2012)	and	overall	 signal	variation	 (defined	as	 the	voxel-wise	 root	mean	

square	 intensity	difference	between	 subsequent	 time	points)	 after	 regressing	 the	 ICA-

AROMA	 components.	 These	 two	 measures	 should	 not	 correlate	 significantly	 because	

signal	change	should	not	be	explained	by	head	motion.	Additionally,	average	WM	and	CSF	

signals	 obtained	 from	 the	 FreeSurfer	 masks,	 and	 six	 motion	 parameters	 were	 also	

regressed	out	of	the	functional	images.	Regarding	head	motion	parameters,	an	exclusion	

cut-off	was	established	for	mean	interframe	head	motion	at	≥0.3mm	translation	or	0.3°	

rotation;	and	for	maximum	interframe	head	motion	at	≥1mm	translation	or	1°	rotation.	

In	study	2,	one	HC	was	excluded	due	to	excessive	head	movement.	

After	preprocessing,	fMRI	data	needed	to	be	registered	to	a	common	standard	space	for	

group	analyses.	This	 step	was	done	at	 the	 subject	 level:	 first,	native	 functional	 images	

were	 linearly	 registered	 to	 their	 corresponding	 structural	 image;	 secondly,	 structural	

images,	 with	 better	 anatomical	 resolution,	 were	 registered	 to	 the	 MNI152	 standard	

template;	 thirdly,	 transformation	matrices	 from	the	previous	steps	were	concatenated,	

obtaining	a	 transformation	matrix	 to	register	 functional	 images	 to	 the	standard	space;	

finally,	 the	 combined	 transformation	 matrices	 were	 applied	 to	 the	 preprocessed	

functional	images	to	register	them	to	the	standard	MNI	space.	
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Functional	analyses	

Network-based	statistics	(NBS)	and	graph-derived	metrics	allow	studying	the	brain	as	a	

complex	 network	 characterizing	 the	 dynamic	 interactions	 between	 different	 brain	

regions	(Telesford	et	al.,	2011).	The	main	objective	in	study	2	was	to	characterize	whole-

brain	functional	connectivity	in	IRBD	using	these	approaches.	

Characterization	of	brain	functional	connectivity	

In	order	to	test	for	intergroup	differences	in	interregional	connectivity	between	IRBD	and	

HC,	we	used	Threshold-free	network-based	statistics	(TFNBS)	(Baggio	et	al.,	2018),		which	

performs	statistical	inference	on	brain	graphs.	This	approach	combines	NBS	(Zalesky	et	

al.,	 2010),	 frequently	 used	 for	 statistical	 analysis	 of	 brain	 graphs,	 and	 threshold-free	

cluster	enhancement,	a	 common	method	 in	voxel-wise	statistical	 inference	 (Smith	and	

Nichols,	2009).	One	of	the	main	characteristics	of	TFNBS	is	that	it	allows	generating	edge-

wise	significance	values	that	can	be	used	to	select	relevant	connectivity	features.	The	246	

regions	defined	 in	 the	Brainnetome	Atlas	 (https://atlas.brainnetome.org/bnatlas.html)	

were	used	 for	 the	 characterization	of	 global	 functional	 connectivity	 (Fan	 et	 al.,	 2016).	

Head	motion,	age,	and	sex	were	introduced	as	covariates	in	all	analyses.	

Graph-theory	connectivity	

The	 analysis	 of	 brain	 functional	 connectivity	 was	 complemented	 with	 topological	

information	derived	 from	graph	 theory,	allowing	a	description	of	global	 (whole-brain)	

and	 local	 (nodal)	properties	of	 the	network	 (Bullmore	and	Sporns,	2009;	Rubinov	and	

Sporns,	2010).	The	Brain	Connectivity	Toolbox	(BCT)	was	used	to	extract	the	topological	

parameters,	including	global	and	local	clustering	coefficient,	global	and	local	node	degree,	

“small-worldness”,	path	length,	local	efficiency	and	betweenness	centrality	(See	Figure	

30	and	refer	to	Rubinov	and	Sporns,	2010	for	detailed	definitions	and	calculations	of	the	

graph	metrics	 included	 in	 this	 work).	 Head	motion,	 age,	 and	 sex	 were	 introduced	 as	

covariates	 in	all	 analyses.	Given	 that	graph	metrics	were	computed	using	nine	density	

thresholds	(maintaining	the	5%	to	25%	strongest	edges,	at	intervals	of	2.5%),	only	those	

results	consistently	found	in	more	than	one	are	reported.	

Differences	between	HC	and	IRBD	in	connectivity	measures	were	tested	with	the	general	

lineal	model	using	in-house	MATLAB	scripts.	Statistical	significance	was	established	using	
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Monte	Carlo	simulations	with	10,000	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.		

 
 

 
Figure	30.	Measures	of	network	topology.	An	illustration	of	key	complex	network	measures	(in	
italics)	described	 in	Rubinov	and	Sporns	 (2010).	These	measures	are	 typically	based	on	basic	
properties	of	network	connectivity	 (in	bold	 type).	Thus,	measures	of	 integration	are	based	on	
shortest	path	lengths	(green),	while	measures	of	segregation	are	often	based	on	triangle	counts	
(blue)	 but	 also	 include	 more	 sophisticated	 decomposition	 into	 modules	 (ovals).	 Measures	 of	
centrality	may	be	based	on	node	degree	 (red)	or	on	 the	 length	 and	number	of	 shortest	paths	
between	nodes.	Hub	nodes	(black)	often	lie	on	a	high	number	of	shortest	paths	and	consequently	
often	have	high	betweenness	centrality.	Patterns	of	local	connectivity	are	quantified	by	network	
motifs	 (yellow).	 An	 example	 three-node	 and	 four-link	 anatomical	 motif	 contains	 six	 possible	
functional	motifs,	 of	which	 two	are	 shown—one	motif	 containing	dashed	 links,	 and	one	motif	
containing	crossed	links.	Text	and	figure	extracted	from	Rubinov	and	Sporns	(2010).	
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Supplementary	Material	1.		

	
	

Images	show	vertex-wise	cortical	 thickness	differences	between	HC	and	IRBD	patients	

when	age	and	sex	were	introduced	as	covariates.		Significant	clusters	are	highlighted	in	

warm	colors.	Results	after	FWE	correction	with	Monte	Carlo	simulation	and	threshold	at	

p	≤	0.05.		

Graphics	program:	Freeview	from	FreeSurfer	

(https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide)	and	edited	with	Microsoft	

PowerPoint®.	
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Supplementary Material 2. Hippocampal subfield volumes (mm3) 
 HC (n=27) IRBD (n=20) Test stat/p-value Effect size 

Right Hippocampal tail 514.4 (85.9) 475.9 (54.3) 3.819/0.057  
Right subiculum 429.1 (58.1) 400.0 (59.9) 3.316/0.075  
Right CA1 641.0 (79.3) 594.0 (73.2) 5.685/0.021 0.616 
Right hippocampal fissure 170.2 (25.5) 173.1 (26.9) 0.098/0.756  
Right presubiculum 289.1 (47.8) 276.7 (46.6) 1.071/0.306  
Right parasubiculum 60.8 (16.1) 65.0 (15.7) 0.665/0.419  

Right molecular layer HP 570.7 (73.9) 524.7 (68.6) 5.764/0.021 0.645 
Right granule cell of dentate gyrus 305.8 (41.1) 282.9 (37.8) 4.863/0.033 0.579 
Right CA2-CA3 227.1 (33.6) 211.2 (33.1) 3.025/0.089  
Right CA4 264.8 (33.5) 246.3 (29.5) 4.890/0.032 0.586 

Right fimbria 78.2 (25.7) 67.6 (27.2) 2.033/0.161  

Right HATA 59.8 (9.1) 56.4 (10.4) 1.951/0.169  

Abbreviations: HC, healthy controls; IRBD, idiopathic rapid eye movement sleep behavior 

disorder. General lineal model with estimated Total Intracranial Volume as a covariate was 

used, Cohen’s d effect size was computed for significant effects. Measures are presented as 

means (standard deviation). In bold highlighted those results that reached statistical 

significance. 
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Supplementary	material	1.	Brainnetome	atlas	nodes	and	corresponding	anatomical	regions.	
Cingulate	
CG_L(R)_7_1,	CG_L(R)_7_2,	CG_L(R)_7_3,	CG_L(R)_7_4,	CG_L(R)_7_5,	CG_L(R)_7_6,	CG_L(R)_7_7		
Frontal		
SFG_L(R)_7_1,	SFG_L(R)_7_2,	SFG_L(R)_7_3,	SFG_L(R)_7_4,	SFG_L(R)_7_5,	SFG_L(R)_7_6,	
SFG_L(R)_7_7,	MFG_L(R)_7_1,	MFG_L(R)_7_2,	MFG_L(R)_7_3,	MFG_L(R)_7_4,	MFG_L(R)_7_5,	
MFG_L(R)_7_6,	MFG_L(R)_7_7,	IFG_L(R)_6_1,	IFG_L(R)_6_2,	IFG_L(R)_6_3,	IFG_L(R)_6_4,	
IFG_L(R)_6_5,	IFG_L(R)_6_6,	OrG_L(R)_6_1,	OrG_L(R)_6_2,	OrG_L(R)_6_3,	OrG_L(R)_6_4,	
OrG_L(R)_6_5,	OrG_L(R)_6_6,	PrG_L(R)_6_1,	PrG_L(R)_6_2,	PrG_L(R)_6_3,	PrG_L(R)_6_4,	
PrG_L(R)_6_5,	PrG_L(R)_6_6,	PCL_L(R)_2_1,	PCL_L(R)_2_2			
Insula		
INS_L(R)_6_1,	INS_L(R)_6_2,	INS_L(R)_6_3,	INS_L(R)_6_4,	INS_L(R)_6_5,	INS_L(R)_6_6		
Medial	temporal		
FuG_L(R)_3_1,	FuG_L(R)_3_2,	FuG_L(R)_3_3,	PhG_L(R)_6_1,	PhG_L(R)_6_2,	PhG_L(R)_6_3,	
PhG_L(R)_6_4,	PhG_L(R)_6_5,	PhG_L(R)_6_6,	Amyg_L(R)_2_1,	Amyg_L(R)_2_2,	Hipp_L(R)_2_1,	
Hipp_L(R)_2_2		
Occipital		
MVOcC_L(R)_5_1,	MVOcC_L(R)_5_2,	MVOcC_L(R)_5_3,	MVOcC_L(R)_5_4,	MVOcC_L(R)_5_5,	
LOcC_L(R)_4_1,	LOcC_L(R)_4_2,	LOcC_L(R)_4_3,	LOcC_L(R)_4_4,	LOcC_L(R)_2_1,	LOcC_L(R)_2_2		
Parietal		
SPL_L(R)_5_1,	SPL_L(R)_5_2,	SPL_L(R)_5_3,	SPL_L(R)_5_4,	SPL_L(R)_5_5,	IPL_L(R)_6_1,	
IPL_L(R)_6_2,	IPL_L(R)_6_3,	IPL_L(R)_6_4,	IPL_L(R)_6_5,	IPL_L(R)_6_6,	Pcun_L(R)_4_1,	
Pcun_L(R)_4_2,	Pcun_L(R)_4_3,	Pcun_L(R)_4_4,	PoG_L(R)_4_1,	PoG_L(R)_4_2,	PoG_L(R)_4_3,	
PoG_L(R)_4_4		
Basal	ganglia		
BG_L(R)_6_1,	BG_L(R)_6_2,	BG_L(R)_6_3,	BG_L(R)_6_4,	BG_L(R)_6_5,	BG_L(R)_6_6		
Temporal		
STG_L(R)_6_1,	STG_L(R)_6_2,	STG_L(R)_6_3,	STG_L(R)_6_4,	STG_L(R)_6_5,	STG_L(R)_6_6,	
MTG_L(R)_4_1,	MTG_L(R)_4_2,	MTG_L(R)_4_3,	MTG_L(R)_4_4,	ITG_L(R)_7_1,	ITG_L(R)_7_2,	
ITG_L(R)_7_3,	ITG_L(R)_7_4,	ITG_L(R)_7_5,	ITG_L(R)_7_6,	ITG_L(R)_7_7,	pSTS(R)_2_1,	
pSTS_L(R)_2_2		
Thalamus		
Tha_L(R)_8_1,	Tha_L(R)_8_2,	Tha_L(R)_8_3,	Tha_L(R)_8_4,	Tha_L(R)_8_5,	Tha_L(R)_8_6,	
Tha_L(R)_8_7,	Tha_L(R)_8_8		
Abbreviations:	CG,	cingulate	gyrus;	SFG,	superior	frontal	gyrus;	MFG,	middle	frontal	gyrus;	IFG,	
inferior	 frontal	 gyrus;	 OrG,	 orbital	 gyrus;	 PrG,	 precentral	 gyrus;	 PCL,	 paracentral	 lobule;	 INS,	
insula;	FuG,	fusiform	gyrus;	PhG,	parahippocampal	gyrus;	Amyg,	amygdala;	Hipp,	hippocampus;	
MVOcC,	medioventral	occipital	cortex;	LOcC,	lateral	occipital	cortex;	SPL,	superior	parietal	lobule;	
IPL,	 inferior	 parietal	 lobule;	 Pcun,	 precuneus;	 PoG,	 postcentral	 gyrus;	 BG,	 basal	 ganglia;	 STG,	
superior	 temporal	 gyrus;	 MTG,	 middle	 temporal	 gyrus;	 ITG,	 inferior	 temporal	 gyrus;	 pSTS,	
posterior	superior	temporal	sulcus;	Tha,	thalamus.		
(see	also	http://cercor.oxfordjournals.org/content/26/8/3508.full.pdf).	
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Supplementary	material	2.	Node	pairs	that	showed	a	significant	reduction	in	IRBD	patients	

when	compared	with	HC.	(FWE	corrected,	P<0.05).	

POSTERIOR	NETWORK	(HC	>	IRBD)	
FuG_L_3_2	 IPL_L_6_1	

IPL_L_6_1	 IPL_L_6_5	

IPL_L_6_3	 IPL_R_6_4	

MVOcC_L_5_3	 LOcC	_L_4_3	

MVOcC_R_5_3	 LOcC	_L_4_3	

MVOcC_R_5_1	 LOcC	_L_4_4	

IPL_L_6_4	 LOcC	_L_4_4	

IPL_R_6_2	 LOcC	_L_4_4	

IPL_R_6_4	 LOcC	_L_4_4	

IPL_R_6_4	 Pcun_L_4_1	

IPL_R_6_6	 Pcun_L_4_1	

MVOcC_L_5_2	 Pcun_R_4_2	

MVOcC_L_5_4	 Pcun_R_4_2	

MVOcC_R_5_2	 Pcun_R_4_2	

LOcC	_L_4_4	 Pcun_R_4_2	

FuG_L_3_2	 Pcun_R_4_3	

Pcun_R_4_2	 Pcun_R_4_3	

MVOcC_L_5_1	 LOcC	_R_2_1	

MVOcC_L_5_3	 LOcC	_R_2_1	

MVOcC_R_5_1	 LOcC	_R_2_1	

LOcC	_L_4_2	 LOcC	_R_2_1	

LOcC	_L_4_3	 LOcC	_R_2_1	

LOcC	_L_4_4	 LOcC	_R_2_1	

MVOcC_L_5_2	 SPL_L_5_1	

MVOcC_L_5_3	 SPL_L_5_1	

FuG_L_3_2	 SPL_L_5_1	

IPL_L_6_4	 SPL_L_5_1	

IPL_R_6_5	 SPL_L_5_1	

Pcun_R_4_1	 SPL_L_5_1	

Pcun_R_4_2	 SPL_L_5_1	

Pcun_R_4_4	 SPL_L_5_1	

MVOcC_L_5_3	 SPL_L_5_2	

LOcC	_L_4_4	 SPL_L_5_2	

SPL_L_5_1	 SPL_L_5_2	

MVOcC_L_5_1	 SPL_L_5_4	

MVOcC_L_5_3	 SPL_L_5_4	

MVOcC_R_5_1	 SPL_L_5_4	

IPL_R_6_2	 SPL_L_5_4	

LOcC	_L_4_4	 SPL_L_5_4	

LOcC	_R_4_4	 SPL_L_5_4	

FuG_L_3_1	 SPL_R_5_1	

IPL_r_6_6	 SPL_R_5_2	

LOcC	_L_4_4	 SPL_R_5_2	

Pcun_R_4_2	 SPL_R_5_2	

SPL_L_5_4	 SPL_R_5_2	
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MVOcC_L_5_1	 SPL_R_5_3	

LOcC	_L_4_3	 SPL_R_5_3	

LOcC	_L_4_4	 SPL_R_5_3	

LOcC	_R_4_3	 SPL_R_5_3	

IPL_R_6_6	 SPL_R_5_4	

LOcC	_L_4_4	 SPL_R_5_5	

TFNBS	posterior	analysis	results,	controlling	for	age,	sex	and	motion.	Node	pairs	that	showed	a	
significant	reduction	 in	 IRBD	patients	when	compared	with	HC.	(FWE	corrected,	P<0.05).	FuG,	
fusiform	 gyrus;	HC,	 healthy	 controls;	 IPL,	 inferior	 parietal	 lobule;	 IRBD,	 Idiopathic	 REM	 sleep	
behavior	 disorder;	 LOcC,	 lateral	 occipital	 cortex;	MVOcC,	medioventral	 occipital	 cortex;	 Pcun,	
precuneus;	SPL,	superior	parietal	lobule.	
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Supplementary	Table	1.	Demographic	and	clinical	characteristics	of	PD	patients	and	HC		

	 PD	(n=97)	 HC	(n=65)	 Test	stats/P-value	

Age,	yrs.,	mean	(SD)	 65.6	(9.6)	 64.2	(11.1)	 1.28/.437a	

Education,	yrs.,	mean	(SD)	 11.4	(5.3)	 12.1	(4.5)	 .64/.429a	

Vocabulary	subtest,	mean	(SD)	 45.2	(9.1)	 45.2	(7.9)	 .04/.977	a	

Sex,	male,	n	(%)	 62	(63.9)	 32	(49.2)	 3.45/.063	b	

Smoking	status		

(nonsmoker/ex-smoker/smoker)	
60/6/30	 24/5/10	 1.77/.413	

Disease	duration,	yrs.,	mean	(SD)	 8.7	(5.9)	 NA	 NA	

Age	of	onset,	yrs.,	mean	(SD)	 56.7	(11.3)	 NA	 NA	

UPDRS-III,	mean	(SD)	 17.4	(9.5)	 NA	 NA	

Hoehn	&	Yahr	stage,	n	

1/1.5/2/2.5/3/4	
8/2/51/5/24/0	 NA	 NA	

LEDD,	mg,	mean	(SD)	 765.9	(452.2)	 NA	 NA	

Abbreviations:	HC,	healthy	controls;	LEDD,	L-DOPA	equivalent	daily	dose;	NA,	not	applicable;	PD,	

Parkinson’s	disease;	UPDRS	part	III,	Unified	Parkinson’s	Disease	Rating	Scale	motor	section.	Data	are	

presented	as	mean	(SD),	except	for	sex	(number	of	cases	and	percentage)	and	Hoehn	and	Yahr	staging	

(number	of	cases).	

a. Independent	Student’s	t-tests	were	used	for	continuous	variables	when	comparing	HC	with	all	PD	

patients.	

b. Pearson’s	chi-squared	tests	were	used	for	categorical	variables.	
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Supplementary	table	2.	Olfactory	measures	in	PD	and	HC.	

	 PD	(n=97)	 HC	(n=65)	
Test	stats/	

P-value	

Effect	

size	

UPSIT-40	 18.6	(6.8)	 29.8	(4.2)	 11.96/<.001	a	 0.69	

Olfactory	status	according	to	UPSIT-40	normative	data,	n	(%)	 	

	Normosmia	 2	(2.1)	 9	(13.8)	 	 	

	Mild	hyposmia	 4	(4.1)	 25	(38.5)	 	 	

	Moderate	hyposmia		 12	(12.4)	 22	(33.8)	 80.97/<.001b	 	

	Severe	hyposmia	 26	(26.8)	 9	(13.8)	 	 	

	Anosmia	 53	(54.6)	 0	(0)	 	 	

Abbreviations:	 HC,	 healthy	 controls;	 PD,	 Parkinson’s	 disease;	 UPSIT-40,	 University	 of	

Pennsylvania	Smell	Identification	Test.	Data	are	presented	as	mean	(SD)	or	n	(%).		

a. Independent	t-tests	were	used	for	continuous	variables	when	comparing	HC	with	

all	PD	patients.	

b. Pearson’s	chi-squared	tests	were	used	for	categorical	variables.	
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Supplementary	 material	 1.	 Percentage	 of	 normosmics,	 hyposmics	 and	 anosmics	

according	to	olfactory	tests	

	
	

Abbreviations:	Sniffin,	Bughart	Sniffin’	Sticks	extended	test;	UPSIT, University	of	Pennsylvania	

Smell	Identification	Test
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Supplementary	material	3.	ROC	curves	for	each	olfactory	measure.	
	

 
Abbreviations:	AUC,	Area	under	the	curve;	Sniffin,	Bughart	Sniffin’	Sticks	extended	test;	Sniffin-D,	

Sniffin	Discrimination;	 Sniffin-I,	 Sniffin	 Identification;	 Sniffin-Total,	 Sniffin	Total	 score;	 Sniffin-

Thr,	Sniffin	Threshold;	UPSIT,	University	of	Pennsylvania	Smell	 Identification	Test.	AUC	values	

comparisons	 only	 showed	 significant	 differences	 between	 UPSIT	 and	 Sniffin-Thr	 (t=2.082;	

p=.037).	
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Background:	Idiopathic	Rapid	eye	movement	sleep	behavior	disorder	(IRBD)	is	recognized	as	the	
prodromal	 stage	 of	 the	 alpha-Synucleinopathies.	 Although	 some	 studies	 have	 addressed	 the	

characterization	of	brain	structure	in	IRBD,	little	is	known	about	its	progression.	Objective:	The	
present	work	aims	at	 further	characterizing	cortical	gray	matter	progression	throughout	IRBD	

relative	 to	 normal	 aging	 and	 investigating	 how	 these	 changes	 are	 associated	 with	 cognitive	

decline.	 Methods:	 Fourteen	 patients	 with	 polysomnography-confirmed	 IRBD	 and	 18	 age-
matched	healthy	controls	(HC)	underwent	neuropsychological,	and	T1-weighted	MRI	at	baseline	

and	follow-up.	We	compared	the	evolution	of	cortical	thickness	(CTh)	and	cognitive	performance	

in	IRBD	and	HC	after	a	mean	of	1.6	years.	FreeSurfer	was	used	for	CTh	preprocessing	and	analyses.	

The	 symmetrized	 percent	 of	 change	 (SPC)	 of	 the	 CTh	 was	 correlated	 with	 the	 SPC	 of	

neuropsychological	 performance.	 Results:	 IRBD	 and	 HC	 differed	 significantly	 in	 the	 cortical	
thinning	progression	in	regions	encompassing	bilateral	superior	parietal	and	precuneus,	the	right	

cuneus,	the	left	occipital	pole	and	lateral	orbitofrontal	gyri	(FWE	corrected,	p<0.05).	The	Visual	

form	discrimination	test	showed	worse	progression	in	the	IRBD	relative	to	HC,	that	was	associated	

with	 gray	 matter	 loss	 in	 the	 right	 superior	 parietal	 and	 the	 left	 precuneus	 (FWE	 corrected,	

p<0.05).	 Conclusion:	 Progression	 in	 IRBD	 patients	 is	 characterized	 by	 parieto-occipital	 and	
orbitofrontal	 thinning	 and	 visuospatial	 loss.	 The	 cognitive	 decline	 in	 IRBD	 is	 associated	with	

degeneration	in	parietal	regions.	

	

	

	

Keywords:	 IRBD,	 Cortical	 thickness,	 Longitudinal	 data,	 Visuospatial	 functions,	 Parkinson’s	

disease.

Under	review	



 

  170 

	

	

	

	

1. Introduction	

There	 is	 growing	 evidence	 supporting	 that	

idiopathic	 Rapid	 eye	 movement	 (REM)	 sleep	

behavior	 disorder	 (IRBD)	 is	 a	 prodromal	

symptom	 of	 alpha-Synucleinopathies	 such	 as	

Parkinson’s	 disease	 (PD)	 and	 dementia	 with	

Lewy	bodies	(DLB)	as	well	as	multiple	system	

atrophy.	A	recent	multicentric	study	involving	

1280	 IRBD	 patients	 found	 that	 the	 overall	

conversion	rate	to	an	overt	neurodegenerative	

disease	 was	 6.3%	 per	 year,	 with	 73.5%	

converting	 after	 12-year	 follow-up	 (Postuma	

et	al.,	2019).		

To	 date,	 there	 is	 a	 considerable	 amount	 of	

neuroimaging	 research	 showing	 structural	

(Campabadal	 et	 al.,	 2019b;	 De	 Marzi	 et	 al.,	

2016;	 Ehrminger	 et	 al.,	 2016;	 Ellmore	 et	 al.,	

2010;	 Hanyu	 et	 al.,	 2012;	 Ohlhauser	 et	 al.,	

2019;	 Park	 et	 al.,	 2018;	 Pereira	 et	 al.,	 2019;	

Pyatigorskaya	et	al.,	2017;	Rahayel	et	al.,	2015,	

2018a,	2018b;	Scherfler	et	al.,	2011;	Unger	et	

al.,	 2010)	 and	 functional	 (Byun	 et	 al.,	 2020;	

Campabadal	et	al.,	2020;	Dayan	and	Browner,	

2017;	 Ellmore	 et	 al.,	 2013;	 Park	 et	 al.,	 2018;	

Rolinski	 et	 al.,	 2016)	 abnormalities	 in	 IRBD	

patients	using	MRI.	Most	importantly,	owing	to	

all	these	works,	there	is		strong	evidence	that	

brain	 changes	 relate	 to	 cognitive	 impairment	

(Byun	 et	 al.,	 2020;	 Campabadal	 et	 al.,	 2020;	

Pereira	 et	 al.,	 2019;	 Rahayel	 et	 al.,	 2018b;	

Vendette	 et	 al.,	 2012)	 and	 olfactory	 	 loss		

(Campabadal	et	al.,	2019a;	Pereira	et	al.,	2019;	

Rahayel	 et	 al.,	 2018b;	 Vendette	 et	 al.,	 2011).	

Nevertheless,	 few	 researchers	 have	

investigated	 how	 the	 disease	 progression	

affects	brain	structure	and	 function,	and	how	

these	 changes	 are	 associated	 with	 cognitive	

decline.	 Previous	 longitudinal	 investigations	

have	 focused	 on	 metabolic	 prognostic	

biomarkers	in	IRBD.	In	this	sense,	reduced	DAT	

binding	 in	 the	 striatum	 (Iranzo	 et	 al.,	 2017),	

increased	hippocampal	perfusion	(Dang-Vu	et	

al.,	2012)	abnormalities	in	PD	related	pattern	

expression	(Holtbernd	et	al.,	2014;	Yoon	et	al.,	

2019),	and	hyperechogenicity	of	the	substantia	

nigra	(Iranzo	et	al.,	2010)	were	found	to	be	able	

to	predict	 phenoconversion	 in	 IRBD	patients.	

As	 for	 studies	 focused	 on	 structural	

progression,	a	recent	work	reported	that	IRBD	

patients	that	eventually	convert	to	Lewy	body	

disease	 had	 widespread	 thinning	 in	 the	 left	

superior	 frontal,	 right	 precentral	 and	 lateral	

occipital	 gyri	 compared	 to	 non-converters	

(Pereira	 et	 al.,	 2019).	 This	 study	 found	 that	

converters	 had	 widespread	 cortical	 loss	 in	

frontal,	 precentral	 and	 occipital	 regions	

compared	 to	 HC	 (Pereira	 et	 al.,	 2019).		

However,	 the	 lack	 of	 MRI	 follow-up	 for	 the	

control	 group	 precludes	 to	 discard	 the	 aging	

effects	on	brain	changes.	

Within	 this	 framework,	 the	 objectives	 of	 the	

current	work	were	(1)	 to	address	differential	

progressive	 cortical	 degeneration	 between	

IRBD	 and	 normal	 aging,	 (2)	 to	 study	 the	

changes	 over	 time	 in	 cognitive	 functions	 in	

IRBD	 and	 their	 relationship	with	 progressive	

cortical	 thinning.	We	 hypothesized	 that	 both	

healthy	 individuals	 and	 IRBD	 patients	would	

show	 an	 aging-related	 progressive	 decline,	

with	 larger	 degeneration	 in	 IRBD	 given	 that	

this	 parasomnia	 is	 considered	 part	 of	 the	

prodromal	phase	of	the	Synucleinopathies	PD	

and	DLB.	

	

Highlights	

• Cortical	degeneration	over	time	in	IRBD	patients	is	larger	than	in	normal	aging. 

• IRBD	patients	have	progressive	parieto-occipital	and	orbitofrontal	thinning. 

• Visuospatial	decline	in	IRBD	is	associated	with	degeneration	in	parietal	regions. 
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2.	 Material	and	methods	

2.1.	 Participants	

The	 study	 sample	 included	 14	 patients	 with	

IRBD	and	18	healthy	subjects	who	underwent	

neuropsychological	and	MRI	evaluation	at	two	

different	time-points;	at	baseline	and	after	1.6	

±	0.3	years	for	patients	and	1.6	±	0.2	years	for	

controls	 of	 follow-up	 (t=.807;	 p=.426).	 All	

participants	 are	 part	 of	 a	 longitudinal	 cohort	

recruited	 between	 2015	 and	 2017	

(Campabadal	 et	 al.,	 2019b).	 IRBD	 patients	

were	recruited	from	our	sleep	disorders	center	

and	none	of	them	developed	parkinsonism	or	

reported	 cognitive	 complaints	 during	 the	

follow-up.	 Inclusion	 criteria	 for	 IRBD	patient,	

at	baseline	and	at	the	time	of	second	evaluation	

were:	[1]	no	cognitive	or	motor	complaints	at	

the	 time	 of	 diagnosis	 [2]	 a	 history	 of	 dream-

enacting	 behaviors,	 video-polysomnographic	

demonstration	 of	 REM	 sleep	 without	 atonia;	

[3]	 absence	 of	 other	 neurological	 diseases	

(Boeve,	 2010;	 Iranzo	 et	 al.,	 2006).	 Healthy	

subjects	 did	 not	 show	 cognitive,	 motor,	 or	

sleep	complaints	and	were	recruited	from	the	

Institut	de	l’Envelliment	(Barcelona,	Spain).	

Exclusion	 criteria	 were:	 [1]	 Presence	 of	

psychiatric	and/or	neurologic	comorbidity;	[2]	

low	 global	 IQ	 score	 estimated	 by	 the	

Vocabulary	 subtest	 of	 the	 Wechsler	 Adult	

Intelligence	Scale,	3rd	edition	(scalar	score	≤7	

points);	 [3]	 MMSE	 score	 <25	 at	 baseline,	 [4]	

claustrophobia;	 [5]	 MRI	 movement	 artifacts;	

and	 [6]	 evidence	 in	 HC	 of	 sleep	 disorders	 or	

mild	cognitive	impairment.		

The	 study	 was	 approved	 by	 the	 Ethics	

Committee	 of	 the	 University	 of	 Barcelona	

(IRB00003099)	 and	 Hospital	 Clinic	

(HCB/2014/0224).	 All	 subjects	 provided	

written	 informed	 consent	 to	 participate	 after	

full	explanation	of	the	procedures	involved.		

2.2.	 Neuropsychological	assessment	

Participants	 were	 evaluated	 with	 the	 same	

neuropsychological	 battery	 at	 both	 time	

points.	 Attention	 and	working	memory	 were	

assessed	 with	 the	 Trail	 Making	 Test	 (TMT,	

parts	 A	 and	 B)	 (in	 seconds),	 Digit	 Span	

Forward	and	Backward,	the	Stroop	Color-word	

Test,	 and	 the	 Symbol	 Digits	 Modalities	 Test	

(SDMT)-Oral	 version.	 Executive	 functions	

were	 evaluated	 with	 phonetic	 (words	

beginning	 with	 the	 letter	 “p”	 in	 1	 min)	 and	

semantic	 (animals	 in	 1	 min)	 fluencies.	

Language	was	assessed	by	the	total	number	of	

correct	 responses	 in	 the	 short	 version	 of	 the	

Boston	 Naming	 Test	 (BNT).	 In	 the	 memory	

domain,	we	assessed	total	learning	recall	(sum	

of	 correct	 responses	 from	 trial	 I	 to	 trial	 V)	

(RAVLT).	 Visuospatial	 and	 visuoperceptual	

(VS/VP)	 functions	 were	 assessed	 with	

Benton’s	 Judgement	 of	 Line	 Orientation	

(BJLO),	Visual	Form	Discrimination	(VFD)	and	

Facial	Recognition	(FRT)	tests	(Lezak,	2012).	

2.3.	 MRI	 acquisition	 and	 Cortical	 thickness	
preprocessing	

MRI	 data	 were	 acquired	 with	 a	 3T	 scanner	

(MAGNETOM	Trio,	Siemens,	Germany)	at	both	

times.	 The	 scanning	 protocol	 included	 high-

resolution	3-dimensional	T1-weighted	images	

acquired	 in	 the	 sagittal	 plane	 (TR=2300	 ms,	

TE=2.98	ms,	TI=900	ms,	240	slices,	FOV=256	

mm,	1-mm	isotropic	voxel)	and	an	axial	FLAIR	

sequence	(TR	=	9000	ms,	TE	=	96	ms).	

Cross-sectional	preprocessing	was	performed	

using	 the	 automated	 FreeSurfer	 stream	

(version	 5.1;	 available	 at:	

http://surfer.nmr.harvard.edu).	 After	

processing	 each	 subject	 cross-sectionally,	 in	

order	 to	perform	the	 longitudinal	analyses	of	

the	data,	within-subject	templates	(Reuter	and	

Fischl,	 2011)	 and	 the	 corresponding	

longitudinal	 files	 were	 created	 for	 each	 time	

point	 and	 subject.	 Briefly,	 a	 template	 volume	

for	each	subject,	using	information	from	all	of	

their	time	points,	and	an	average	image	were	

created	 using	 robust,	 inverse,	 consistent	

registration	 (Reuter	 et	 al.,	 2010).	 All	 time	

points	 were	 constructed	 through	 unbiased	

mean	 images	 and	 later	 aligned.	 After	

registration	 and	 creation	 of	 the	 templates,	
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images	 from	 all	 time	 points	were	mapped	 to	

the	 template	 location	 and	 averaged	 and	

processed	 with	 the	 default	 cross-sectional	

stream.	 The	 symmetrized	 percent	 change	

(SPC)	 was	 used	 for	 longitudinal	 analyses	 of	

cortical	thickness.	Cortical	thickness	SPC	is	the	

rate	 in	mm/year	with	 respect	 to	 the	 average	

thickness	 [(Thickness	 at	 time	 point	 1	 –	

Thickness	 at	 time	 point	 2)/Interval	 between	

assessments)]/[0.5*(Thickness	at	time	point	1	

+	 Thickness	 at	 time	 point	 2)].	 In	 aging	 or	

disease,	SPC	is	expected	to	be	negative	in	most	

regions	

(https://surfer.nmr.mgh.harvard.edu/fswiki/

LongitudinalTwoStageModel).		

2.4.	 Olfactory	assessment	

Olfactory	identification	was	assessed	using	the	

Spanish	 version	 of	 the	 University	 of	

Pennsylvania	Smell	Identification	Test	(UPSIT)	

(Doty	 et	 al.,	 1995).	 Specific	 exclusion	 criteria	

for	the	olfaction	test	were:	[1]	history	of	nasal	

bone	fracture,	[2]	diagnosis	of	rhinitis	or	nasal	

polyps,	 and	 [3]	 upper	 respiratory	 tract	

infections	in	the	two	weeks	prior	to	testing.		

2.5.	 Motor	assessment	

Presence	 of	 motor	 symptoms	 was	 evaluated	

using	 the	 International	 Parkinson	 and	

Movement	 Disorders	 Society	 Unified	

Parkinson's	Disease	Rating	Scale	motor	section	

(MDS-UPDRS-III).	

2.6.	 Statistical	analyses	

Group	 differences	 between	 HC	 and	 IRBD	 at	

baseline	were	analyzed	using	two-sample	test	

and	 Pearson’s	 chi-squared	 test.	 For	

longitudinal	neuropsychological	and	olfactory	

variables,	 repeated	 measures	 general	 linear	

model	 was	 used	 to	 assess	 group	 differences	

over	time	in	quantitative	variables	with	sex	as	

a	covariate.	

Comparisons	 between	 groups	 in	 the	 cortical	

thickness	SPC	were	performed	using	a	vertex-

by-vertex	general	linear	model.	Time	effects	in	

both	 groups	 and	 group-by-time	 interaction	

effects	were	computed,	SPC	was	included	as	a	

dependent	factor	and	group	as	an	independent	

factor.	Regression	models	 included	SPC	as	an	

independent	 factor	 and	 cognitive	 scores	 as	

dependent	 factors.	 Sex	 was	 introduced	 as	 a	

covariate	 in	 all	 analyses.	 In	 order	 to	 avoid	

clusters	appearing	significant	purely	by	chance	

(i.e.,	 false	 positives),	 Monte	 Carlo	 null-Z	

simulation	with	10,000	iterations	was	applied	

to	 cortical	 thickness	 maps	 to	 provide	

clusterwise	 correction	 for	 multiple	

comparisons.	 Simulation	 was	 applied	 for	

negative	time	effects	(time	2	<	time	1)	in	each	

group,	 on	 all	 other	 models,	 simulation	 was	

applied	 for	 absolute	 results.	 Results	 were	

thresholded	at	a	corrected	p	value	of	0.05.	

3.	 Results	

3.1.	 Neuropsychological	changes	

Sociodemographic	 and	 clinical	 data	 of	

participants	 at	 baseline	 are	 summarized	 in	

Table	 1.	 No	 significant	 differences	 between	

groups	 were	 found	 in	 age,	 education	 or	 the	

interval	between	assessments.	Groups	differed	

significantly	 in	 sex	 (X2=5.039;	 P=0.025),	 as	

men	were	more	 common	 in	 the	 IRBD	 group,	

and	for	this	reason	this	variable	was	entered	as	

a	covariate	in	all	analyses.		

The	 longitudinal	 evolution	 of	 cognitive	 and	

olfactory	performance	is	summarized	in	Table	

2.	 Significant	 group	 differences	 between	

patients	 and	 HC	 were	 found	 in	 several	

measures,	 namely	MMSE,	 VFD,	 JLO,	 semantic	

fluency,	 RAVLT,	 Stroop	 measures,	 SDMT,	

TMTA,	 TMTB	 and	 BNT	 (see	 Table	 2,	 for	

detailed	statistical	data).	Significant	group-by-

time	 interaction	 was	 seen	 in	 VFD	 test	 with	

worse	progression	in	the	IRBD	group	relative	

to	HC	(F=	12.76;	p<0.001)	(Table	2).
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Table	1.	Demographic	and	clinical	data	of	the	participants	at	baseline	
	 IRBD	(n=14)	 HC	(n=18)	 Test	stat/p	

Age,	years	 70.1	(6.9)	 68.3	(7.5)	 -0.699/0.49	
Education,	years	 10.1	(5.1)	 10.9	(4.2)	 0.503/0.62	
Sex	(male/female)		 11/3	 7/11	 5.039/0.03	
Disease	duration	 3.2	(3.4)	 - 	 - 	
MDS-UPDRS-III	 2.4	(2.1)	 - 	 - 	

Abbreviations:	HC,	healthy	controls;	IRBD,	idiopathic	rapid	eye	movement	sleep	behavior	disorder;	MDS-
UPDRS-III,	Movement	Disorder	Society	Unified	Parkinson’s	Disease	Rating	Scale	motor	section.	Measures	
are	presented	as	mean	(standard	deviation).	Group	differences	between	HC	and	IRBD	were	analyzed	using	
two-sample	 test.	 Differences	 in	 categorical	 variables	 were	 analyzed	 with	 Pearson’s	 chi-squared	 test.	
Measures	are	presented	as	mean	(standard	deviation)	for	continuous	variables.		
	
	
Only	this	test	evidenced	the	clinically	relevant	

cognitive	 decline	 in	 IRBD.	 Specifically,	 69.2%	

of	 the	 IRBD	 patients	 presented	 a	 worsening	

greater	 than	 1.5	 standard	 deviation	 (SD)	 in	

VFD	 performance	 in	 comparison	 to	 baseline	

scores,	while	non-healthy	individual	had	such	

a	 loss	 in	 this	 test	 (X2=	 6.036;	 P=0.014).	

Olfactory	identification	was	impaired	in	IRBD	

relative	 to	HC	(F=	29.4;	P<0.001),	but	we	did	

not	find	decline	across	time.	

3.2.	 Cortical	thickness	evolution	

Cortical	 thickness	analysis	 revealed	 that	both	

groups	had	significant	progressive	GM	decline	

over	time	(Fig.	1A	and	Table	3	show	the	time	

effect	 for	 each	 group).	 In	 IRBD,	 cortical	

thinning	 was	 found	 in	 both	 hemispheres	

involving	mainly	the	parietal	cortices,	but	also	

frontal	 and	 occipital	 regions.	 Specifically,	

cortical	GM	loss	was	found	in	the	superior	and	

inferior	 parietal	 lobes,	 cuneus,	 precuneus,	

precentral	and	postcentral	gyri,	the	left	lateral	

occipital	 and	 orbitofrontal	 cortices	 and	 the	

right	 rostral	 middle	 frontal	 gyrus	 (FWE	

corrected,	p-value<0.05).	 In	controls,	changes	

were	 seen	 in	 the	 left	 pars	 triangularis,	

supramarginal	 gyrus	 and	 precuneus.	 As	

illustrated	 in	 Fig.	 1B	 and	 Table	 3,	 significant	

group-by-time	 interactions	 were	 found	

between	groups;	in	comparison	with	HC,	IRBD	

patients	 exhibited	 significantly	 greater	

progressive	 cortical	 thinning	 encompassing	

the	bilateral	superior	parietal	and	precuneus,	

the	 right	 cuneus,	 the	 left	 occipital	 pole	 and	

lateral	 orbitofrontal	 gyri	 (FWE	 corrected,	 p-

value<0.05).	

3.3.	 Correlates	of	VFD	changes	

To	assess	the	clinical	relevance	of	VFD	decline	

in	IRBD	patients,	we	investigated	its	structural	

correlates.	 Whole-brain	 analyses	 showed	

significant	 correlations	 between	 changes	 in	

VFD	over	time	and	cortical	thinning	in	the	right	

superior	parietal	and	the	left	precuneus	(FWE	

corrected,	p-value<0.05)	(Fig.	2	and	Table	3).	

4.	 Discussion	

In	 the	present	study,	we	aimed	to	 investigate	

the	 progression	 of	 cortical	 thinning	 in	 IRBD	

relative	to	healthy	individuals,	and	how	these	

changes	relate	to	cognitive	decline.	As	far	as	we	

know,	 this	 is	 the	 first	 longitudinal	 work	

reporting	 gray	 matter	 loss	 and	 progressive	

worsening	 in	 visual	 discrimination	

performance	 in	 IRBD	 compared	 to	 normal	

aging.	 It	 is	 worth	 noting,	 that	 structural	 and	

cognitive	changes	are	identified	even	in	a	short	

interval	of	less	than	two	years.	
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Table	2.	Neuropsychological	decline	over	time	in	IRBD	and	HC	

Abbreviations:	BJLO,	Benton’s	 Judgment	 of	 Line	Orientation	 test;	BNT,	Boston	Naming	Test;	 FRT	Short,	
Facial	 Recognition	 test	 short	 form;	 HC,	 healthy	 controls;	 IRBD,	 idiopathic	 rapid	 eye	 movement	 sleep	
behavior	disorder;	MMSE,	Mini-mental	state	examination;	RAVLT,	Rey’s	Auditory	Verbal	Learning	Test	sum	
of	correct	responses	from	trial	I	to	trial	V;	SDMT,	Symbol	Digits	Modalities	Test;	Stroop	W,	Stroop	Word;	
Stroop	C,	Stroop	Color;	Stroop	WC,	Stroop	Word-Color;	TMTA,	Trail	Making	Test	part	A;	TMTB,	Trail	Making	
Test	 part	 B;	 UPSIT,	 The	 University	 of	 Pennsylvania	 Smell	 Identification	 Test;	 VFD,	 Visual	 Form	
Discrimination.	Repeated	measures	general	linear	model	was	used	to	assess	group	differences	over	time	
with	sex	as	a	covariate.	Measures	are	presented	as	mean	(standard	deviation).	

We	 found	 significant	 group	 effect	 in	 several	

neuropsychological	 tests.	 Similar	 to	 previous	

studies	we	identify	deficits		in	verbal	learning	

(Gagnon	et	al.,	2009;	Massicotte-Marquez	et	al.,	

2008),	 semantic	 fluency	(Gagnon	et	al.,	2009;	

Massicotte-Marquez	 et	 al.,	 2008),	 mental	

processing	 speed	 (Pereira	 et	 al.,	 2019),	

attention	 and	 executive	 functions	 (Delazer	 et	

al.,	2012;	Ferini-Strambi	et	al.,	2004;	Gagnon	et	

al.,	 2009;	 Massicotte-Marquez	 et	 al.,	 2008;	

Terzaghi	 et	 al.,	 2013a).	 We	 also	 observed	

impaired	 VS/VP	 functions,	 similarly	 to	 the	

findings	 in	 PD	 and	 DLB	 (Garcia-Diaz	 et	 al.,	

2018a;	Mori	 et	 al.,	 2000;	Pereira	et	 al.,	 2009;	

Ramírez-Ruiz	et	al.,	2006;	Segura	et	al.,	2014;	

Tiraboschi	 et	 al.,	 2006).	 As	 for	 the	 cognitive	

decline	 over	 IRBD,	 there	 is	 still	 considerable	

uncertainty.	 Previous	 longitudinal	 studies	

including	follow-up	data	for	IRBD	and	healthy	

individuals,	 did	 not	 report	 an	 interaction	

between	 group	 and	 time,	 so	 the	 aging	 effect	

could	 not	 be	 ruled	 out	 (Fantini	 et	 al.,	 2011;	

Terzaghi	et	al.,	2013b;	Youn	et	al.,	2016).	In	the	

current	work,	after	a	short	period	of	time,	we	

found	 cognitive	 decline	 in	 IRBD	 relative	 to	

normal	 aging.	 Particularly,	we	 identified	VFD	

progressive	 worsening,	 again	 in	 agreement	

with	 VS/VP	 findings	 in	 PD	 and	 DLB	 (Garcia-

Diaz	et	al.,	2018a;	Mori	et	al.,	2000;	Pereira	et	

al.,	2009;	Ramírez-Ruiz	et	al.,	2006;	Segura	et	

al.,	2014;	Tiraboschi	et	al.,	2006).	
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Figure 1. Vertex-wise	symmetrized	percent	change	(SPC)	in	cortical	thickness.	A.	Time	effect	for	IRBD	and	
HC	group,	cold	colors	represent	negative	SPC	(GM	loss	across	time);	B.	Group-by-time	interaction,	warm	
colors	depict	those	regions	were	IRBD	present	reduced	SPC	in	comparison	with	HC	over	the	course	of	the	
study.	 Results	 were	 obtained	 using	 Monte	 Carlo	 simulation	 with	 10,000	 iterations	 applied	 to	 cortical	
thickness	 maps	 to	 provide	 cluster-wise	 correction	 for	 multiple	 comparisons	 (FWE	 corrected,	 p-value	
<0.05).	 Simulation	was	 applied	 for	 negative	 time	 effects	 (time	 2	 <	 time	 1),	whereas,	 on	 group-by-time	
contrast,	 simulation	was	 applied	 for	 absolute	 results.	 Sex	was	 used	 as	 a	 covariate.	 Abbreviations:	 	 HC,	
healthy	controls;	IRBD,	idiopathic	REM	sleep	behavior	disorder;	L,		left;	R,	right.	
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Figure	2.	Correlates	of	VFD	changes.	Vertex-wise	
symmetrized	 percent	 change	 (SPC)	 in	 cortical	
thickness	 correlations	 with	 SPC	 Visual	 form	
Discrimination	 (VFD)	 scores	 in	 IRBD	 group.	 Sex	
was	 used	 as	 a	 covariate.	 The	 scale	 bar	 shows	 P	
values	(FWE	corrected,	p-value	<0.05).	

MRI	 data	 evidenced	 aging-related	 structural	

changes	 in	 both	 groups	 with	 common	

thinning	 in	 the	 left	 precuneus	 and	 inferior	

parietal	regions	but	with	a	larger	widespread	

frontal	 and	 parieto-occipital	 progression	 in	

IRBD.	Cortical	thickness	is	a	sensitive	measure	

to	detect	 time	effect	 in	normal	aging	and	PD	

(Uribe	et	al.,	2019),	and	likewise,	it	seems	to	

be	 useful	 to	 track	 gray	 matter	 loss	 in	 IRBD	

patients	even	 in	a	short	 interval	of	 less	 than	

two	 years.	 Indeed,	when	we	 compared	 both	

groups’	cortical	thinning	pattern	across	time,	

we	 confirm	 the	 larger	 degeneration	 in	 IRBD	

relative	 to	 healthy	 individuals	 bilaterally	 in	

the	superior	parietal	and	precuneus,	the	right	

cuneus,	 the	 left	 occipital	 pole	 and	 a	 cluster	

involving	 the	 left	 lateral	 orbitofrontal	 and	

frontopolar	 cortices.	 As	 stated	 in	 the	

introduction,	 there	 is	 no	 previous	 research	

investigating	brain	changes	in	IRBD	over	time	

compared	 to	 normal	 aging.	 It	 is	 interesting	

noting	 that	 already	 in	 our	 cross-sectional	

study	 superior	 parietal	 thinning	 was	

identified	in	these	patients	(Campabadal	et	al.,	

2019b),	with	our	current	results,	we	highlight	

the	 involvement	 of	 parietal	 regions	 in	 the	

progression	 of	 IRBD.	 This	 predominantly	

posterior	 cortical	 pattern	 is	 similar	 to	

previous	findings	in	PD	and	DLB	(Delli	Pizzi	et	

al.,	2014;	Ramírez-Ruiz	et	al.,	2007;	Segura	et	

al.,	2014;	Uribe	et	al.,	2016).		

Cortical	 degeneration	 was	 also	 observed	 in	

left	 lateral	 orbitofrontal	 and	 frontopolar	

cortex.	These	regions	have	an	important	role	

in	 complex	 cognitive	 processes,	 namely	

planning,	 introspection	and	problem	solving.	

In	PD,	orbitofrontal	cortex	is	associated	with	

decision-making	and	recognition	of	emotions	

(Ibarretxe-Bilbao	 et	 al.,	 2009).	 Despite	 we	

found	executive	dysfunction	compared	to	HC,	

no	 decline	 was	 found	 across	 time,	 which	

might	be	explained	by	the	fact	that	the	current	

neuropsychological	 assessment	 did	 not	

evaluate	 specifically	 orbitofrontal	 functions.	

On	the	other	hand,	orbitofrontal	regions	have	

also	 been	 associated	 with	 olfactory	

dysfunction	 in	 IRBD	 (Campabadal	 et	 al.,	

2019a;	Pereira	et	al.,	2019)	and	PD	(Ibarretxe-

Bilbao	 et	 al.,	 2010).	 Nonetheless,	 despite	

finding	 olfactory	 identification	 deficits	 in	

IRBD	relative	to	healthy	controls,	our	results	

did	not	show	decline	over	the	disease	course.	

In	 the	 same	 line,	 after	 a	 4-year	 follow-up,	

olfactory	decline	in	IRBD	(Iranzo	et	al.,	2013)	

and	PD	patients	(Campabadal	et	al.,	2017)	was	

similar	 to	 that	 observed	 in	 healthy	 elder	

controls.	 Iranzo	 et	 al.	 (2013)	 hypothesized	

that	 the	 absence	 of	 longitudinal	 changes	 in	

IRBD	might	be	explained	by	a	 floor	 effect	 in	

olfactory	 loss	 reached	 at	 early	 stages	 of	 the	

disease,	suggesting	that	the	smell	 function	is	

already	compromised	 in	 IRBD	(Iranzo,	et	al.,	

2013).	
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Table	3.	Differences	between	HC	and	IRBD	patients	in	cortical	thickness

Abbreviations:	 HC,	 healthy	 controls;	 IRBD,	 idiopathic	 rapid	 eye	 movement	 sleep	 behavior	
disorder;	 LH,	 left	 hemisphere;	 RH,	 right	 hemisphere;	 VFD,	 Visual	 Form	 Discrimination.	 All	
analyses	are	covariated	by	sex.	Results	after	FWE	correction	with	Monte	Carlo	simulation	and	
threshold	at	p	≤	0.05

Our	 study	 provides	 new	 evidence	 for	

neuroanatomical	 substrate	 of	 progressive	

worsening	in	IRBD	cognition.	In	particular,	we	

established	that	visual	discrimination	changes	

over	time	are	related	to	progressive	reductions	

in	 bilateral	 superior	 parietal	 cortical	 regions.	

As	 far	 as	we	 are	 aware,	 the	 neuroanatomical	

basis	of	cognitive	dysfunction	in	IRBD	has	only	

been	 studied	 cross-sectionally	 (Pereira	 et	 al.,	

2019;	 Rahayel	 et	 al.,	 2018b).	 Specifically,	

structural	 mechanisms	 underpinning	 VS/VP	

impairment	 in	 IRBD	 are	 related	with	 cortical	

thinning	 in	 posterior	 regions	 (Pereira	 et	 al.,	

2019;	Rahayel	et	al.,	2018b),	but	also	anterior	

temporal	 (Pereira	 et	 al.,	 2019;	 Rahayel	 et	 al.,	

2018b)	frontal,	insular	cortices	and	with	right	

hippocampal	 regions	 (Rahayel	 et	 al.,	 2018b).	

The	involvement	of	frontal	regions	in	Rahayel	

et	al.’s	work,	might	be	explained	by	the	use	of	

copy	drawing	and	block	design	to	compute	VS	

domain,	 tasks	 that	 also	 demand	 motor	 and	

executive	 functions.	 It	 is	 worth	 noting	 that	

when	assessing	specifically	VS/VP	functions	in	

PD,	 structural	 substrates	 encompass	 cortical	

thinning	 in	 lateral	 temporoparietal	 regions	

(Garcia-Diaz	et	al.,	2018a,	2014).		Moreover,	as	

PD	 progresses,	 VS/VP	 impairment	 is	

accompanied	 by	 bilateral	 posterior	

degeneration	 (Garcia-Diaz	 et	 al.,	 2018b).	

Although	further	longitudinal	data	with	larger	

samples	are	needed	to	confirm	our	results,	the	

decline	 in	 VS/VP	 performance	 might	 help	 to	

identify	those	patients	presenting	progressive	

neurodegeneration	in	posterior	cortices.	

The	 strengths	 of	 our	 study	 are	 that	 all	

participants	 were	 evaluated	 by	 the	 same	
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neuropsychologist	 at	 both	 time	 points,	 using	

the	same	neuropsychological	battery	and	MRI	

scanning	protocol,	thus	avoiding	the	variability	

of	multicentric	data.	Moreover,	we	used	a	case	

control-design	to	identify	different	gray	matter	

degeneration	in	IRBD	in	comparison	to	normal	

aging.	However,	the	reduced	sample	size	limits	

the	generalization	of	the	results.	On	the	other	

hand,	the	short	time	between	evaluations	may	

have	 limited	 the	 longitudinal	 findings	 of	 our	

work.	 A	 longer	 interval	 between	 time	 points	

would	 allow	 detecting	 a	 decline	 in	 other	

functions.	 Prospective	 studies	 will	 help	 to	

identify	 structural	 and	 cognitive	 markers	 of	

phenoconversion,	 with	 a	 particular	 focus	 on	

those	 able	 to	 identify	 whether	 a	 patient	 will	

eventually	convert	to	PD	or	DLB.	

5.	 Conclusion	

The	 current	 study	 gives	 evidence	 of	

progressive	 cortical	 degeneration	 in	 IRBD	

mainly	 encompassing	 parieto-occipital	 and	

orbitofrontal	 regions.	 Additionally,	 we	

identified	 visual	 discrimination	 decline	 over	

the	course	of	 the	disease,	and	we	established	

its	 structural	 substrates,	 highlighting	 the	

involvement	 of	 bilateral	 parietal	 cortices	 in	

IRBD’s	evolution.	Overall,	these	findings	widen	

our	 knowledge	 of	 how	 IRBD’s	 progression	

affects	 brain	 structure	 and	 cognition	 mainly	

involving	posterior	and	orbitofrontal	 regions,	

similarly	to	previous	findings	in	PD	and	DLB.	
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a b s t r a c t

Background: Olfactory dysfunction is present in a large proportion of patients with Parkinson's disease
(PD) upon diagnosis. However, its progression over time has been poorly investigated. The few available
longitudinal studies lack control groups or MRI data.
Objective: To investigate the olfactory changes and their structural correlates in non-demented PD over a
four-year follow-up.
Methods: We assessed olfactory function in a sample of 25 PD patients and 24 normal controls of similar
age using the University of Pennsylvania Smell Identification test (UPSIT). Structural magnetic resonance
imaging data, obtained with a 3-T Siemens Trio scanner, were analyzed using FreeSurfer software.
Results: Analysis of variance showed significant group (F ¼ 53.882; P < 0.001) and time (F ¼ 6.203;
P ¼ 0.016) effects, but the group-by-time interaction was not statistically significant. UPSIT performance
declined "1.5 standard deviations in 5 controls and 7 patients. Change in UPSIT scores of patients
correlated positively with volume change in the left putamen, right thalamus, and right caudate nucleus.
Conclusion: Olfactory loss over time in PD and controls is similar, but we have observed significant
correlation between this loss and basal ganglia volumes only in patients.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Olfactory dysfunction is very frequent in PD. This impairment
can already be observed in de novo patients, and is unrelated to
dopaminergic treatment [1]. In a multicenter study, the prevalence
of olfactory deficits was estimated to be 96.7%when comparedwith
young subjects, and 74.5% when adjusted for age [2]. However, the
degree of olfactory impairment in PD can range from normal to

severe hyposmia. It has been suggested that normosmic patients
could be a unique clinical phenotype with fewer motor deficits and
a more benign disease course [3]. In contrast, severe olfactory
dysfunctions have been associated with worse cognitive perfor-
mance, more cognitive decline over time, and higher risk of pro-
gression to mild cognitive impairment (MCI) and to dementia
[4e6].

Olfactory impairment is observed in de novo patients and can
therefore occur regardless of dopaminergic treatment [7,8]. Olfac-
tory dysfunction has also been found to be a preclinical or premotor
manifestation in PD [1,9]. In a study of asymptomatic relatives of PD
patients, it has been found that hyposmia is associated with a 12.5%
risk of developing PD within a five-year period [10]. Similarly, pa-
tients diagnosed with idiopathic anosmia are at a higher risk of
developing PD [11]. Moreover, hyposmia is observed in patients
with idiopathic REM sleep behavior disorder, a prodromal PD
symptom [12].
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The progression of olfactory deficits in PD is unclear. Cross-
sectional studies are inconsistent, with some suggesting that ol-
factory loss does not progress over the course of PD since it does not
correlate with disease duration [1,13,14]. Nonetheless, correlations
with disease severity and symptom durationwas also reported [15].
The lack of worsening in olfaction is consistent with Braak staging
describing the olfactory bulb as a region affected in the first stages
of the disease [16]. However, the progression of degenerative
changes in other regions involved in olfaction might contribute to
increase the degree of olfactory impairment. Results from post-
mortem studies revealed pathological changes (Lewy body for-
mation) in the olfactory bulb but also in other brain regions such as
the anterior olfactory nucleus, the piriform cortex, the amygdaloid
complex, the entorhinal cortex, and the hippocampal formation [1].
In agreement with the involvement of several regions explaining
olfactory deficits in PD, MRI studies have reported correlations of
olfactory deficits with olfactory bulb volume [17e19], but also with
piriform and orbitofrontal cortical volumes [20,21].

To the best of our knowledge, only three longitudinal studies of
olfactory deficits in PD have been published [22e24]. These studies
did not include a control group, which makes it difficult to distin-
guish disease-related decline from the effects of aging on olfactory
function [25]. Moreover, there are no previous longitudinal studies
including MRI data. In the current work, we investigated the ol-
factory changes in a sample of patients compared with a control
group of similar age. We also performed correlation analyses be-
tween olfactory loss and measures of brain atrophy.

2. Method

2.1. Participants

The study sample included 25 PD patients and 24 healthy con-
trols (HC) who underwent olfactory and MRI evaluation twice.
These subjects are part of a cohort of 98 PD patients and 33 HC
recruited between October 2010, and March 2012. In the present
study, we only included subjects who underwent olfactory andMRI
evaluation at both time points. In the 2010 cohort, the UPSIT was
only administered to a small subsample. The mean (±standard
deviation) follow-up interval was 44.9 ± 5.7 months for patients
and 45.9 ± 3.5 months for controls (F ¼ 0.732; P ¼ 0.468). Inclusion
criteria for patients at time 1 were: (1) the fulfillment of UK PD
Society Brain Bank diagnostic criteria for PD; (2) no surgical treat-
ment with deep brain stimulation. Exclusion criteria were: (1) de-
mentia according to Movement Disorders Society criteria; (2)
Hoehn and Yahr (H&Y) score > 3; (3) significant psychiatric,
neurological, or systemic comorbidity; (4) low global intelligence
quotient estimated by the Vocabulary subtest of theWechsler Adult
Intelligence Scale, 3rd edition (scaled score " 7); (5) Mini Mental
State Examination (MMSE) score < 25; (6) presence of claustro-
phobia; (7) significant pathological MRI findings other than mild
white matter hyperintensities in the FLAIR sequence; (8) MRI
artefacts.

All PD patients were taking antiparkinsonian medication con-
sisting of different combinations of L-DOPA, COMT inhibitors, MAO
inhibitors, dopamine agonists, and amantadine. In order to stan-
dardize doses, levodopa equivalent daily dose (LEDD) was calcu-
lated as suggested by Tomlinson et al. [26] All assessments were
done in the on state. Motor disease severity was evaluated using
H&Y staging and the Unified Parkinson's Disease Rating Scale
motor section (UPDRS-III).

The study was approved by the Ethics Committee of the Uni-
versity of Barcelona (IRB00003099). All subjects provided written
informed consent to participate after full explanation of the pro-
cedures involved.

2.2. Olfactory and clinical assessment

Odor identification was assessed using the Spanish version of
the University of Pennsylvania Smell Identification Test [27]. The
UPSIT is a standardized multiple-choice scratch-and-sniff test
consisting of four test booklets with 10 items each. Subjects
scratched the impregnated area and were asked to select from one
of four possible answers for each item. If the patient could not
identify an odor, and the examiner observed that the area was not
sufficiently scratched, the examiner either scratched the area or
suggested that the patient do so until an odor was selected. Sub-
jects were also asked for their smoking history and whether they
were aware of having any smell dysfunction. Following normative
data presented in the UPSIT manual, which includes adjustment for
age and sex, scores greater than 33 in males and 34 in females were
considered to reflect normosmia, and scores lower or equal to 18
reflected anosmia. Olfactory decline was established if the total
UPSIT score was at least 1.5 standard deviation (based on the dis-
tribution of scores in the HC group at baseline) lower at time 2 than
at time 1.

Participants were assessed with a neuropsychological battery
recommended by the Movement Disorder Society task force to
evaluate cognitive functions in PD [28]. Attention and working
memory were assessed with the Trail Making Test (TMT) (in sec-
onds), part A (TMT A) and part B (TMT B), Digit Span Forward and
Backward, and the Stroop Color-word Test and Symbol Digits Mo-
dalities Tests (SDMT); executive functions were evaluated with
phonemic (words beginning with the letter “p” in 1 min) and se-
mantic (animals in 1 min) fluencies; language was assessed by the
total number of correct responses in the short version of the Boston
Naming Test; and memory through total learning recall (sum of
correct responses from trial I to trial V) and delayed recall (total
recall after 20 min) using Rey's Auditory Verbal Learning Test
(RAVLT). Visuospatial and visuoperceptual functions were assessed
with Benton's Judgement of Line Orientation (JLO) and Visual Form
Discrimination (VFD) tests.

As in a previous study [29], the presence of MCI was established
if the z-score for a given test was at least 1.5 lower than the ex-
pected score in at least two tests in one domain, or in at least one
test per domain in at least two domains. Furthermore, the presence
of dementia was determined if MMSE score was below 25, or if
there was cognitive impairment in more than one domain and
impaired instrumental activities of daily living (IADL), as recom-
mended by Dubois et al. [30].

The Beck Depression Inventory II, Starkstein's Apathy Scale, and
the Neuropsychiatric Inventory were administered to all subjects to
explore the presence of psychiatric symptoms.

2.3. MRI analyses

2.3.1. Preprocessing of longitudinal imaging data
MRI data were acquired with a 3T scanner (MAGNETOM Trio,

Siemens, Germany) at both times. The scanning protocol included
high-resolution 3-dimensional T1-weighted images acquired in the
sagittal plane (TR ¼ 2300 ms, TE ¼ 2.98 ms, TI ¼ 900 ms, 240 slices,
FOV ¼ 256 mm; 1 mm isotropic voxel) and an axial FLAIR sequence
(TR ¼ 9000 ms, TE ¼ 96 ms).

Cross-sectional preprocessing of both times was performed
using the automated FreeSurfer stream (version 5.1; available at:
http://surfer.nmr.harvard.edu) as previously described in Segura
et al. [29]. Detailed information about the longitudinal FreeSurfer
stream is described in Ibarretxe-Bilbao et al. [31].

Longitudinal cortical thickness comparisons were performed
using the longitudinal two-stage model. In this analysis, we
computed the symmetrized percent of change (SPC) of cortical
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thickness. Cortical thickness SPC is the rate in mm/year ((thick-
ness2-thickness1)/(time2-time1)) with respect to the average
thickness (0.5*(thickness1þthickness2)). In aging or disease, SPC is
expected to be negative in most regions (https://surfer.nmr.mgh.
harvard.edu/fswiki/LongitudinalTwoStageModel). We also ob-
tained striatal (putamen and caudate) volumes via whole-brain
segmentation.

Comparisons between groups were performed using a vertex-
by-vertex general linear model. One-sample t-tests were per-
formed to test time effects in both groups (if the SPC was different
from zero). To test group-by-time interaction effects, SPC was
included as a dependent factor and group as an independent factor
(Supplementary Table 1).

In addition, supplementary cross-sectional intergroup cortical
thickness comparisons were performed using a vertex-by-vertex
general linear model with FreeSurfer at time 1 and time 2
(Supplementary Table 1).

All results were corrected for multiple comparisons using pre-
cached cluster-wise Monte Carlo simulation with 10,000 itera-
tions. Simulation was applied for negative time effects (time
2 < time 1) in each group, whereas, on all other models, simulation
was applied for absolute results. Reported cortical regions reached
one-tailed and two-tailed corrected significance level of p < 0.05
respectively.

The SPC of striatal volumes was computed and introduced in
independent t-tests in order to compare it between groups. Sig-
nificant results were corrected by general cognitive status (MMSE),
age and gender. The SPC of UPSIT scores was also calculated.
Pearson's correlation test was used to study the relationship be-
tween SPC of striatal volumes and SPC of UPSIT scores, and control
of the false-discovery rate to 5% (FDR) was used to correct for
multiple testing [32].

2.4. Statistical analyses of demographic, clinical, and olfactory data

Statistical analyses of demographic, clinical, and olfactory data
were performed using IBM SPSS Statistics 22.0.0 (2013; Armonk,
NY: IBM Corp). Group differences in demographic and clinical
variables between HC and PD patients were analyzed with inde-
pendent t-tests for quantitative measures or with Pearson's chi-
squared test for categorical measures. Mann-Whitney's U test was
used when comparing PD with olfactory decline and PD non-

decliners, due to small subsamples. In order to study the relation-
ship between clinical and olfactory data, Pearson's correlation co-
efficient test was used. Group-by-time interaction effects in clinical
variables such as UPSIT, neuropsychological tests, and neuropsy-
chiatric symptoms between PD and HC were assessed through a
repeated-measures general linear model.

3. Results

3.1. Demographic and clinical characteristics

There were no differences between groups in age (t ¼ 1.468;
P ¼ 0.149), years of education (t ¼ 1.235; P ¼ 0.223), estimated IQ
scores (t ¼ 1.045; P ¼ 0.301), or sex (X2 ¼ 0.506; P ¼ 0.477).
Regarding psychiatric symptoms, there were no significant in-
teractions between group and time in Beck Depression Inventory II
(F ¼ 1.777; P ¼ 0.190), Starkstein's Apathy Scale (F ¼ 0.090;
P ¼ 0.766), or in Cummings' Neuropsychiatric Inventory scores
(F ¼ 0.992; P ¼ 0.325) (Table 1).

Significant interactions between group and time were found in
Stroop Color (F ¼ 5.445; P ¼ 0.024), Stroop Word-Color (F ¼ 5.121;
P¼ 0.029), SDMT (F¼ 8.107; P¼ 0.007), and the short version of the
BNT (F ¼ 5.077; P ¼ 0.029). At follow-up, PD-MCI criteria were
fulfilled by 12 (25%) patients, from whom 6 were cognitively pre-
served at baseline. Two (4.1%) PD-MCI patients had converted to PD
dementia at follow-up.

3.2. Olfactory decline over time

Table 2 shows the UPSIT performance at baseline and after four
years of follow-up. The distribution of the degree of impairment in
PD patients in the first assessment was 36% anosmics, 60% hypos-
mics, and 4% normosmic. Repeated-measures analysis showed a
significant effect of group (F ¼ 53.882; P < 0.001) and time
(F ¼ 6.203; P ¼ 0.016), but the group-by-time interaction did not
achieve statistical significance (F ¼ 0.277; P ¼ 0.601).

In patients, UPSIT scores correlated significantlywith age at time
1 (r ¼ #0.469; P ¼ 0.018), and with years of disease duration
(r¼#0.434; P¼ 0.030) and LEDD (r¼#0.463; P¼ 0.020) at time 2.
Qualitatively taking the cut-off of 1.5 standard deviation decline
from the baseline scores, 5 controls and 7 patients displayed sig-
nificant olfactory function loss over time. Patients with olfactory

Table 1
Demographic and clinical characteristics of PD patients and HC at both times.

PD (n ¼ 25) HC (n ¼ 24) Test stats/P-value

Age at baseline, yrs., mean (SD) 61.4 (10.0) 65.3 (8.9) 1.468/0.149a

Education, yrs., mean (SD) 12.9 (4.8) 11.2 (4.4) 1.235/0.223a

Vocabulary subtest, mean (SD) 49.0 (6.8) 46.8 (7.7) 1.045/0.301a

Sex, male, n (%) 14 (56.0) 11 (45.8) 0.506/0.477b

Disease duration, yrs., mean (SD)
Time 1 4.9 (3.5) NA NA
Time 2 8.7 (3.4) NA NA
Age of onset, yrs., mean (SD) 56.4 (10.3) NA NA

UPDRS part III, mean (SD)
Time 1 14.04 (8.7) NA NA
Time 2 16.25 (7.7) NA NA

Hoehn & Yahr stage, n 1/1.5/2/2.5/3/4
Time 1 9/1/12/2/1/0 NA NA
Time 2 4/0/11/0/10/0 NA NA

LEDD, mg, mean (SD)
Time 1 607.8 (433.4) NA NA
Time 2 659.2 (371.4) NA NA

Abbreviations: HC: healthy controls; LEDD: L-dopa equivalent daily dose; NA: not applicable; PD: Parkinson's disease; UPDRS part III: Unified Parkinson's Disease
Rating Scale motor section. Data are presented as mean (SD) or n (%).

a Independent t-tests were used for continuous variables when comparing HC with all PD patients.
b Pearson's chi-squared tests were used for categorical variables.
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decline did not differ from non-decliners in any clinical or de-
mographic variable.

3.3. Cortical thickness and volumetric changes

Comparison of whole-brain cortical thickness maps showed that
both groups had significant progressive cortical thinning in several

regions of the posterior cortex. In PD patients, significant cortical
thinning was found in the left isthmus of the cingulate gyrus and in
the right inferior parietal lobule. ln controls, changes over time
were seen in the left lingual gyrus and insula, and in the right
caudal middle frontal gyrus and lateral occipital regions (Fig. 1). No
significant group-by-time interactions were seen between controls
and patients.

Table 2
Olfactory results in PD and HC at both times.

PD (n ¼ 25) HC (n ¼ 24) Test stats/P-value

University of Pennsylvania Smell Identification Test
Time 1, mean (SD) 20.6 (7.5) 31.3 (3.1) 6.481/<0.001a

Time 2, mean (SD) 18.7 (6.4) 30.0 (4.7) 7.036/<0.001a

Olfactory status according to UPSIT, n (%)
Time 1 Anosmics 9 (36.0) 0 (0.0)
Time 2 Anosmics 12 (48.0) 0 (0.0)

Abbreviations: HC, healthy controls; PD, Parkinson's disease; UPSIT, University of Pennsylvania Smell Identification Test. Data are presented as mean (SD) or n (%).
a Independent t-tests were used for continuous variables when comparing HC with all PD patients.

Fig. 1. Abbreviations: HC: healthy controls; PD: Parkinson’s disease. Results were obtained using Monte Carlo simulation with 10,000 iterations applied to cortical thickness maps to
provide cluster-wise correction for multiple comparisons. Simulation was applied for negative time effects (time 2 < time 1) in each group. Clusters with corrected p < .05 are
shown.
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The analysis of volumetric changes in the regions of interest of
the olfactory system showed that PD patients had greater per-
centage of volume loss in the right putamen in comparisonwith HC
(t ¼ 2.676; P ¼ 0.010). Differences remain significant after con-
trolling for general cognitive status, age, and gender (F ¼ 6.504;
P ¼ 0.014).

Correlations between the percentage of change in UPSIT scores
and basal ganglia volumes, corrected for multiple comparisons
using FDR, showed statistical significance for PD patients in the
right thalamus (P ¼ 0.044), right caudate (P ¼ 0.049), and left pu-
tamen (P ¼ 0.044) (Fig. 2).

Regarding changes in subcortical volumes over time, PD with
olfactory decline had greater right caudate loss in comparison with
PD without olfactory decline (U ¼ 22.000; P ¼ 0.012).

4. Discussion

Our results demonstrate that olfactory impairments progress
over time in PD patients, as we detected significant worsening after
four years of follow-up. However, the progression of smell
impairment was similar to that identified in the control group.
These results seem to suggest that aging per se could be responsible
for the observed changes in olfactory ability. An alternative expla-
nation could be that atrophy in different brain structures might
produce similar clinical changes.

In our study, the prevalence of olfactory deficits as well as the
mean scores observed in patients and controls are similar to pre-
vious reports using UPSITwith larger samples [1]. Our sample could
thus be considered representative of olfactory dysfunctions in PD.
We found that the distribution of the degree of impairment in PD
patients in the first assessment was 36% anosmics, 60% hyposmics,
and 4% normosmic. Regarding the decline in olfactory performance,
our results agree with those from a previous longitudinal study
performed in a sample of 19 PD patients studied twice with an
interval of five years using the “sniffin’ sticks”; in that study,
however, aging effects could not be excluded because the authors
did not include a control group in the design [24]. In the present
study, we found a significant effect of time during the four-year
follow-up in both patients and controls. The scores obtained in
the UPSIT diminished a mean of two points in PD patients, and 1.3
points in HC. Taking the cut-off point of 1.5 standard deviation

below the baseline score as indicative of decline, we observed ol-
factory decline in 7 patients, but also in 5 controls. It is well known
that aging per se is associated with olfactory decline; McKinnon
et al. (2010), using data collected from 732 subjects, estimated that
the decrease in UPSIT scores is 3.2 points for every 10 years of age
[33]. Loss of olfactory identification ability is seen from the 5th
decade onwards, but is most remarkable between the 7th and 8th
decades of life [25]. The correlations between UPSIT scores and
disease duration that we and other researchers have observed
could reflect both aging effects and the progression of the degen-
erative process.

In the current four-year longitudinal study, we found evidence
of progressive cortical thickness reduction, but this atrophy was
similar for patients and controls, and was unrelated to the olfactory
loss. From a neuropathological point of view, the severity of
abnormal protein aggregates (including alpha-synuclein, hyper-
phospholylated tau protein, and neurofilament protein) in the ol-
factory bulb and tract increases significantly in neurodegenerative
diseases with increasing neuritic Braak stages and McKeith criteria
for Lewy body disease [34]. Odor impairment in PD may be due to
defective adult neurogenesis. In animal models, dopaminergic
deafferentation may result in impaired precursor cell proliferation
in the subventricular zone, which provides new olfactory bulb
neurons. It also results in an increased number of dopaminergic
neurons in the glomerular cell layer of the olfactory bulb. In PD, the
survival of newly generated neurons in the bulb is decreased [35].
Moreover, it has been experimentally demonstrated that dopamine
modulates adult neurogenesis in vivo and in vitro and that adult
neurogenesis is impaired in individuals with PD [36].

It is thus clear that there is a neuropathological basis for pro-
gressive odor impairment. Regarding its anatomical correlates, ol-
factory impairment in PD has been associated with atrophy of the
olfactory bulb [17e19], piriform cortex [21,37], and orbitofrontal
cortex [21]. The gray matter correlates of olfactory deficits differ
according to the disease stage; in early PD patients, significant
correlations are seen in the right piriform cortex, while inmoderate
and advanced patients the right amygdala is implicated [37]. Ac-
cording to Braak stages [16], the orbitofrontal cortex, a tertiary ol-
factory structure, is affected relatively early, and prior to posterior
parietal regions. Changes in orbitofrontal cortex are therefore ex-
pected in early disease stages. Lack of change over the study time in

Fig. 2. Significant correlation between the percentages of change in UPSIT scores and subcortical volumes. SPC: symmetrized percentage change.
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these structures might be explained by the topographical pro-
gression of Lewy-type lesions proposed by the Braak staging. It is
possible that further longitudinal studies in de novo samples could
help identify the relationship between orbital frontal atrophy and
loss of odor identification.

In contrast to the lack of cortical correlates of smell loss in PD,
we observed significant correlations between the percentage of
change in UPSIT scores and the percentage of volume loss in some
striatal regions related to the olfactory system. In normal subjects,
PET studies showed activation in the thalamus and right caudate
during olfactory perception [38]. In fMRI studies, activation was
reported in the left putamen [39,40] and caudate [40]. In PD, odor
perception activates the bilateral putamen [39], left caudate, and
left putamen [40]. Thus, although the striatal nuclei are not clas-
sically considered as olfactory structures, they appear to be part of
circuitry involved in olfactory perception. Moreover, olfactory
performance in PD have been reported to be correlated with gray
matter density in the caudate and putamen [41]. However, an
alternative interpretation of our results is that striatal atrophy may
reflect the rapid disease progression in PD with severe olfactory
impairment. In a cross-sectional study, it has been observed that
abnormal odor identification was associated with more advanced
stages of PD and increased severity of motor symptoms [42].
Similarly, it has been reported that regional mean diffusivity values
of the substantia nigra and the olfactory tract correlated signifi-
cantly with putaminal dopaminergic dysfunction [43].

In conclusion, PD patients and healthy controls matched by age
showed a significant similar progressive olfactory loss and a pro-
gressive reduction of cortical thickness mainly involving posterior
regions, but olfactory loss was associatedwith basal ganglia volume
reductions only in PD.
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Supplementary	Table	1	Cortical	thickness	data	–	longitudinal	analysis	

Cortical	area	
Cluster	size	
(mm2)	 Stats	 P-value	

MNI	coordinates	
(x,y,z)1	

Cross-sectional	intergroup	at	baseline	
Healthy	controls	vs	PD		 	 	 	 	
Left	rostral	middle	frontal	gyrus	 1,623.44					 4.305				 .014	 -37	44	9	
Left	cuneus	 2,189.75						 2.551			 .001			 -6	-75	26	

PD	non-decliners	vs	PD	decliners	
No	significant	differences	at	baseline	
Cross-sectional	intergroup	comparison	at	time	2	
Healthy	controls	vs	PD	
No	significant	differences	at	baseline	
PD	non-decliners	vs	PD	decliners	
No	significant	differences	at	time	2	
Time	effects	
Healthy	controls	
Left	insula	 2,924.46	 -5.872	 <.001	 -34	-26	20	

Left	lingual	gyrus	 15,510.76	 -4.015	 <.001	 -12	87	-13	

Right	lateral	occipital	cortex	 25,992.79	 -5.491	 <.001	 37	-76	7	

Right	caudal	middle	frontal	gyrus	 1,847.14	 -3.424	 .002	 40	6	48	

PD	patients	 	

Left	isthmus	of	cingulate	gyrus	 29,571.77	 -5.836	 <.001	 -10	-52	27	

Right	inferior	parietal	lobule	 33,174.32	 -6.217	 <.001	 49	-44	17	

PD	decliners	 	

Left	inferior	parietal	lobule	 11,123.29	 -4.563	 <.001	 -45	-69	22	

Left	superior	parietal	lobule	 1,313.45	 -3.378	 .018	 -33	-45	38	

Left	superior	temporal	gyrus	 6,549.03	 -3.399	 <.001	 -58	-17	2	

Left	superior	frontal	gyrus	 1,246.60	 -3.073	 .024	 -9	6	49	

Left	caudal	middle	frontal	gyrus	 3,530.03	 -2.927	 <.001	 -36	4	34	

Right	inferior	temporal	gyrus	 9,899.71	 -4.910	 <.001	 55	-58	-10	

Right	pars	opercularis	 3,070.32	 -2.711	 <.001	 42	19	9	

Right	isthmus	of	cingulate	gyrus	 2,087.46	 -2.663	 <.001	 14	-44	-1	

PD	non-decliners	 	 	 	 	

Left	posterior	cingulate	gyrus	 3,146.51	 -5.834	 <.001	 -4	-23	37	

Left	postcentral	gyrus	 9,562.30	 -3.909	 <.001	 -40	-16	21	

Left	lateral	occipital	cortex	 2,410.78	 -3.018	 <.001	 -32	-81	-13	

Right	lateral	occipital	cortex	 20,992.62	 -6.181	 <.001	 31	-90	-2	

Right	isthmus	of	cingulate	gyrus	 2,519.62	 -5.904	 <.001	 9	-42	7	

Group-by-time	interaction	effects	
Healthy	controls	vs	PD	patients	
No	significant	interactions	

1MNI305	space.	PD,	Parkinson’s	disease.	Results	were	obtained	using	Monte	Carlo	simulation	
with	10,000	iterations	applied	to	cortical	thickness	maps	to	provide	clusterwise	correction	for	

multiple	comparisons.	Clusters	with	corrected	p<0.05	are	reported.		
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In	the	present	Doctoral	Thesis,	we	aimed	at	characterizing	brain	and	cognitive	changes	

associated	with	IRBD	as	well	as	investigating	the	assessment	and	evolution	of	olfactory	

dysfunction	 in	prodromal	 stages	of	 Synucleinopathies	 and	PD.	To	 this	 end,	 six	 studies	

were	performed	to	address	specific	questions.	In	this	final	section,	I	will	discuss	the	most	

significant	results.	

Cognitive	impairment	in	IRBD	

In	studies	1	and	2,	we	aimed	at	identifying	neuropsychological	impairment	in	IRBD	and	its	

neuroanatomical	 substrates.	 To	 achieve	 these	 objectives,	 we	 compared	 the	 cognitive	

performance	between	IRBD	patients	and	healthy	 individuals,	afterward,	we	studied	 its	

structural	 and	 functional	 correlates.	 Furthermore,	 in	 study	5,	we	 investigated	whether	

some	functions	show	decline	throughout	the	disease.	

In	 keeping	with	 previous	 neuropsychological	 findings	 on	 IRBD,	 in	 studies	 1,	 2,	 and	 5,	

patients	 differed	 from	 controls	 in	 several	 cognitive	 domains,	 namely	 attention	 and	

executive	functions	(Delazer	et	al.,	2012;	Gagnon	et	al.,	2009;	Massicotte-Marquez	et	al.,	

2008;	Ferini-Strambi	et	al.,	2004;	Terzaghi	et	al.,	2013),	mental	processing	speed	(Pereira	

et	al.,	2019),	verbal	memory	(Fantini	et	al.,	2011;	Gagnon	et	al.,	2009;	Her	et	al.,	2019;	Li	

et	al.,	2018;	Massicotte-Marquez	et	al.,	2008;	Shin	et	al.,	2019;	Terzaghi	et	al.,	2013,	2008)	

and	semantic	fluency	(Gagnon	et	al.,	2009;	Massicotte-Marquez	et	al.,	2008).	Moreover,	

for	 the	 first	 time,	we	also	 identified	 facial	 recognition	and	VS	 impairment.	Our	 results	

showed	large	effect	size	for	semantic	fluency,	RAVLT	total	learning,	SDMT,	TMTA,	TMTB	

and	FRT	tests.	Medium	effect	size	was	obtained	for	RAVLT	recall	and	recognition,	Stroop	

Color	and	BNT.	As	was	reported	earlier,	executive	functions,	attention	(Marchand	et	al.,	

2017;	Terzaghi	et	al.,	2019;	Youn	et	al.,	2016),	semantic	fluency	(Marchand	et	al.,	2017),	

and	verbal	memory	(Terzaghi	et	al.,	2019)	are	significantly	impaired	in	IRBD	converters	

compared	 to	 non-converters.	 Interestingly,	 Marchand	 et	 al.,	 (2017)	 found	 that	

performance	in	TMT,	verbal	fluency	and	Stroop	Color	Word	test,	are	the	best	predictors	

of	 DLB	 conversion	 in	 IRBD	 patients.	 These	 findings	 suggest	 that	 in	 our	 sample	 the	

Cognitive	impairment	in	IRBD	

Our	results	in	studies	1,	2,	and	5	showed	impairment	in	verbal	memory,	semantic	fluency,	

mental	processing	speed	and	executive	functions	in	IRBD	relative	to	healthy	individuals	in	

line	with	findings	in	DLB	and	PD.		
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prevalence	 of	 future	 converters	 is	 probably	 high,	 thus	 PD-	 and	 DLB-like	 cognitive	

characteristics	are	already	present.		

Visuospatial	and	Visuoperceptual	impairment	in	IRBD	

Study	 1	 is	 the	 first	 investigation	 testing	 facial	 recognition	 in	 IRBD	 patients.	We	 found	

significantly	lower	scores	in	IRBD	in	comparison	to	healthy	individuals	with	a	large	effect	

size.	 Facial	 recognition	 is	 a	 VP	 function	 that	 has	 its	 neural	 basis	 located	 in	

occipitotemporal	regions,	namely	in	the	fusiform	gyrus	(Haxby	et	al.,	2002).	Interestingly,	

in	study	1	IRBD	patients	also	presented	cortical	thinning	in	this	region.	Previous	literature	

in	PD,	identified	facial	recognition	impairment	(Pereira	et	al.,	2009a),	specifically	in	PD	

with	hallucinations	(Ramírez-Ruiz	et	al.,	2006),	as	well	as	atrophy	in	the	fusiform	gyrus,	

both	in	PD	(Garcia-Diaz	et	al.,	2018b,	2018a)	and	in	PD	with	hallucinations	(Ramírez-Ruiz	

et	 al.,	 2007).	 These	 results	 suggest	 that	 this	 posterior-based	 dysfunction	 could	 be	 a	

cognitive	biomarker	of	PD	pathology	in	IRBD.	

In	study	5,	we	 found	differences	between	IRBD	and	HC	 in	 JLO,	a	 test	 that	measures	VS	

function	 in	 isolation.	This	 finding	 is	 also	 remarkable,	 considering	 that	 the	 specific	 and	

independent	assessment	of	VS	functions	has	been	overlooked	in	the	literature,	with	only	

two	previous	works	assessing	this	function	(Iranzo	et	al.,	2006;	Pereira	et	al.,	2019).	The	

main	limitation	in	Iranzo,	et	al.’s	work,	is	that	they	lacked	a	control	group.	In	the	other	

study,	they	found	a	clear	tendency	to	significance	in	VS	impairment	in	IRBD	relative	to	HC	

(Pereira	et	al.,	2019).		In	a	similar	way,	our	results	are	in	line	with	previously	reported	

VS/VP	 dysfunction	 in	 DLB	 (Levy	 and	 Chelune,	 2007;	 Tiraboschi	 et	 al.,	 2006)	 and	 PD	

(Garcia-Diaz	et	al.,	2018a;	Pereira	et	al.,	2009a;	Ramírez-Ruiz	et	al.,	2006).		

Neuroanatomical	basis	of	cognitive	dysfunction	in	IRBD	

Contrary	to	our	hypotheses	and	previous	literature	(Pereira	et	al.,	2019;	Rahayel	et	al.,	

2018b),	 in	study	1	we	did	not	find	significant	correlations	between	neuropsychological	

impairment	and	MRI	measures	of	brain	atrophy	such	as	cortical	thickness.	However,	there	

Facial	recognition	and	Visuospatial	impairment	in	IRBD	

Studies	 1	 and	 5,	 identified	 for	 the	 first	 time,	 impairment	 in	 facial	 recognition	 and	 in	

visuospatial	 functions	 in	agreement	with	previously	reported	 in	overt	Synucleinopathies,	

such	as	VS/VP	dysfunctions	in	PD	and	DLB.	

 



 

  200 

was	coherence	between	the	structural	changes	detected	by	MRI	and	neuropsychological	

impairment.	 For	 instance,	 as	 mentioned	 above,	 IRBD	 subjects	 had	 facial	 recognition	

impairment	and	cortical	atrophy	in	the	fusiform	gyrus,	a	region	that	is	known	to	be	critical	

for	 such	 function	 (Haxby	 et	 al.,	 2002).	 In	 the	 same	 way,	 patients	 showed	 memory	

impairment	 and	 hippocampal	 atrophy,	 a	 core	 structure	 for	 learning	 and	 memory.	

Particularly,	we	found	larger	atrophy	in	the	right	posterior	hippocampus,	a	region	that	is	

related	 to	 spatial	 memory	 (Ezzati	 et	 al.,	 2016).	 The	 lack	 of	 association	 between	

hippocampal	volume	reduction	and	memory	impairment	in	our	work	might	be	improved	

in	the	future	by	using	specific	visuospatial	memory	tests.	

On	 the	 other	 hand,	 study	 2	 evidenced	 the	 potential	 role	 of	 altered	 brain	 functional	

connectivity	 in	 IRBD’s	 cognitive	 impairment.	We	 found	a	positive	 correlation	between	

mental	processing	speed	and	temporoparietal	functional	connectivity	in	the	IRBD	group.	

It	is	interesting	to	note	that	the	mental	processing	speed	domain	in	study	2	was	measured	

using	 the	 Stroop	 Color	 and	 SDMT-oral	 version,	 tests	 that	 are	 known	 to	 have	 a	 strong	

posterior	cortical	component	(Forn	et	al.,	2009;	Garcia-Diaz	et	al.,	2018a,	2018b;	Lezak,	

2012).	 Specifically,	 in	 agreement	 with	 our	 results,	 SDMT	 is	 associated	 with	 cortical	

atrophy	in	temporoparietal	regions	in	PD	patients	(Garcia-Diaz	et	al.,	2018a).	Presumably,	

the	relationship	among	these	 tests	and	the	 loss	of	connectivity	between	right	superior	

parietal	and	left	inferior	temporal	regions	could	be	reflecting	integration	abnormalities	

between	 the	 right	 dorsal-stream,	 required	 for	 VS	 processing,	 and	 regions	 of	 the	 left	

ventral-stream,	 that	 may	 be	 involved	 in	 visuo-verbal	 decodification	 required	 in	 both	

tasks.	 Such	 findings	 might	 be	 underlying	 the	 specific	 vulnerability	 of	 long-distance	

connections	in	IRBD	patients.	Further	research	is	needed	to	elucidate	possible	changes	in	

the	organization	of	white	matter	tracts	in	IRBD.		

An	 alternative	 explanation	 might	 be	 that	 the	 correlation	 between	 mental	 speed	

processing	and	the	loss	of	connectivity	between	right	superior	parietal	and	left	inferior	

temporal	 regions	 is	 reflecting	 a	 failure	 of	 coherence	 between	 the	 dorsal	 and	 ventral	

attention	networks.	This	hypothesis	is	even	more	interesting	if	we	consider	that	neither	

of	 the	 two	 networks	 controls	 attentional	 processes	 in	 isolation	 and	 that	 flexible	

interaction	between	both	systems	is	responsible	for	the	dynamic	control	of	attention	in	

relation	to	top-down	goals	and	bottom-up	sensory	stimulation	(Vossel	et	al.,	2014).	The	

lack	of	co-activation	between	these	two	networks	might	explain	the	common	presence	of	
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fluctuating	 cognition	 in	DLB	patients,	which	mechanisms	might	 be	 already	 ongoing	 in	

IRBD	 patients.	 Furthermore,	 the	 presence	 of	 hallucinations	 in	 PD	 is	 associated	 with	

disruptions	in	inter-network	connectivity	between	ventral	and	dorsal	attention	networks	

(Shine	 et	 al.,	 2014).	 Minor	 hallucinations	 appeared	 as	 a	 frequent	 early	 non-motor	

symptom	that	may	even	predate	the	onset	of	parkinsonism	(Pagonabarraga	et	al	2016).	

In	this	sense,	a	more	thorough	clinical	evaluation	in	 future	studies	with	IRBD	patients,	

might	help	to	elucidate	the	role	of	attentional	control	networks	in	minor	hallucinations.	

	
Finally,	it	is	worth	noting	that	among	all	cognitive	domains,	only	mental	speed	processing	

significantly	correlated	with	brain	functional	connectivity.	It	may	be	assumed	that	SDMT	

and,	Stroop	Color	test	require	not	only	mental	speed	processing,	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	IRBD	patients.	

	

VS/VP	decline	in	IRBD	is	related	to	progressive	atrophy	in	posterior	cortices	

In	study	5,	we	found	cognitive	decline	in	IRBD	relative	to	normal	aging	after	less	than	two	

years.	 Namely,	 we	 identified	 VFD	 progressive	 worsening,	 in	 agreement	 with	 VS/VP	

findings	on	progressive	cognitive	impairment	in	PD	and	DLB	(Garcia-Diaz	et	al.,	2018a;	

Mori	 et	 al.,	 2000;	 Pereira	 et	 al.,	 2009a;	 Ramírez-Ruiz	 et	 al.,	 2006;	 Segura	 et	 al.,	 2014;	

Mental	speed	processing	impairment	is	related	to	the	temporoparietal	connectivity	

disruption	

In	study	2,	we	 identified	a	positive	correlation	between	mental	speed	processing	and	the	

reduction	of	connectivity	between	right	superior	parietal	and	left	inferior	temporal	regions.	

This	finding	suggests	a	loss	of	coherence	between	the	dorsal	and	ventral	attention	networks.		

Impairment	in	SDMT	and	Stroop	Color	tests	reflect	brain	dysfunctions	in	IRBD	

Only	 mental	 speed	 processing	 domain	 was	 associated	 with	 disrupted	 functional	

connectivity	(study	2).	It	may	be	assumed	that	SDMT	and	Stroop	Color	test	require	not	only	

mental	speed	processing,	but	also	integration	of	attention	and	VS/VP	functions.	This	may	be	

the	 reason	why	 they	 are	 better	when	 it	 comes	 to	 reflecting	 brain	 dysfunctions	 in	 IRBD	

patients.	
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Tiraboschi	et	al.,	2006).	Although	previous	longitudinal	studies	including	follow-up	data	

for	 IRBD	and	healthy	 individuals	are	already	published,	 these	works	did	not	report	an	

interaction	between	group	and	time,	(Fantini	et	al.,	2011;	Terzaghi	et	al.,	2013;	Youn	et	

al.,	2016)	so	the	aging	effect	could	not	be	ruled	out.	More	importantly,	we	identified	that	

visual	discrimination	changes	over	time	are	related	to	progressive	reductions	in	bilateral	

superior	parietal	cortical	regions.	As	far	as	we	are	aware,	the	neuroanatomical	basis	of	

cognitive	 dysfunction	 in	 IRBD	 has	 been	 tackled	 only	 from	 cross-sectional	 approaches	

(Pereira	et	al.,	2019;	Rahayel	et	al.,	2018b).	Specifically,	structural	mechanisms	of	VS/VP	

dysfunction	are	related	to	atrophy	in	the	posterior	cortex	(Pereira	et	al.,	2019;	Rahayel	et	

al.,	2018b),	but	also	anterior	temporal	(Pereira	et	al.,	2019;	Rahayel	et	al.,	2018b),	frontal,	

insular	cortices,	and	right	hippocampal	regions	(Rahayel	et	al.,	2018b).	The	fact	that	in	

Rahayel	et	al.’s	work,	VS/VP	substrates	include	frontal	areas,	might	be	explained	by	the	

use	 of	 copy	 drawing	 and	 block	 design,	 tasks	 that	 also	 demand	 motor	 and	 executive	

functions.	 Interestingly,	 when	 assessing	 precisely	 VS/VP	 functions	 without	 motor	

component	in	PD,	neural	correlates	include	cortical	thinning	in	lateral	temporoparietal	

regions	(Garcia-Diaz	et	al.,	2018a,	2014).		Moreover,	as	PD	progresses,	VS/VP	impairment	

is	accompanied	by	bilateral	posterior	degeneration	(Garcia-Diaz	et	al.,	2018b).		

Overall,	results	in	studies	1,	2,	and	5	confirmed	previous	findings	on	the	impairment	in	

verbal	memory,	semantic	fluency,	mental	processing	speed,	and	executive	functions	and	

highlighted	 the	 importance	 to	 assess	 VS/VP	 in	 IRBD,	 since	 they	 are	 impaired	 in	 early	

stages	and	significantly	progress	over	time.	Although	further	longitudinal	data	with	larger	

samples	are	needed	to	confirm	our	results	in	study	5,	the	decline	in	VS/VP	performance	

might	help	to	identify	those	patients	evolving	to	an	overt	PD	or	DLB.		

VS/VP	decline	in	IRBD	and	progressive	atrophy	in	posterior	cortices	

Our	results	in	study	5	show	cognitive	decline	in	IRBD	relative	to	normal	aging	even	in	a	short	

period.	 Specifically,	 we	 found	 visual	 discrimination	 worsening	 over	 the	 course	 of	 the	

disease,	and	we	identified	its	structural	substrates,	highlighting	the	involvement	of	bilateral	

parietal	 cortices	 in	 IRBD’s	 evolution.	 The	 decline	 in	 VS/VP	 performance	 might	 help	 to	

identify	those	patients	that	will	eventually	develop	PD	or	DLB.	
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Characterization	of	GM	changes	and	functional	connectivity	in	IRBD	

As	stated	before,	one	of	the	main	goals	of	the	present	Doctoral	Thesis	was	to	characterize	

structural	 and	 functional	 brain	 substrates	 underlying	 Idiopathic	 REM	 sleep	 behavior	

disorder.	This	objective	was	pursued	in	studies	1,	2,	and	5	through	different	neuroimaging	

techniques,	both	with	cross-sectional	and	longitudinal	data.	

Cortical	degeneration	in	IRBD	

In	study	1,	we	identified	cortical	thinning	in	IRBD	relative	to	HC	in	left	superior	parietal,	

postcentral,	and	fusiform	regions,	as	well	as	in	right	superior	frontal	and	lateral	occipital	

cortices.	These	results	agree	with	those	obtained	by	Rahayel	et	al.	(Rahayel	et	al.,	2018a,	

2014)	regarding	the	involvement	of	dorsolateral	prefrontal	and	occipital-medial	regions.	

Besides,	 the	 superior	 parietal	 thinning	 concurs	 well	 with	 cortical	 atrophy	 in	 non-

demented	PD	patients	(Segura	et	al.,	2014;	Uribe	et	al.,	2016).	Interestingly,	similar	to	our	

results,	fusiform	gyrus	and	parietal	lobe	thinning	were	observed	in	cross-sectional	(Blanc	

et	al.,	2015;	Watson	et	al.,	2015)	and	longitudinal	DLB	studies	(Mak	et	al.,	2015).		

In	study	5,	we	found	cortical	degeneration	in	IRBD,	even	in	a	short	interval	of	less	than	

two	years.	MRI	data	evidenced	aging-related	structural	changes	in	IRBD	and	controls	with	

common	 thinning	 in	 the	 left	 precuneus	 and	 inferior	parietal	 regions	but	with	 a	 larger	

widespread	 frontal	 and	 parieto-occipital	 progression	 in	 IRBD.	 Indeed,	 group-by-time	

interaction	 confirms	 the	 larger	 degeneration	 in	 IRBD	 relative	 to	 healthy	 individuals	

bilaterally	in	the	superior	parietal	and	precuneus,	the	right	cuneus,	the	left	occipital	pole,	

and	a	cluster	involving	the	left	lateral	orbitofrontal	and	frontopolar	cortices.	As	stated	in	

the	introduction,	there	is	no	previous	research	investigating	brain	changes	in	IRBD	over	

time	compared	to	normal	aging.	It	is	interesting	noting	that	already	in	our	cross-sectional	

study	 1,	 superior	 parietal	 thinning	 was	 identified	 in	 these	 patients.	 With	 study	 5,	 we	

Cortical	degeneration	in	IRBD	

Study	 1	 identified	 cortical	 thinning	 in	 IRBD	 relative	 to	HC	 in	 the	 left	 superior	 parietal,	

postcentral,	and	fusiform	regions,	as	well	as	in	right	superior	frontal	and	lateral	occipital	

cortices.	After	a	short	interval,	study	5	evidenced	larger	degeneration	in	IRBD	relative	to	

healthy	individuals	bilaterally	in	the	superior	parietal	and	precuneus,	the	right	cuneus,	the	

left	 occipital	 pole,	 and	 a	 cluster	 involving	 the	 left	 lateral	 orbitofrontal	 and	 frontopolar	

cortices.	This	finding	is	in	agreement	with	cortical	atrophy	present	in	in	PD	and	DLB.		

	



 

  204 

demonstrated	 the	 involvement	 of	 parietal	 regions	 in	 the	 progression	 of	 IRBD’s	 brain	

degeneration.	 This	 predominantly	 posterior	 cortical	 pattern	 is	 similar	 to	 previous	

findings	in	PD	and	DLB	(Delli	Pizzi	et	al.,	2014;	Ramírez-Ruiz	et	al.,	2007;	Segura	et	al.,	

2014;	Uribe	et	al.,	2016),	and	further	supports	the	idea	of	IRBD	as	a	potential	harbinger	

for	the	development	of	a	Synucleinopathy.			

Early	implication	of	the	temporal	lobe	in	prodromal	PD		

In	study	1,	the	deep	gray	matter	analysis	showed	a	reduction	in	the	right	hippocampus	in	

IRBD	patients,	which	was	confirmed	by	different	techniques.	This	finding	is	in	line	with	

previous	works	 reporting	 the	existence	of	medial	 temporal	 lobe	abnormalities	 in	 such	

patients	using	other	neuroimaging	approaches.	For	instance,	studies	using	whole-brain	

VBM	approach	reported	increased	hippocampal	GM	density	(Scherfler	et	al.,	2011),	but	

also	GM	reduction	in	related	structures	such	as	the	parahippocampal	gyrus	(Hanyu	et	al.,	

2012).	On	the	other	hand,	brain	perfusion	studies	have	found	a	heightened	activity	of	the	

hippocampus	in	IRBD	patients	(Dang-Vu	et	al.,	2012;	Ge	et	al.,	2015;	Mazza	et	al.,	2006;	

Vendette	 et	 al.,	 2012;	 Wu	 et	 al.,	 2014).	 Some	 of	 these	 works	 have	 found	 this	 effect	

specifically	 in	 the	 right	 hippocampus	 (Mazza	 et	 al.,	 2006;	 Vendette	 et	 al.,	 2012).	

Furthermore,	hippocampal	perfusion	in	IRBD	has	been	reported	as	a	predictor	of	PD	or	

DLB	evolution	(Dang-Vu	et	al.,	2012).	Additionally,	we	underwent	an	exploratory	analysis	

to	investigate	specific	changes	in	hippocampal	subfields	(study	1).	The	results	revealed	

greater	atrophy	 in	 the	 IRBD	group	 in	 the	right	CA1	and	CA4	subfields,	 right	molecular	

layer,	and	right	granule	cell	 layer	of	the	dentate	gyrus.	In	agreement	with	our	findings,	

DLB	studies	 identified	reductions	 in	the	CA1	(Chow	et	al.,	2012;	Sabattoli	et	al.,	2008),	

CA4-DG	(Delli	Pizzi	et	al.,	2016),	subiculum,	and	presubiculum	(Sabattoli	et	al.,	2008).	By	

contrast,	 a	 previous	work	 reported	 the	 preservation	 of	 hippocampal	 subfields	 in	DLB	

patients	 (Mak	 et	 al.,	 2017).	Neuropathological	 studies	 in	DLB	 evidenced	 greater	 Lewy	

pathology	in	the	CA2	(Harding	et	al.,	2002a),	but	also	in	the	entorhinal	cortex,	CA1,	CA3,	

CA4,	and	the	subiculum	(Adamowicz	et	al.,	2017).	

Early	implication	of	the	hippocampus	and	neocortex	in	prodromal	PD	

Study	 1	 identified	 atrophy	 of	 the	 right	 posterior	 hippocampus	 in	 IRBD	 patients	 and	 of	

diverse	 neocortical	 regions.	 The	 fact	 that	 these	 structures	 are	 already	 affected	 in	

prodromal	PD	might	explain	why	some	patients	present	cognitive	impairment	even	before	

the	motor	onset.	
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Taken	 as	 a	whole,	 study	 1	 offers	 compelling	 evidence	 for	 the	 early	 implication	 of	 the	

hippocampal	 formation	 in	 IRBD,	 with	 particular	 involvement	 of	 the	 right	 posterior	

hippocampus.	The	fact	that	the	hippocampus	is	already	affected	in	prodromal	PD	might	

explain	why	 some	 IRBD	 patients	 present	memory	 impairment	 even	 before	 the	motor	

onset.		

Disruption	of	posterior	brain	functional	connectivity	

Previous	works	focused	on	rs-fMRI	data	in	IRBD,	found	altered	basal	ganglia	functional	

connectivity	 in	 these	 patients	 when	 using	 previously	 selected	 regions	 (Dayan	 and	

Browner,	 2017;	 Ellmore	 et	 al.,	 2013;	 Rolinski	 et	 al.,	 2016a).	 Interestingly,	 study	 2	

demonstrates	 that	 when	 whole-brain	 analysis	 is	 conducted	 using	 a	 complex-network	

approach,	reduced	cortico-cortical	connectivity	 is	also	present.	Particularly,	 the	whole-

brain	 analysis	 showed	 decreased	 posterior	 cortico-cortical	 functional	 connectivity	

strength	 in	 IRBD	patients	 compared	with	healthy	 individuals.	 In summary,	our	 results	

revealed	disrupted	connectivity	involving	associative	regions	of	the	temporal	and	parietal	

lobes	that	are	known	to	support	complex	cognitive	functions.	To	better	characterize	this	

posterior-predominant	 pattern,	 we	 underwent	 independent	 analyses	 for	 anterior	 and	

posterior	networks.	Whereas	 the	results	evidenced	a	significant	posterior	connectivity	

reduction	in	IRBD	patients,	no	results	were	found	in	the	anterior	network.	These	findings	

indicate	 that	 the	 presence	 of	 IRBD	 might	 be	 associated	 with	 altered	 posterior	

connectivity.	Both	PD	and	DLB	(Peraza	et	al.,	2016,	2014)	patients	manifest	connectivity	

changes	 in	 motor	 regions,	 howbeit,	 disrupted	 function	 in	 posterior	 areas	 is	 more	

commonly	reported	in	DLB	(Borroni	et	al.,	2015;	Peraza	et	al.,	2015,	2014;	Sourty	et	al.,	

2016),	 hence	 suggesting	 that	 changes	 in	 such	 regions	 might	 be	 characteristic	 of	 this	

disease	 (Hohenfeld	 et	 al.,	 2018).	 The	 early	 disruption	 of	 posterior	 cortico-cortical	

connectivity	 seen	 in	 study	 2,	 has	 further	 strengthened	 the	 hypothesis	 that	 DLB-like	

mechanisms	are	already	ongoing	in	IRBD	patients.	Longitudinal	studies	on	large	datasets	

might	confirm	whether	this	posterior	pattern	is	a	reliable	marker	of	phenoconversion	and	

if	it	is	a	good	predictor	of	the	eventual	diagnosis.	

Disruption	of	posterior	functional	connectivity	

Study	2	 showed	reduced	posterior	 cortico-cortical	 functional	 connectivity	 strength	 in	 IRBD	

patients	compared	with	healthy	individuals,	similar	to	that	found	in	Synucleinopathies.	
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It	is	worth	noting	that	functional	disruption	of	the	parietal	cortex	was	also	confirmed	by	

the	 graph	 analysis	 that	 identified	 decreased	 centrality	 for	 a	 node	 located	 in	 the	 left	

superior	parietal	lobule.	This	finding	is	in	complete	agreement	with	previous	results	in	

DLB	(Peraza	et	al.,	2015)	and	further	support	the	role	of	the	parietal	lobule	in	IRBD.	In	

brain	network	analysis,	the	betweenness	centrality	of	an	individual	node	measures	the	

impact	and	importance	of	a	region	on	the	flow	of	information	across	the	brain	network	

(Bullmore	and	Sporns,	2009;	Rubinov	and	Sporns,	2010).	Thus,	this	result	might	reflect	

that	 the	 parietal	 cortex	 is	 losing	 its	 known	 role	 in	 integrating	 sensory	 and	 cognitive	

information,	 which	might	 explain	 the	 cognitive	 impairment	 present	 in	 some	 patients.	

Indeed,	 we	 found	 an	 association	 between	 abnormalities	 in	 this	 structure	 with	

neuropsychological	dysfunction	in	studies	2	and	5.	Interestingly,	the	functional	disruption	

of	the	parietal	cortex	is	consistent	with	the	cortical	degeneration	of	this	region	seen	in	

structural	studies	1	and	5.	Neuropathological	explanations	 for	 the	 involvement	of	 such	

structure	 in	 IRBD	 remain	 speculative	 at	 this	 point	 but	 could	 include	 disease-specific	

regional	 preferences	 of	 Lewy	 body	 pathology	 that	 have	 been	 evidenced	 previously	

(Hansen	et	al.,	2019).	

It	should	be	pointed	out	that	our	results	manifest	brain	connectivity	reduction	with	left-

hemispheric	 predominance	 in	 IRBD	 (study	 2).	 In	 a	 recent	 work,	 right-handed	 IRBD	

patients	exhibit	a	left-hemispheric	predominance	of	subclinical	nigrostriatal	dysfunction,	

suggesting	 that	 the	 neurodegenerative	 process	 begins	 asymmetrically	 at	 prodromal	

stages	 (Iranzo	 et	 al.,	 2020).	 This	 finding	 is	 also	 reported	 in	 prior	 studies	 showing	 left	

asymmetries	in	motor	symptoms	and	nigrostriatal	function	in	right-handed	PD	subjects	

(Barrett	et	al.,	2011;	Scherfler	et	al.,	2012;	Uitti	et	al.,	2005).	Interestingly,	in	keeping	with	

these	 works	 in	 our	 IRBD	 sample,	 eighteen	 out	 of	 twenty	 patients	 were	 right-handed	

(90%).	Based	on	this,	it	could	be	hypothesized	that	in	line	with	the	nigrostriatal	deficit,	

functional	 brain	 connectivity	 changes	 have	 an	 asymmetric	 vulnerability	 at	 prodromal	

stages	that	might	be	related	to	hemispheric	dominance	for	motor	functions.	

The	parietal	cortex	in	IRBD	

Our	work	highlights	the	involvement	of	the	parietal	cortex	in	IRBD.	Particularly,	studies	1,	2,	

and	 5	 demonstrated	 cortical	 degeneration	 and	 disrupted	 functional	 connectivity	 in	 this	

brain	region.	Remarkably,	such	abnormalities	are	underlying	cognitive	impairment	in	IRBD	

patients,	specially	VS/VP	and	mental	speed	processing.		
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Olfactory	dysfunction:	from	prodromal	stages	to	PD	

The	study	of	olfactory	dysfunction	was	addressed	through	4	works.	In	studies	3	and	4,	we	

sought	to	assess	the	sensitivity	and	specificity	of	olfactory	tests	in	IRBD	and	PD.	In	study	

4,	we	analyzed	MRI	data	to	examine	structural	substrates	of	different	smell	tools	in	IRBD.	

Finally,	 in	 studies	 5	 and	 6,	 we	 aimed	 at	 exploring	 the	 olfactory	 decline	 and	 its	 neural	

correlates	in	IRBD	and	PD.		

In	agreement	with	previous	literature,	studies	3	and	4	showed	impaired	olfactory	function	

both	 in	 IRBD	 and	 PD.	 The	 distribution	 of	 the	 degree	 of	 olfactory	 impairment	 in	 IRBD	

patients	at	baseline	(study	4)	according	to	the	UPSIT	normative	data	was	43%	anosmic	

and	57%	hyposmic,	whereas,	for	PD	(study	6	baseline	data),	36%	patients	were	anosmic,	

60%	 hyposmic,	 and	 4%	 normosmic.	 In	 our	 work,	 we	 did	 not	 compute	 a	 statistical	

comparison	between	 IRBD	and	PD	patients.	 Even	 so,	 it	 is	worth	noting	 that	 the	mean	

UPSIT	 score	 for	 PD	 and	 IRBD	 at	 baseline	 was	 similar	 (20.6	 ±	 7.5	 and	 19.7	 ±	 6.6,	

respectively),	as	well	as	the	percentage	of	patients	with	severe	hyposmia	or	anosmia	that,	

according	to	the	normative	data,	was	around	80%	for	both	samples.	Moreover,	in	study	6	

some	 PD	 patients	 remain	 normosmic,	 whereas	 all	 IRBD	 patients	 in	 study	 4	 present	

olfactory	 dysfunction	 even	 before	 developing	 overt	 parkinsonism.	 Previous	 works	

suggest	 that	 normosmic	 PD	 patients	 could	 be	 a	 unique	 clinical	 phenotype	with	 fewer	

motor	deficits	and	a	more	benign	disease	course	 (Lee	et	al.,	2015).	 In	contrast,	 severe	

olfactory	 dysfunction	 in	 PD	 is	 associated	 with	 worse	 prognosis.	 (Baba	 et	 al.,	 2012;	

Damholdt	et	al.,	2011;	Fullard	et	al.,	2016;	J.-W.	Park	et	al.,	2018;	Postuma	and	Gagnon,	

2010).	Likewise,	on	combining	our	results,	we	might	deduce	that	patients	with	IRBD	and	

severe	 olfactory	 impairment	 are	 those	 that	 will	 eventually	 convert	 to	 an	 overt	

Synucleinopathy,	 which	 will	 presumably	 present	 a	 more	 severe	 disease	 course.	 This	

hypothesis	 is	 supported	by	 those	studies	 that	 report	worse	prognosis	of	patients	with	

RBD	and	hyposmia.	Altogether,	 these	 results	 further	 strengthened	 the	hypothesis	 that	

there	are	different	clinical	subtypes	of	PD.	

Studies	5	and	6	showed	similar	smell	loss	over	time	in	both	conditions	to	that	found	in	

normal	aging.	In	agreement	with	our	findings,	longitudinal	works	in	IRBD	(Iranzo	et	al.,	

2013;	Postuma	et	al.,	2011)	showed	that	olfaction	changes	only	slightly	with	time	and	that	

the	decline	 is	 similar	 to	 that	observed	 in	healthy	elder	 controls.	 In	 the	 same	 line	with	
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earlier	studies	(Herting	et	al.,	2008;	Meusel	et	al.,	2010;	Müller	et	al.,	2002b),	in	our	work,	

only	some	PD	patients	showed	smell	decline,	which	again	points	towards	the	existence	of	

different	PD	subtypes	according	to	the	degree	of	olfactory	impairment.	These	previous	

works	lack	a	control	group;	thus,	the	aging	effect	could	not	be	ruled	out.	In	our	study,	the	

fact	 that	 the	 interaction	 between	 group	 and	 time	 is	 not	 significant	 indicates	 that	 the	

decline	in	PD	might	be	explained	by	aging	per	se.	Nevertheless,	the	correlation	between	

smell	progression	and	 striatal	degeneration	and	 the	 fact	 that	PD with olfactory decline 

showed greater right caudate atrophy (study	6),	supports	the	idea	that	olfactory	loss	over	

time	worsens	with	disease	severity.		

Neuroanatomical	substrates	of	olfactory	dysfunction	in	IRBD	and	PD	

MRI	 data	 in	 study	 4	 showed	 that	 in	 anosmic	 IRBD,	worse	 olfactory	 identification	was	

related	to	GM	reduction	in	orbitofrontal	regions.	This	result	is	in	line	with	a	recent	work	

in	IRBD	(Pereira	et	al.,	2019)	and	previous	literature	in	PD	samples	(Ibarretxe-Bilbao	et	

al.,	 2010;	Wu	 et	 al.,	 2011).	 This	 finding	 reinforces	 the	 implication	 of	 the	 orbitofrontal	

cortex	in	the	early	stages	of	Synucleinopathies,	and	thus	olfactory	dysfunction	cannot	be	

attributed	 only	 to	 the	 olfactory	 bulb. It	 can	 be	 conceivably	 hypothesized	 that	 the	

orbitofrontal	 involvement	 in	anosmic	 IRBD	 is	 reflecting	 that	patients	with	worse	odor	

identification	maybe	those	that	eventually	evolve	to	a	Synucleinopathy.		

Subsequently,	in	studies	5	and	6,	we	investigated	for	the	first	time	the	neural	mechanisms	

underlying	 olfactory	 progression	 throughout	 IRBD	 and	 PD.	 Despite	 the	 presence	 of	

cortical	 degeneration	 in	 both	 groups	 over	 time,	 cortical	 atrophy	was	 not	 significantly	

correlated	with	 the	 smell	 loss	 in	 these	 patients.	 In	 contrast,	 as	mentioned	 before,	we	

observed	significant	associations	between	the	percentage	of	change	in	the	UPSIT	and	the	

volume	 loss	 in	 the	striatal	nuclei	 in	PD.	Recently,	olfactory	performance	has	been	also	

related	 to	 striatal	 uptake	 in	 IRBD	 patients	 (Dušek	 et	 al.,	 2019;	 Lee	 et	 al.,	 2019).	 The	

Olfactory	dysfunction	in	IRBD	

Studies	 3	 and	 4	 confirmed	 significant	 olfactory	 identification	 deficits	 in	 PD	 and	 IRBD.	

Longitudinal	studies	5	and	6	did	not	show	a	significant	decline	over	time	in	comparison	to	

normal	aging	in	such	function.	In	our	work,	only	some	PD	patients	showed	smell	decline,	

which	 points	 towards	 the	 existence	 of	 different	 PD	 subtypes	 according	 to	 the	 degree	 of	

olfactory	impairment.	
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involvement	 of	 the	 striatum	 during	 olfactory	 perception	 has	 been	 demonstrated	

previously	 in	 functional	 neuroimaging	 studies	 (J.	 E.	 Lee	 et	 al.,	 2014;	Moessnang	 et	 al.,	

2011;	 Savic	 et	 al.,	 2000;	Westermann	 et	 al.,	 2008).	 Thus,	 although	 the	 striatum	 is	 not	

classically	considered	an	olfactory	structure,	it	appears	to	be	part	of	the	circuitry	involved	

in	 smell	 perception.	 An	 alternative	 explanation	 is	 that	 the	 striatal	 atrophy	 might	 be	

reflecting	the	rapid	progression	in	PD	with	severe	hyposmia.	Large	longitudinal	datasets,	

including	patients	at	different	stages,	are	needed	to	elucidate	the	implication	of	different	

substrates	on	the	putative	worsening	of	olfactory	function	in	PD.	

Diagnostic	accuracy	and	neural	correlates	of	olfactory	tests	

As	 explained	 in	 the	 introduction,	 odor	 identification	 tools,	 such	 as	 the	 UPSIT	 and	 the	

Sniffin’	 Sticks	 tests,	 are	 used	 in	 both	 research	 and	 clinical	 settings	 to	 assess	 olfactory	

dysfunction	 in	 Synucleinopathies.	 In	 studies	 3	 and	 4,	 we	 sought	 to	 investigate	 the	

diagnostic	accuracy	of	such	tests	in	PD	and	IRBD.	

In	 study	 3,	 we	 report	 for	 the	 first	 time	 the	 age-related	 discrimination	 criteria	 and	

diagnostic	measures	for	the	UPSIT	Spanish	version	for	PD.	We	revealed	that	the	normative	

cut-off	 score	 for	 anosmia	 (≤18)	 proposed	 by	 the	 UPSIT	 manual	 has	 high	 specificity	

(100%)	but	low	sensitivity	(54.6%)	for	PD.	We	demonstrated	that	age	should	be	taken	

into	account,	so	when	optimal	cut-off	scores	are	considered	according	to	age	ranges,	both	

sensitivity	and	specificity	are	above	80%.	Age	contribution	 to	olfactory	deficits	 is	well	

known	both	in	healthy	subjects	(Mckinnon	et	al.,	2010;	Sorokowska	et	al.,	2015)	and	in	

PD	patients	(Doty	et	al.,	1995).	This	is	demonstrated	by	the	fact	that	in	the	original	English	

version	discriminatory	UPSIT	scores	are	presented	for	different	age	groups	(Doty	et	al.,	

1995).	 Unfortunately,	 we	 were	 unable	 to	 investigate	 the	 optimal	 cut-off	 according	 to	

different	age	ranges	in	IRBD	due	to	the	sample	size	in	study	4.	If	we	keep	in	mind	that	the	

onset	 of	 motor	 features	 in	 PD	 takes	 place	 around	 the	 age	 of	 60,	 there	 is	 a	 need	 for	

developing	more	 accurate	procedures	 for	detecting	olfactory	 impairment	 in	 young	PD	

patients	and	the	prodromal	stages.	Finally,	in	agreement	with	previous	works	with	Italian	

(Picillo	 et	 al.,	 2014),	 Brazilian	 (Silveira-Moriyama	 et	 al.,	 2008),	 Mexican	 (Rodríguez-

Violante	et	al.,	2014b)	and	Japanese	(Kondo	H,	Matsuda	T,	Hashiba	M,	1998)	population,	

the	item	analysis	of	the	UPSIT	Spanish	version	demonstrated	low	percentage	of	success	

in	 control	 subjects	 for	 some	 items.	 As	 suggested	 previously,	 this	 finding	might	 be	 an	
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indicator	 of	 culturally	 unsuitable	 items	 (Picillo	 et	 al.,	 2014),	 evidencing	 the	 need	 to	

provide	and	to	promote	the	use	of	country-specific	normative	data.	Therefore,	our study 3 

gives evidence of those items that need to be reviewed in order to adapt them culturally so their 

sensitivity and specificity in Spanish PD may be improved. 

In	 study	4,	we	aimed	at	 comparing	 the	 sensitivity	and	specificity	of	 the	UPSIT	and	 the	

Sniffin’	Sticks	tests,	as	well	as	its	neural	correlates.	As	expected,	we	found	lower	scores	in	

smell	 identification	and	discrimination	 in	IRBD,	when	compared	with	matched	healthy	

individuals	(Aguirre-Mardones	et	al.,	2015;	Barber	et	al.,	2017;	Dušek	et	al.,	2019;	Fantini	

et	al.,	2006;	Huang	et	al.,	2016;	Iranzo	et	al.,	2013;	Mahlknecht	et	al.,	2015;	Miyamoto	et	

al.,	2011,	2010;	Pereira	et	al.,	2019;	Shin	et	al.,	2019,	2013;	Stiasny-Kolster	et	al.,	2005).	

Moreover,	we	confirmed	that	olfactory	tests	are	useful	tools	for	discriminating	HC	from	

IRBD	 (Huang	 et	 al.,	 2016;	 Miyamoto	 et	 al.,	 2010).	 Being	 the	 smell	 identification	 the	

olfactory	 measure	 that	 better	 discriminates	 patients	 from	 controls.	 Namely,	 Sniffin’	

Identification	 had	 the	 highest	 classification	 accuracy	 (89.1%),	 sensitivity	 (90.5%)	 and	

specificity	 (88.0%),	 followed	 by	 the	 UPSIT	 (85.4%,	 85.7%	 and	 85%	 respectively).	 As	

mentioned	 before,	 lower	 performance	 in	 the	 UPSIT	 was	 associated	 with	 atrophy	 in	

orbitofrontal	regions	in	those	IRBD	patients	with	anosmia,	whereas	no	Sniffin’	subtests	

correlated	with	structural	data.	However,	only	Sniffin’	Identification	correlated	with	RBD	

severity.	From	a	clinical	point	of	view,	both	the	UPSIT	and	the	Sniffin	Identification	have	

proved	to	be	useful	and	demonstrated	high	accuracy	to	detect	olfactory	impairment	 in	

IRBD.	 Whereas	 the	 UPSIT	 seems	 to	 be	 more	 sensitive	 when	 it	 comes	 to	 identifying	

structural	atrophy	in	olfactory	regions	for	basic	research,	the	Sniffin’	Identification	is	less	

time	consuming	and	relates	to	symptoms’	severity,	thus	could	be	more	useful	for	clinical	

practice.	

	

UPSIT	vs	Sniffin	Identification	

Both	tests	have	proved	to	be	accurate	to	detect	olfactory	impairment	in	IRBD.	The	UPSIT	

but	 not	 the	 Sniffin,	 correlated	 with	 associative	 olfactory	 regions,	 whereas	 the	 Sniffin’	

Identification	 is	 less	 time	 consuming	 and	 its	 performance	 is	 related	 to	 RBD	 symptom’s	

severity	(study	4). 
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Final	remarks	

The	present	Doctoral	Thesis	has	identified	new	cognitive	deficits	in	IRBD	patients	and	has	

shed	some	 light	on	 its	progression	throughout	 the	disease.	 In	particular,	our	work	has	

shown	the	importance	of	VS/VP	functions	as	a	measure	able	to	identify	cognitive	changes	

across	 time	 in	 IRBD,	 and	 its	 potential	 in	 identifying	 those	 patients	 with	 progressive	

neurodegeneration	 in	 posterior	 cortices.	 Besides,	 we	 have	 exhaustively	 described	 the	

characteristics	 of	 severe	 and	 early	 olfactory	 dysfunction	 in	 IRBD	 and	 described	 its	

neuroanatomical	correlates.	The	neuroimaging	data	from	this	Thesis	points	towards	an	

early	 implication	 of	 the	 temporal-occipital-parietal	 cortices	 in	 IRBD.	 Additionally,	 our	

longitudinal	 work	 has	 shown	 that	 IRBD	 patients	 have	 brain	 degeneration	 of	 the	

occipitoparietal	and	orbitofrontal	cortex	over	time,	in	line	with	the	degenerative	changes	

reported	in	PD	and	DLB.	Abnormalities	in	such	regions	are	supported	by	the	association	

between	impaired	cognition	and	both	functional	and	structural	brain	changes.		

Cortical	 atrophy	 and	 disrupted	 cortico-cortical	 functional	 connectivity	 highlight	 that	

cortical	degeneration	and	 functional	abnormalities	already	exist	 in	patients	with	 IRBD	

before	they	are	diagnosed	with	DLB,	PD,	or	MSA.	Thus,	suggesting	that	in	prodromal	PD,	

the	alpha-synuclein	pathology	is	already	involving	these	structures	earlier	than	would	be	

expected	according	to	the	Braak	degeneration	model	proposed	form	neuropathological	

data.	 Cortical	 atrophy	 and	 dysfunction	 may	 explain	 why	 some	 patients	 present	

neuropsychological	impairment	before	the	motor	onset.	We	hope	that	our	research	will	

serve	as	a	basis	for	further	multicentric	studies	that	confirm	our	findings	and	to	identify	

the	optimal	neuropsychological	and	neuroimage	markers	for	diagnostic,	prognostic,	and	

efficacy	of	future	neuroprotective	therapies.	
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CHAPTER	6	

Conclusions	
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Through	the	combined	analysis	of	the	studies	included	in	this	Doctoral	Thesis,	we	can	

conclude	that:		

1 IRBD	patients	 show	 facial	 recognition	and	visuospatial	 impairment	 in	agreement	

with	 the	 cognitive	 profile	 characteristic	 of	 PD	 and	 DLB.	Moreover,	 we	 observed	

cortical	 thinning	 in	 the	 fusiform	 gyrus	 and	 the	 parietal	 cortex,	 regions	 that	 are	

known	to	be	critical	for	such	functions.		

2 Structural	 data	 points	 towards	 an	 early	 atrophy	 of	medial	 temporal	 regions	 and	

posterior	 cortices	 in	 IRBD.	 Progression	 over	 time	 in	 IRBD	 is	 characterized	 by	

occipitoparietal	and	orbitofrontal	degeneration,	in	line	with	GM	changes	reported	in	

PD	and	DLB.	

3 IRBD	 patients	 show	 decreased	 posterior	 cortico-cortical	 functional	 connectivity,	

including	associative	regions	of	the	temporal	and	parietal	lobes	that	are	known	to	

support	complex	cognitive	functions.	Mental	processing	speed	impairment	reflects	

disrupted	temporo-parietal	connectivity.	

4 The	olfactory	tests	have	a	high	accuracy	distinguishing	IRBD	and	PD	from	controls,	

especially	when	age	 is	 taken	 into	account.	Olfactory	 identification	 is	 the	measure	

that	 better	 discriminates	 IRBD	 from	 healthy	 individuals	with	 an	 accuracy	 above	

85%.	Both	the	Sniffin’	Identification	and	the	UPSIT	tests	have	proved	to	be	accurate	

to	detect	olfactory	impairment	in	IRBD.	The	UPSIT	performance	is	associated	with	

the	degree	of	orbitofrontal	atrophy,	whereas	the	Sniffin’	Identification	is	less	time	

consuming	and	relates	to	symptom	severity.	

5 IRBD	and	PD	patients	 show	similar	 smell	 impairment	 severity.	 In	 anosmic	 IRBD,	

structural	 imaging	 reinforces	 the	 implication	 of	 the	 orbitofrontal	 cortex.	 Thus,	

olfactory	dysfunction	cannot	be	attributed	only	to	olfactory	bulb	degeneration. 		

6 Longitudinal	data	evidenced	that	olfaction	changes	only	slightly	with	time	in	some	

patients	and	that	the	decline	is	similar	to	that	observed	in	healthy	aging.	However,	

the	 fact	 that	 smell	 progression	 is	 associated	 with	 striatal	 degeneration	 in	 PD	

supports	the	hypothesis	that	this	function	worsens	with	disease	course.		

7 The	results	highlight	the	relevance	of	VS/VP	functions	as	a	measure	able	to	identify	

cognitive	changes	across	time	in	IRBD,	and	its	potential	in	identifying	those	patients	

with	progressive	neurodegeneration	in	posterior	cortices.	
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In	summary,	in	the	present	Doctoral	Thesis,	we	have	found	strong	evidence	that	IRBD	is	

characterized	 by	 differential	 structural	 and	 functional	 connectivity	 changes,	 mainly	

involving	 temporo-parieto-occipital	 regions,	 consistent	 with	 previous	 reports	 on	

Synucleinopathies.	 The	 combination	 of	 different	 MRI	 approaches	 indicates	 an	 early	

neocortical	 degeneration	 in	 prodromal	 PD	 that	 is	 accompanied	 by	 neuropsychological	

impairment.	 IRBD	 and	 PD	 patients	 show	 severe	 smell	 impairment	 that	 changes	 only	

slightly	with	time	similar	to	that	observed	in	healthy	aging. 
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ABSTRACT	

Background	

The	present	Doctoral	Thesis	 is	 focused	on	Rapid-eye-movement	 (REM)	sleep	behavior	

disorder	 (RBD)	and	olfactory	dysfunction	as	biomarkers	of	 Synucleinopathies,	 such	as	

Parkinson’s	disease	(PD),	dementia	with	Lewy	bodies	(DLB),	and	multiple	system	atrophy	

(MSA).	 RBD	 is	 a	 parasomnia	 characterized	 by	 loss	 of	 atonia	 during	 REM	 sleep	 that	

provokes	 dream-enacting	 behaviors.	 Clinically	 isolated	 RBD	 (IRBD)	 is	 considered	 a	

prodromal	stage	of	alpha-Synucleinopathies	since	almost	75%	of	patients	after	12	years	

of	the	disease	develop	a	PD	or	atypical	parkinsonism.	Specifically,	in	a	multicentric	study,	

56.5%	of	IRBD	patients	converted	to	parkinsonism	as	the	first	manifestation,	while	43.5%	

developed	dementia	first.	Subtle	motor	symptoms,	hyposmia,	and	cognitive	impairment	

are	the	best	predictors	of	phenoconversion	in	IRBD.		

In	 this	 context,	 there	 is	 a	 growing	 interest	 in	 characterizing	 the	 cognitive	 changes	

associated	with	IRBD.	Studies	published	so	far	conclude	that	between	15-50%	of	these	

patients	 have	 mild	 cognitive	 impairment.	 Despite	 well-documented	 evidence	 of	

neuropsychological	deficits	in	IRBD,	additional	research	is	needed	to	assess	visuospatial	

and	visuoperceptive	functions	(VS/VP)	in	isolation,	since	impairment	in	these	functions	

is	characteristic	of	PD	and	DLB	neuropsychological	profile.	As	for	the	cognitive	decline	

throughout	 the	 disease,	 there	 is	 still	 considerable	 uncertainty.	 Longitudinal	 studies,	

including	data	for	IRBD	and	healthy	individuals,	have	not	properly	investigated	the	effect	

of	aging	on	progressive	cognitive	decline.	

In	 the	 past	 decade,	 the	 characterization	 of	 brain	 structure	 and	 function	 in	 IRBD	 has	

become	 an	 emergent	 field	 of	 study.	 Most	 neuroimaging	 research	 has	 focused	 on	

identifying	 metabolic	 changes.	 Owing	 to	 these	 studies,	 there	 is	 strong	 evidence	 of	 a	

dopaminergic	 deficit	 in	 the	 striatum,	 as	 well	 as	 cortical	 and	 subcortical	 metabolic	

abnormalities	 with	 a	 PD-like	 pattern.	 Works	 on	 structural	 neuroimaging	 in	 IRBD	

identified	white	matter	and	gray	matter	(GM)	abnormalities	in	regions	that	regulate	REM	

sleep,	and	that	are	known	to	have	neurodegenerative	pathology	in	early	PD.	Functional	

imaging,	highlights	disrupted	functional	connectivity	within	the	basal	ganglia	and	also	in	

cortico-striatal	networks	 in	 IRBD.	However,	no	previous	works	addressed	the	study	of	

functional	changes	in	the	whole-brain	connectivity,	without	focusing	on	specific	circuits.	
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As	for	longitudinal	changes,	few	studies	have	investigated	how	disease	progression	affects	

brain	structure	and	function,	and	how	these	changes	may	explain	the	cognitive	decline.	

Previous	works	have	focused	on	prognostic	metabolic	biomarkers	and	there	is	only	one	

study	 on	 the	 progression	 of	 structural	 degeneration.	 Unfortunately,	 the	 lack	 of	

longitudinal	MRI	for	the	control	group	in	this	work	precludes	to	discard	the	aging	effects	

on	brain	changes.		

There	 is	 a	 large	 body	 of	 scientific	 literature	 demonstrating	 the	 relation	 between	

Synucleinopathies	and	smell	dysfunction.	The	high	prevalence	of	hyposmia	and	anosmia	

in	de	novo	PD	 is	 in	accordance	with	 the	 involvement	of	 the	olfactory	bulb	 in	 the	early	

stages	of	the	disease,	as	proposed	by	the	Braak	scheme.	On	the	other	hand,	the	evidence	

of	olfactory	dysfunction	in	premotor	stages	is	supported	by	the	presence	of	hyposmia	in	

IRBD	 patients,	 even	 20	 years	 before	 the	 motor	 onset.	 The	 importance	 of	 olfactory	

dysfunction	in	PD	and	IRBD	is	such	that	hyposmia	can	differentiate	patients	from	healthy	

individuals	of	similar	age.	Furthermore,	olfactory	testing	may	be	useful	in	distinguishing	

among	motor	neurodegenerative	disorders,	as	well	as	in	predicting	conversion	from	IRBD	

to	 parkinsonism.	 The	 progression	 of	 olfactory	 deficits	 throughout	 the	 disease	 is	 still	

unclear.	Previous	evidence	suggests	that	olfaction	changes	only	slightly	over	time	across	

the	 PD	 course,	 but	 since	 these	works	 did	 not	 include	 a	 control	 group,	 it	 is	 difficult	 to	

distinguish	 disease-related	 decline	 from	 the	 effects	 of	 aging	 on	 olfactory	 function.	

Improving	the	accuracy	of	smell	clinical	testing	in	IRBD	could	help	identify	patients	at	a	

higher	risk	of	conversion,	and	thus	define	target	populations	for	disease-prevention	trials.	

Objectives	and	Hypotheses	

The	main	objectives	of	this	Thesis	are:	

1 To	characterize	structural	and	functional	brain	substrates	underlying	Idiopathic	REM	

sleep	behavior	disorder	as	well	as	to	relate	these	findings	to	cognitive	performance,		

2 To	 study	 olfactory	 dysfunction	 as	 a	 preclinical	 and	 clinical	 biomarker	 of	 alpha-

Synucleinopathies,	and	its	progression	throughout	the	disease,	

3 To	 investigate	 progressive	 brain	 degeneration	 throughout	 IRBD,	 and	 to	 investigate	

how	these	changes	relate	to	cognitive	decline.	
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The	main	hypotheses	are:	

1 IRBD	 will	 be	 characterized	 by	 specific	 changes	 in	 brain	 structure	 and	 functional	

connectivity	that	will	be	associate	with	olfactory	and	cognitive	impairment,	

2 IRBD	patients	will	 show	structural	brain	 changes	over	 time	and	a	 cognitive	decline	

superior	to	that	seen	in	normal	aging,	

3 Smell	 dysfunction	will	 be	 identified	 in	 IRBD	 and	PD,	 and	 it	 is	 expected	 to	 progress	

slightly	with	the	disease	course.	

Material	and	Methods	

This	Doctoral	Thesis	is	presented	as	a	compendium	of	six	studies	that	were	carried	

out	to	achieve	the	above-mentioned	objectives.	

Studies	comprised	samples	of	patients	with	IRBD,	PD,	and	healthy	controls	(HC).	Namely,	

samples	1,	2,	and	4	consist	of	twenty-one	patients	with	IRBD	and	twenty-seven	healthy	

participants.	Sample	3	included	97	non-demented	PD	patients	and	65	healthy	subjects.	In	

study	5,	the	sample	consists	of	14	IRBD	and	18	healthy	subjects,	and	the	study	sample	6	

included	25	PD	patients	 and	24	HC.	 In	 studies	 5	 and	6,	 subjects	were	 evaluated	 twice	

(interval	between	evaluations	of	1.6	and	3.8	years,	respectively).	

A	comprehensive	battery	of	neuropsychological	tests	was	administered	for	studies	1,	2,	

and	5.	Olfaction	was	assessed	in	studies	3,	4,	5,	and	6.	In	studies	3	and	4,	we	calculated	

diagnostic	accuracy	measures	and	the	optimal	cut-off	score	 for	each	olfactory	 test	and	

condition	 (PD	 vs	HC	 and	 IRBD	 vs	HC,	 respectively).	 In	 study	 3,	we	 conducted	 an	 item	

analysis	of	the	University	of	Pennsylvania	Smell	Identification	Test	(UPSIT).	

In	 studies	 1,	 2,	 4,	 5,	 and	 6	 participants	 underwent	 an	MRI	 scan	 acquired	 in	 a	 3-Tesla	

Siemens	scanner	(Magnetom	Trio	Tim	scanner	syngo).	T1-weighted	images	were	used	in	

studies	1,	2,	4,	5,	and	6	(participants	were	scanned	twice	in	studies	5	and	6).	In	studies	1,	4,	

5,	and	6,	FSL	and	FreeSurfer	were	used	to	compute	structural	analyses.	Specifically,	 in	

study	 1	 cortical	 thickness,	 hippocampal	 shape	 analysis,	 subcortical,	 and	 hippocampal	

subfield	 segmentation	approaches	were	applied.	 In	 study	4,	 voxel-based	morphometry	

was	 used	 to	 study	 the	 relationship	 between	 smell	 impairment	 and	 GM	 volume	 in	 the	

olfactory	system.	In	studies	5	and	6,	the	longitudinal	analysis	of	cortical	thickness	was	used	

to	study	the	GM	progression	in	IRBD	and	PD.	Finally,	in	study	6,	the	percentage	of	change	
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in	the	striatal	nuclei	was	calculated.	In	study	2	MRI	resting-state	functional	images	were	

acquired.	 We	 used	 threshold-free	 network-based	 statistics	 and	 graph	 analysis	 to	

characterized	whole-brain	functional	connectivity	in	IRBD.	

Results	

In	studies	1,	2,	and	5,	IRBD	patients	differed	from	controls	in	several	cognitive	domains,	

namely	attention	and	executive	functions,	mental	processing	speed,	verbal	memory,	and	

semantic	 fluency.	Besides,	 studies	1	 and	 5	 identified	 for	 first-time	 impairment	 in	 facial	

recognition	and	visuospatial	functions.	Contrary	to	our	hypothesis	in	study	1,	we	did	not	

find	significant	correlations	between	cognitive	performance	and	brain	atrophy.	However,	

there	 was	 coherence	 between	 the	 structural	 changes	 detected	 by	 MRI	 and	

neuropsychological	 impairment.	 For	 instance,	 IRBD	 subjects	 had	 facial	 recognition	

impairment	and	cortical	atrophy	in	the	fusiform	gyrus,	a	region	that	is	known	to	be	critical	

for	 such	 function.	 In	 the	 same	 way,	 patients	 showed	 memory	 impairment	 and	

hippocampal	atrophy,	a	core	structure	for	learning	and	memory.	On	the	other	hand,	study	

2	evidenced	the	potential	role	of	altered	brain	functional	connectivity	in	IRBD’s	cognitive	

impairment.	 We	 found	 a	 positive	 correlation	 between	 mental	 processing	 speed	 and	

temporoparietal	functional	connectivity	in	the	IRBD	group.	In	study	5,	we	reported	visual	

form	discrimination	decline	in	IRBD	relative	to	normal	aging	after	 less	than	two	years.	

More	importantly,	we	identified	that	visual	form	discrimination	worsening	over	time	was	

explained	by	progressive	reductions	of	the	cortical	thickness	in	the	superior	parietal.	

Structural	imaging	in	study	1	identified	cortical	thinning	in	IRBD	in	left	superior	parietal,	

postcentral,	and	fusiform	regions,	as	well	as	in	right	superior	frontal	and	lateral	occipital	

cortices.	 In	 study	 1,	 the	 deep	 gray	 matter	 analysis	 showed	 a	 reduction	 in	 the	 right	

posterior	hippocampus	in	IRBD	patients,	which	was	confirmed	by	different	techniques.	In	

study	5,	we	found	cortical	degeneration	in	IRBD,	in	a	short	period.	MRI	data	evidenced	

aging-related	structural	changes	in	IRBD	and	controls	with	common	thinning	in	the	left	

precuneus	and	inferior	parietal	regions	but	with	a	larger	widespread	frontal	and	parieto-

occipital	 progression	 in	 IRBD.	 Indeed,	 group-by-time	 contrast	 confirms	 the	 larger	

degeneration	in	IRBD	patients	bilaterally	in	the	superior	parietal	and	precuneus,	the	right	

cuneus,	 the	 left	occipital	pole,	 and	a	 cluster	 involving	 the	 left	 lateral	orbitofrontal	 and	

frontopolar	cortices.	
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Focusing	on	the	resting-state	fMRI	data,	study	2	showed	that	when	we	analyze	the	whole-

brain,	 patients	 with	 IRBD	 show	 decreased	 posterior	 cortico-cortical	 functional	

connectivity	strength.	In summary,	our	results	revealed	disrupted	connectivity	involving	

associative	regions	of	the	temporal	and	parietal	lobes	that	are	known	to	support	complex	

cognitive	functions.	An	additional	analysis	evidenced	a	significant	posterior	connectivity	

reduction	 in	 IRBD	 patients,	 in	 contrast	 with	 preserved	 connectivity	 in	 the	 anterior	

network.	Moreover,	the	graph	analysis	identified	decreased	centrality	for	a	node	located	

in	the	left	superior	parietal	lobule.	

Studies	 3	 and	 4	 showed	 impaired	 olfactory	 performance	 both	 in	 IRBD	 and	 PD.	 The	

distribution	of	the	degree	of	olfactory	impairment	in	IRBD	patients	at	baseline	(study	4)	

according	to	the	UPSIT	normative	data	was	43%	anosmic	and	57%	hyposmic,	whereas,	

for	 PD	 (study	 6	 baseline	 data),	 36%	 patients	 were	 anosmic,	 60%	 hyposmic,	 and	 4%	

normosmic.	In	our	work,	we	did	not	compute	a	statistical	comparison	between	IRBD	and	

PD	patients.	Even	so,	 it	 is	worth	noting	that	the	mean	UPSIT	score	 for	PD	and	IRBD	at	

baseline	was	similar	(20.6	±	7.5	and	19.7	±	6.6,	respectively),	as	well	as	the	percentage	of	

patients	with	 severe	 hyposmia	 or	 anosmia	 that,	 according	 to	 the	 normative	 data,	was	

around	80%	for	both	samples.	MRI	data	in	study	4	showed	that	in	anosmic	IRBD,	worse	

olfactory	 identification	was	related	 to	GM	reduction	 in	orbitofrontal	 regions.	Whereas,	

smell	decline	in	PD	was	associated	with	striatal	atrophy.	On	the	other	hand,	studies	5	and	

6	allow	concluding	that	both	conditions	present	similar	smell	loss	over	time	to	that	found	

in	normal	aging.	

In	studies	3	and	4,	we	sought	to	investigate	the	diagnostic	accuracy	of	olfactory	tests	in	PD	

and	 IRBD.	 In	 study	 3,	we	 describe	 that	 the	 normative	 cut-off	 score	 for	 anosmia	 (≤18)	

proposed	by	the	UPSIT	manual	has	high	specificity	(100%)	but	low	sensitivity	(54.6%)	

for	PD.	Results	 indicate	that	age	should	be	taken	into	account,	so	when	optimal	cut-off	

scores	are	considered	according	to	age	ranges,	both	sensitivity	and	specificity	are	above	

80%.	Besides,	the	item	analysis	identified	that	some	items	are	of	great	difficulty	even	for	

the	 normal	 population.	 Finally,	 when	 comparing	 different	 smell	 functions	 (threshold,	

discrimination,	and	identification)	in	study	4,	olfactory	identification	is	the	measure	that	

better	discriminates	IRBD	patients	from	healthy	individuals	with	an	accuracy	above	85%.	

Both,	The	Sniffin’	Identification	and	the	UPSIT	tests	have	proved	to	be	accurate	to	detect	

olfactory	impairment	in	IRBD.	The	UPSIT	seems	to	be	more	sensitive	when	it	comes	to	
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identifying	 GM	 atrophy	 in	 olfactory	 regions,	 whereas	 the	 Sniffin’	 Identification	

performance	is	related	to	RBD	symptom’s	severity.	

Conclusions	

The	present	Doctoral	Thesis	has	identified	new	cognitive	deficits	in	IRBD	patients	and	has	

shed	some	light	on	its	progression	throughout	the	course	of	the	disease.	In	particular,	our	

work	has	shown	the	importance	of	VS/VP	functions	as	a	measure	able	to	identify	cognitive	

changes	 across	 time	 in	 IRBD,	 and	 its	 potential	 in	 identifying	 those	 patients	 with	

progressive	 neurodegeneration	 in	 posterior	 cortices.	 Besides,	 we	 have	 exhaustively	

described	 the	 characteristics	 of	 severe	 and	 early	 olfactory	 dysfunction	 in	 IRBD	 and	

described	for	the	first	time	its	neuroanatomical	correlates.	The	neuroimaging	data	from	

this	Thesis	points	towards	an	early	implication	of	the	temporal-occipital-parietal	cortices	

in	 IRBD.	Additionally,	 our	 longitudinal	work	has	 shown	 that	 IRBD	patients	have	brain	

degeneration	of	the	occipitoparietal	and	orbitofrontal	cortex	over	time,	in	line	with	the	

degenerative	 changes	 reported	 in	 PD	 and	 DLB.	 Abnormalities	 in	 such	 regions	 are	

supported	 by	 the	 association	 between	 impaired	 cognition	 and	 both	 functional	 and	

structural	brain	changes.		

Cortical	 atrophy	 and	 disrupted	 cortico-cortical	 functional	 connectivity	 highlight	 that	

cortical	degeneration	and	 functional	abnormalities	already	exist	 in	patients	with	 IRBD	

before	they	are	diagnosed	with	DLB,	PD,	or	MSA.	Thus,	suggesting	that	in	prodromal	PD,	

the	alpha-synuclein	pathology	is	already	involving	these	structures	earlier	than	would	be	

expected	according	to	the	Braak	degeneration	model	proposed	form	neuropathological	

data.	 Cortical	 atrophy	 and	 dysfunction	 may	 explain	 why	 some	 patients	 present	

neuropsychological	impairment	before	the	motor	onset.	We	hope	that	our	research	will	

serve	as	a	basis	for	further	multicentric	studies	that	confirm	our	findings,	and	to	identify	

the	 optimal	 neuropsychological	 and	 neuroimaging	markers	 for	 diagnostic,	 prognostic,	

and	efficacy	of	future	neuroprotective	therapies.	
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RESUM	EN	CATALÀ	

Marc	Teòric	

La	present	Tesi	Doctoral	estudia	el	trastorn	del	comportament	del	son	REM	(RBD,	per	les	

seves	 sigles	 en	 anglès)	 i	 la	 disfunció	 olfactiva	 com	 a	 biomarcadors	 de	 les	 alfa-

Sinucleinopaties,	com	ara	la	malaltia	de	Parkinson	(PD,	per	les	seves	sigles	en	anglès),	la	

demència	 per	 cossos	 de	 Lewy	 (DLB,	 per	 les	 seves	 sigles	 en	 anglès)	 i	 l’atròfia	

multisistèmica	 (MSA,	 per	 les	 seves	 sigles	 en	 anglès).	 El	 RBD	 és	 una	 parasòmnia	

caracteritzada	 per	 la	 pèrdua	 d’atonia	 durant	 el	 son	 REM	 que	 provoca	 episodis	 on	 els	

pacients	mostren	moviments	que	reflecteixen	el	contingut	dels	seus	somnis.	El	RBD	que	

es	presenta	clínicament	aïllat	(IRBD,	per	les	seves	sigles	en	anglès),	es	considera	un	estadi	

prodròmic	 de	 les	 Sinucleinopaties,	 doncs	 s’ha	 vist	 que	 gairebé	 el	 75%	 dels	 pacients	

després	 de	 12	 anys	 amb	 diagnòstic	 d’IRBD	 acaben	 sent	 diagnosticats	 de	 malaltia	 de	

Parkinson	o	parkinsonismes	atípics.	Concretament,	en	un	estudi	multicèntric	el	56.5%	

dels	pacients	amb	IRBD	varen	desenvolupar	parkinsonisme	com	a	primera	manifestació,	

mentre	que	el	43.5%	va	presentar	demència	en	primer	lloc.	La	simptomatologia	motora,	

la	 hipòsmia	 i	 el	 deteriorament	 cognitiu	 han	 demostrat	 ser	 els	 millors	 predictors	 de	

conversió	en	aquests	pacients.		

En	aquest	context,	la	comunitat	científica	ha	demostrat	un	interès	creixent	en	definir	els	

canvis	cognitius	associats	a	l’IRBD.	Els	estudis	publicats	fins	ara	conclouen	que	entre	el	

15-50%	 dels	 pacients	 tenen	 deteriorament	 cognitiu	 lleu.	 Malgrat	 l’evidència	 ben	

documentada	sobre	la	presència	d’afectació	neuropsicològica	en	pacients	amb	IRBD,	cal	

una	recerca	addicional	que	valori	de	forma	aïllada	i	específica	les	funcions	visuoespacials	

i	 visuoperceptives	 (VS/VP),	 ja	 que	 l’alteració	 d’aquestes	 funcions	 és	 característica	 del	

perfil	neuropsicològic	dels	pacients	amb	PD	i	DLB.	Pel	que	fa	al	declivi	cognitiu	al	llarg	de	

la	malaltia,	encara	hi	ha	una	gran	incertesa.	Els	estudis	longitudinals	que	inclouen	dades	

de	controls	sans	i	pacients	afectats	d’IRBD,	no	han	investigat	de	forma	adequada	l’efecte	

de	l’envelliment	en	les	pèrdues	progressives	de	funcions	cognitives.	

En	 l’última	dècada,	 la	 caracterització	dels	 canvis	 cerebrals	 estructurals	 i	 funcionals	 en	

l’IRBD	ha	esdevingut	un	camp	d’estudi	emergent	i	amb	progressió	exponencial.	La	majoria	

de	les	investigacions	en	neuroimatge	s’han	focalitzat	en	l’estudi	dels	canvis	metabòlics.	

Gràcies	 a	 aquests	 treballs	 s’ha	 palesat	 un	 dèficit	 dopaminèrigc	 a	 l’estriat,	 així	 com	
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alteracions	metabòliques	corticals	i	subcorticals	que	sugereixen	un	patró	similar	al	descrit	

en	 la	 PD.	 Els	 estudis	 centrats	 en	 neuroimatge	 estructural	 en	 IRBD,	 han	 identificat	

anomalies	en	la	substància	blanca	i	la	substància	grisa	(SG)	en	les	regions	que	regulen	el	

son	 REM,	 i	 que	mostren	 patologia	 neurodegenerativa	 en	 fases	 inicials	 de	 la	 PD.	 En	 la	

mateixa	línia,	la	neuroimatge	funcional,	posa	de	relleu	l’alteració	de	la	connectivitat	en	els	

ganglis	basals	i	també	en	xarxes	cortico-estriatals	en	els	pacients	amb	IRBD.	Malgrat	això,	

no	hi	ha	cap	treball	previ	que	hagi	abordat	l’estudi	dels	canvis	funcionals	de	tot	el	cervell,	

sense	focalitzar	en	circuits	concrets.	Pel	que	fa	als	canvis	longitudinals,	pocs	estudis	han	

investigat	com	la	progressió	de	la	malaltia	afecta	l’estructura	i	la	funció	del	cervell,	i	com	

aquests	canvis	poden	explicar	el	declivi	cognitiu.	Els	treballs	anteriors	s’han	centrat	en	

biomarcadors	metabòlics	 de	pronòstic	 i	 només	hi	 ha	un	 estudi	 sobre	 la	 progressió	de	

degeneració	 estructural.	 Malauradament,	 la	 manca	 de	 seguiment	 longitudinal	 de	 les	

ressonàncies	 magnètiques	 del	 grup	 control	 en	 aquest	 treball	 impedeix	 descartar	 els	

efectes	de	l’envelliment	normal	en	els	canvis	cerebrals.	

Hi	 ha	 una	 gran	 quantitat	 de	 literatura	 científica	 que	 demostra	 la	 relació	 entre	 les	

Sinucleinopaties	i	la	disfunció	de	l’olfacte.	L’alta	prevalença	d’hipòsmia	i	anòsmia	en	PD	

de	recent	diagnòstic,	dóna	suport	a	l’afectació	del	bulb	olfactori	en	els	primers	estadis	de	

la	malaltia,	tal	com	proposa	l’esquema	de	Braak.		D'altra	banda,	l'evidència	de	disfunció	

olfactiva	en	les	etapes	premotores	està	recolzada	per	la	presència	d'hipòsmia	en	pacients	

amb	IRBD,	fins	a	20	anys	abans	de	l'aparició	dels	símptomes	motors.	La	identificació	de	la	

disfunció	olfactiva	en	la	PD	i	l’IRBD	és	molt	important	ja	que	la	presència	d’hipòsmia	pot	

diferenciar	els	pacients	de	les	persones	sanes	d’edat	similar.	A	més,	les	proves	olfactives	

poden	 ser	 útils	 per	 distingir	 entre	 trastorns	 neurodegeneratius	 motors,	 així	 com	 per	

predir	 la	conversió	d’IRBD	a	parkinsonismes.	La	progressió	dels	dèficits	olfactius	en	el	

transcurs	de	la	malaltia	encara	no	és	prou	clara.	L'evidència	prèvia	suggereix	que	l'olfacte	

canvia	només	lleugerament	durant	el	curs	de	la	PD,	però,	atès	que	aquests	treballs	no	van	

incloure	 un	 grup	 control,	 és	 difícil	 distingir	 la	 pèrdua	 relacionada	 amb	 la	 malaltia,	

d’aquells	efectes	produïts	pel	mateix	envelliment.	Millorar	la	precisió	dels	tests	d’olfacte	

podria	ajudar	a	 identificar	pacients	amb	un	 risc	més	elevat	de	 conversió,	 i	 així	definir	

poblacions	 que	 puguin	 ser	 objectiu	 per	 a	 assajos	 clínics	 adreçats	 a	 la	 prevenció	 de	 la	

malaltia.	
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Objectius	i	Hipòtesis	

Els	objectius	principals	d'aquesta	Tesi	són:	

1 Caracteritzar	els	substrats	cerebrals	estructurals	i	funcionals	subjacents	a	l’RBD,	així	

com	relacionar	aquestes	troballes	amb	el	rendiment	cognitiu,	

2 Estudiar	 la	 disfunció	 olfactiva	 com	 a	 biomarcador	 clínic	 i	 preclínic	 de	 les	 alfa-

Sinucleinopaties,	i	la	seva	progressió	al	llarg	de	la	malaltia,	

3 Investigar	la	degeneració	cerebral	progressiva	al	llarg	de	l’IRBD	i	com	aquests	canvis	

es	relacionen	amb	el	declivi	cognitiu.	

Les	principals	hipòtesis	són:	

1 L'IRBD	es	caracteritzarà	per	canvis	específics	en	l'estructura	cerebral	i	la	connectivitat	

funcional	que	estarà	associada	a	un	deteriorament	olfactiu	i	cognitiu,	

2 Els	pacients	amb	IRBD	mostraran	canvis	cerebrals	estructurals	amb	el	pas	del	temps	i	

un	declivi	cognitiu	superior	a	l’observat	en	l’envelliment	normal,	

3 S'espera	identificar	reducció	de	la	capacitat	olfactòria	en	l'IRBD	i	la	PD,	així	com	que	

progressi	lleugerament	amb	el	curs	de	la	malaltia.	

Material	i	mètodes	

La	present	Tesi	Doctoral	 consta	de	 sis	 estudis	 realitzats	per	donar	 resposta	 als	

objectius	esmenats	anteriorment.	

Els	 estudis	 inclouen	 mostres	 de	 pacients	 amb	 IRBD,	 PD	 i	 controls	 sans	 (CS).		

Concretament,	 les	mostres	1,	2,	 i	4	consten	de	vint-i-un	pacients	amb	 IRBD	 i	vint-i-set	

participants	sans.	A	la	mostra	3	es	van	incloure	97	pacients	amb	PD	sense	demència	i	65	

subjectes	sans.	A	l’estudi	5,	la	mostra	està	formada	per	14	IRBD	i	18	subjectes	sans,	i	la	

mostra	de	l’estudi	6	va	incloure	25	pacients	amb	PD	i	24	controls	sans.	Als	estudis	5	i	6,	els	

subjectes	 es	 van	 avaluar	 dues	 vegades	 (interval	 entre	 avaluacions	 d’1.6	 i	 3.8	 anys,	

respectivament).	

Es	va	administrar	una	bateria	exhaustiva	de	proves	neuropsicològiques	per	als	estudis	1,	

2,	i	5.	L’olfacció	es	va	valorar	en	els	estudis	3,	4,	5,	i	6.	Als	estudis	3	i	4,	es	varen	calcular	

mesures	de	precisió	diagnòstica	i	el	punt	de	tall	òptim	per	a	cada	test	olfactiu	i	per	cada	
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condició	(PD	vs	CS	i	IRBD	vs	CS,	respectivament).	A	l'estudi	3	es	va	fer	una	anàlisi	d’ítems	

del	test	UPSIT	(University	of	Pennsylvania	Smell	Identification	Test).	

En	els	estudis	1,	2,	4,	5,	 i	6	els	participants	van	realitzar	una	exploració	de	ressonància	

magnètica	 (RM)	 adquirida	 en	 un	 escàner	 de	 3	 Tesla	 Siemens	 (magnetom	 Trio	 Tim	

scanner).	Les	seqüències	d’adquisició	estructurals	potenciades	en	T1	es	van	utilitzar	en	

els	estudis	1,	2,	4,	5,	i	6	(els	participants	es	van	escanejar	dues	vegades	en	els	estudis	5	i	6).	

En	els	estudis	1,	4,	5,	 i	6,	es	van	utilitzar	els	softwares	FSL	i	FreeSurfer	per	analitzar	les	

imatges	 estructurals.	 Concretament,	 a	 l'estudi	 1	 es	 va	 calcular	 el	 gruix	 cortical,	 es	 va	

realitzar	 un	 ànalisis	 morfolòfic	 de	 l'hipocamp	 i	 es	 van	 obtenir	 les	 segmentacions	

subcorticals	i	de	l’hipocamp.	A	l'estudi	4,	es	va	utilitzar	la	morfometria	basada	en	vòxel	

per	estudiar	la	relació	entre	el	deteriorament	de	l'olfacte	i	el	volum	de	SG	en	el	sistema	

olfactiu.	En	els	estudis	5	i	6,	es	va	dur	a	terme	una	anàlisi	longitudinal	del	gruix	cortical	per	

estudiar	la	progressió	de	la	SG	en	IRBD	i	PD.	A	l’estudi	6	es	va	calcular	el	percentatge	de	

canvi	dels	nuclis	de	l’estriat.	Finalment,	a	l'estudi	2	es	van	obtenir	imatges	de	RM	funcional	

en	estat	de	repòs.	Per	tal	de	caracteritzar	la	connectivitat	funcional	del	cervell	sencer	dels	

pacients	 amb	 IRBD,	 s’utilitzaren	 les	 tècniques	 threshold-free	 network-based	 statistics	 i	

anàlisis	de	graf.	

Resultats	

En	 els	 estudis	 1,	 2	 i	5,	 els	 pacients	 amb	 IRBD	 es	 diferencien	 dels	 controls	 en	 diversos	

dominis	cognitius,	com	ara,	funcions	executives	i	atenció,	velocitat	de	processament	de	la	

informació,	 memòria	 verbal	 i	 fluència	 semàntica.	 A	 més,	 en	 els	 estudis	 1	 i	 5	 es	 van	

identificar	per	primera	vegada	alteració	en	el	reconeixement	de	cares	i	en	les	funcions	

visuoespacials.	 Al	 contrari	 del	 que	 havíem	 hipotetitzat	 en	 l’estudi	 1,	 no	 s’han	 trobat	

correlacions	significatives	entre	el	rendiment	cognitiu	i	l’atròfia	cerebral.	Malgrat	això,	hi	

ha	 coherència	 entre	 els	 canvis	 estructurals	 detectats	 per	 la	 RM	 i	 l’alteració	

neuropsicològica.	Per	exemple,	els	pacients	amb	IRBD	tenen	afectació	del	reconeixement	

de	cares	i	atròfia	cortical	del	gir	fusiforme,	una	regió	que	és	crítica	per	a	aquesta	funció.	

De	forma	similar,	els	pacients	van	mostrar	alteració		de	memòria	i	atròfia	de	l'hipocamp,	

estructura	bàsica	per	a	l'aprenentatge	i	la	memòria.	D'altra	banda,	l'estudi	2	va	evidenciar	

el	paper	de	la	disrupció	de	la	connectivitat	funcional	cerebral	en	el	deteriorament	cognitiu	

de	l'IRBD.	Es	va	trobar	una	correlació	positiva	entre	la	velocitat	de	processament	de	la	



 

  228 

informació	i	la	connectivitat	funcional	temporoparietal	en	el	grup	IRBD.	A	l'estudi	5,	es	va	

observar	un	empitjorament	de	la	discriminació	de	les	formes	en	els	pacients	amb	IRBD	en	

comparació	 amb	 l'envelliment	 normal	 en	 un	 breu	 període	 de	 menys	 dos	 anys.	 Més	

important	 encara,	 es	 va	 identificar	 que	 l’empitjorament	 en	 la	 capacitat	 de	 discriminar	

formes	 s’explicava,	 en	 part,	 per	 la	 reducció	 progressiva	 del	 gruix	 cortical	 de	 regions	

parietals	superiors.		

L’anàlisi	de	la	imatge	estructural	de	l’estudi	1	va	permetre	identificar	atròfia	cortical	en	

l’IRBD	al	parietal	superior,	al	gir	postcentral	i	al	fusiforme	esquerres,	així	com	als	còrtex	

frontal	superior	i	lateral	occipital	drets.	A	l’estudi	1,	l'anàlisi	de	la	SG	profunda	va	mostrar	

una	reducció	de	l'hipocamp	posterior	dret	en	pacients	amb	IRBD,	fet	que	es	va	confirmar	

mitjançant	diferents	 tècniques.	A	 l’estudi	5,	es	va	 trobar	una	degeneració	cortical	en	el	

grup	 d’IRBD,	 en	 un	 breu	 període	 de	 temps.	 Les	 dades	 de	 ressonància	 magnètica	 van	

evidenciar	canvis	estructurals	relacionats	amb	l’envelliment	en	l’IRBD	i	en	controls	amb	

atròfia	en	tots	dos	grups	al	precuneus	esquerre	i	a	les	regions	parietals	inferiors,	però	amb	

una	progressió	frontal	i	parieto-occipital	més	important	en	els	IRBDs.	De	fet,	la	interacció	

grup	per	temps	confirma	la	major	degeneració	dels	pacients	amb	IRBD,	en	les	regions	de	

l’escorça	parietal	superior	i	precuneus,	en	el	cuneus	dret,	el	pol	occipital	esquerra,	i	en	un	

clúster	localitzat	en	el	gir	lateral	orbitofrontal	i	el	pol	frontal	esquerres.		

Pel	que	 fa	a	 les	dades	de	RM	 	 funcional,	 l’estudi	2	va	demostrar	que	quan	s’analitza	el	

cervell	 com	 un	 tot,	 els	 pacients	 amb	 IRBD	 presenten	 disminució	 de	 la	 força	 de	 la	

connectivitat	 funcional	 en	nodes	 cortico-corticals	 de	 l’escorça	posterior.	 En	 resum,	 els	

nostres	resultats	van	palesar	una	connectivitat	funcional	reduïda	que	involucrava	regions	

associatives	dels	lòbuls	temporals	i	parietals	que	se	sap	que	suporten	funcions	cognitives	

complexes.	 Una	 anàlisi	 addicional,	 va	 evidenciar	 una	 important	 reducció	 de	 la	

connectivitat	 posterior	 en	 pacients	 amb	 IRBD,	 que	 contrastava	 amb	 una	 connectivitat	

preservada	a	 la	xarxa	anterior.	D’altra	banda,	 l’anàlisis	de	graf	va	permetre	 identificar	

disminució	de	la	centralitat	d’un	node	situat	al	lòbul	parietal	superior	esquerre.	

Els	estudis	3	i	4	van	permetre	caracteritzar	el	deteriorament	de	la	capacitat	olfactiva	tant		

en	IRBD	com	en	PD.	La	distribució	del	grau	de	pèrdua	olfactiva	en	pacients	amb	IRBD	en	

el	primer	moment	temporal	(estudi	4)	segons	les	dades	normatives	de	la	UPSIT,	va	ser	

43%	 de	 pacients	 anòsmics	 i	 57%	 hipòsmics,	mentre	 que,	 per	 a	 la	 PD	 (estudi	 6	 dades	
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basals),	el	36%	dels	pacients	era	anòsmic,	60	%	hipòsmic	i	4%	normòsmic.	En	el	nostre	

treball	 no	 es	 van	 comparar	 estadísticament	 els	 pacients	 amb	 IRBD	 i	 PD.	Tot	 i	 així,	 cal	

destacar	que	la	puntuació	en	l’UPSIT	per	a	PD	i	IRBD	a	la	línia	de	base	va	ser	similar	(20.6	

±	7.5	 i	 19.7	±	6.6,	 respectivament),	 així	 com	el	 percentatge	de	pacients	 amb	hipòsmia	

severa	o	anòsmia	que,	segons	les	dades	normatives,	era	del	80%	aproximadament	en	les	

dues	mostres.	Les	dades	de	ressonància	magnètica	de	l’estudi	4	van	demostrar	que	en	els	

pacients	amb	IRBD	anòsmics,	un	pitjor	rendiment	en	la	capacitat	d’identificació	olfactiva	

està	relacionat	amb	la	reducció	de	SG	en	les	regions	orbitofrontals.	Mentre	que,	la	pèrdua	

d’olfacte	al	llarg	del	temps	en	els	pacients	amb	PD	es	va	associar	amb	reducció	del	volum	

de	l’estriat.	D'altra	banda,	els	estudis	5	i	6	van	permetre	concloure	que	la	pèrdua	d'olor	al	

llarg	 del	 temps	 en	 ambdues	 condicions	 era	 similar	 a	 la	 que	 es	 va	 trobar	 associada	 a	

l’envelliment	normal.	

En	 els	 estudis	 3	 i	 4,	 es	 va	 investigar	 la	 validesa	 i	 precisió	 diagnòstica	 de	 les	 proves	

olfactives	en	PD	i	IRBD.	A	l'estudi	3,	es	va	descriure	que	la	puntuació	de	tall	normativa	per	

al	criteri	d’anòsmia	(≤18)	proposada	pel	manual	de	l’UPSIT	té	alta	especificitat	(100%)	

però	baixa	sensibilitat	(54,6%)	per	a	la	PD.	Els	resultats	indicaren	que	cal	tenir	en	compte	

l’edat,	de	manera	que	quan	es	consideren	punts	de	tall	òptims	segons	els	intervals	d’edat,	

tant	 la	sensibilitat	com	 l’especificitat	se	situen	per	sobre	del	80%.	A	més,	 l’anàlisi	dels	

ítems	va	identificar	que	hi	ha	ítems	de	molta	dificultat	fins	i	tot	per	la	població	normal.	

Finalment,	 quan	 es	 comparen	 diferents	 funcions	 de	 l’olfacte	 (llindar,	 discriminació	 i	

identificació)	a	l’estudi	4,	la	identificació	és	la	mesura	que	discrimina	millor	els	pacients	

amb	IRBD	d’individus	sans	amb	una	precisió	superior	al	85%.	Tant	la	prova	d'identificació	

de	 Sniffin	 com	 l’UPSIT	han	demostrat	 alta	 sensibilitat	 i	 especificitat	 en	 la	 detecció	 del	

deteriorament	de	 l’olfacte	 en	pacients	 amb	 IRBD.	Mentre	que	el	 rendiment	 en	 l’UPSIT	

sembla	 estar	 relacionat	 amb	 l’atròfia	 en	 regions	 olfactives,	 les	 puntuacions	 del	 test	

d’Identificació	de	l’Sniffin,	s’associen	a	la	severitat	de	la	simptomatologia	d’RBD.		

Conclusions	

La	present	Tesi	Doctoral	ha	identificat	nous	dèficits	cognitius	en	pacients	amb	IRBD	i	ha	

perfilar	 la	 seva	progressió	 al	 llarg	 de	 l’evolució	 de	 la	malaltia.	 En	particular,	 el	 nostre	

treball	 ha	 demostrat	 la	 importància	 de	 les	 funcions	 VS/VP	 com	 a	 mesura	 capaç	

d’identificar	 els	 canvis	 cognitius	 a	 través	 del	 temps	 en	 l’IRBD	 i	 el	 seu	 potencial	 per	
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identificar	aquells	pacients	amb	neurodegeneració	progressiva	en	el	còrtex	posterior.	A	

més,	hem	descrit	de	forma	exhaustiva	les	característiques	de	la	disfunció	olfactiva	precoç	

i	greu	de	l’IRBD	i	hem	descrit	per	primera	vegada	els	seus	correlats	neuroanatòmics.	Les	

dades	de	neuroimatge	d'aquesta	Tesi	assenyalen	una	 implicació	primerenca	del	còrtex	

temporal-occipital-parietal	a	l'IRBD.	De	forma	addicional,	el	nostre	estudi	longitudinal	ha	

demostrat	que	al	llarg	del	temps	els	pacients	amb	IRBD	desenvolupen	una	degeneració	

cerebral	de	les	regions	occipitoparietals	i	orbitofrontals,	que	coincidexen	amb	els	canvis	

degeneratius	descrits	en	PD	i	DLB.	Les	anomalies	en	aquestes	regions	també	es	posen	de	

manifest	per	l'associació	entre	l’afectació	cognitiva	i	els	canvis	cerebrals	tant	estructurals	

com	funcionals.	

L’atròfia	 cortical	 i	 la	 reducció	 en	 la	 connectivitat	 funcional	 cortico-cortical	 posa	 de	

manifest	que	ja	hi	ha	una	degeneració	cortical	i	alteracions	funcionals	en	els	pacients	amb	

IRBD	abans	que	tinguin	un	diagnòstic	de	DLB,	PD	o	MSA.	Això	suggereix	que	en	les	fases	

prodròmiques	de	la	PD,	la	alfa-sinucleina	ja	està	afectant	aquestes	estructures	més	aviat	

del	que	seria	esperable	segons	el	model	de	degeneració	de	Braak,	proposat	a	partir	de	

dades	 neuropatològiques.	 L’atròfia	 i	 disfunció	 cortical	 podria	 explicar	 per	 què	 alguns	

pacients	 presenten	 alteració	 neuropsicològica	 abans	 de	 l'aparició	 dels	 signes	 motors.	

Esperem	que	la	nostra	recerca	serveixi	de	base	per	a	estudis	posteriors	multicèntrics	que	

permetin	 confirmar	 les	 nostres	 troballes	 i	 identificar	 quins	 són	 els	 marcadors	

neuropsicològics	i	de	neuroimatge	òptims	a	efectes	diagnòstics,	pronòstics	i	d’eficàcia	de	

futures	teràpies	neuroprotectores.	
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i	 Marta.	 Amb	 vosaltres	 he	 compartit	 4	 anys	 de	 classes,	 de	 biblio	 i	 de	 iaios.	 Per	 les	 hores	 de	

converses	i	riures,	pel	que	he	après	amb	vosaltres.		En	especial	a	la	meva	gran	amiga	Marta.	Marta,	

no	sé	si	imaginas	lo	que	te	valoro,	después	de	tantos	años.	Hemos	pasado	por	todos	los	capítulos	

y	crisis	existencials	habidas	y	por	haber.	Incluso,	recuerdo	el	día	en	que	hablábamos	sobre	el	“y	

ahora	qué”	después	de	terminar	 la	carrera.	Cómo	me	ayudaste	a	elegir	mi	camino.	Gracias	por	

estar	ahí	siempre,	incluso	cuando	no	lo	estás	físicamente.	Eres	una	persona	muy	especial	para	mí.	

Als	companys	i	amics	del	Màster	de	Neuropsico.	Especial	menció	als	birrerus	Alba,	Marc,	Claudia	i	

Anna,	amb	els	que	he	compartit	hores	entre	pacients	a	l’Hospital	Taulí,	però	també	moments	de	

birres,	i	congressos	inoblidables.	Amb	vosaltres	va	començar	l’amor	i	passió	per	aquesta	professió	

i	una	gran	amistat.	Alba,	me	gustaría	reconocer	la	gran	humanidad	que	te	caracteriza,	tu	trato	con	

los	 pacientes,	 tu	 sensatez,	 eres	 un	 diez	 como	 persona.	 Anna,	 el	 teu	 somriure,	 la	 felicitat	 que	

transmets,	 el	 teu	 “Honey,	 Honey”.	 Marc,	 Claudia,	 el	 duo	 dinàmic	 del	 grup,	 simplement	 estic	

enamorada	del	vostre	tarannà	imprevisible	i	extraordinàriament	divertit.	Marc,	ets	un	crack!	A	la	

Dra.	 Trèmols,	 Virginia,	 ets	 una	persona	molt	 especial,	molt	 humana,	 d’aquelles	 que	 veuen	 i	 et	

mostren	les	coses	importants	de	la	vida,	estic	molt	agraïda	d’haver-me	creuat	amb	tu.	Vull	agrair	

molt	especialment	a	la	Dra.	Jodar	per	donar-me	l’oportunitat	de	formar	part	del	seu	màster	durant	

3	anys.	Mercè,	amb	tu	vaig	aprendre	molt	de	clínica,	però	també	la	passió	que	tens	per	la	teva	

feina.	 Gràcies	 	 per	 introduir-me	 en	 el	 món	 de	 la	 recerca	 i	 per	 de	 donar-me	 l’oportunitat	 de	

presentar	 la	 feina	 en	 congressos	d’àmbit	 internacional.	 Sens	 cap	mena	de	dubte,	 l’experiència	

durant	el	màster	i	les	pràctiques	al	Taulí	van	despertar	en	mi	les	ganes	de	fer	el	doctorat,	gràcies.	

Lorena	Joga,	gracias	por	tu	profesionalidad	y	por	compartir	más	allá	de	tus	obligaciones,	eres	un	

ejemplo	 de	 perseverancia,	 y	 rigurosidad	 en	 el	 trabajo.	 Gràcies	 a	 tots/es	 els	 professors/es	 del	

màster	que	em	van	ensenyar	tant	des	de	la	seva	experiència	en	la	clínica.	Als	neuros	i	residents	de	

l’Hospital	Taulí,	dels	que	vaig	aprendre	tant	a	planta	i	consultes	de	neurologia	i	neuropediatria.	I	

sobretot,	 a	 tots	 els	 pacients	 i	 familiars	 que	 vaig	 avaluar	 durant	 la	 meva	 formació	 com	 a	

neuropsicòloga	clínica.	Sense	aquells	3	anys	a	l’hospital	Taulí,	no	hagués	arribat	on	sóc	ara,	gràcies	

eternes.	

I	would	 like	to	thank	the	members	of	 the	MMNI	group	in	Köln	 led	by	Dr.	Thilo	Van	Eimeren.	 I	

would	 like	 to	 express	my	 deepest	 gratitude	 to	 all	 of	 them,	 Dr.	 Van	 Eimeren,	 Gérard,	 Kathrin,	

Hammes,	Hendrik,	Elena,	Merle,	Verena,	Julia,	and	Anna.	Thank	you	for	your	warm	reception	and	
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help	during	my	six	months	at	your	group.	Merle,	It	has	been	a	pleasure	working	and	sharing	time	

with	you.	You	are	a	great	professional	and	an	amazing	person.	I	wish	you	the	best	in	your	career.	

Verena	and	Julia,	my	office	mates,	I	miss	our	conversations.	All	the	best	with	your	Ph.D.	Kölle	Alaaf!	

Als	membres	 i	 familiars	 de	 l’Associació	 de	 Parkinson	 del	Maresme.	 Per	mostrar-me	 què	 és	 el	

Parkinson	més	 enllà	 del	 que	 diuen	 els	 llibres	 i	 les	 publicacions	 científiques.	 Per	 ajudar-me	 a	

créixer	com	a	professional,	però	sobretot	per	ajudar-me	a	ser	millor	persona.	Per	la	vostra	força	

de	voluntat,	per	la	vostra	lluita	diària,	per	fer	sempre,	per	no	aturar-vos	mai,	us	admiro.	Gràcies	a	

tots	i	cadascun	de	vosaltres.	

Aquesta	tesi	no	hauria	estat	possible	sense	la	col·laboració	de	l’equip	de	Neurologia	de	l’Hospital	

Clínic,	un	agraïment	especial	al	Dr.	Àlex	Iranzo,	a	la	Mònica	Serradell,	al	Dr.	Yaroslau	Compta	i	a	

l’Ana	Càmara.	També	vull	agrair	als	companys	del	CDI,	la	Núria,	el	César,	la	Gema,	la	Vero	i	l’Àlex,	

per	la	seva	feina	i	predisposició.		

Finalment	vull	agrair	a	tots	i	cadascuns	dels	participants	dels	estudis,	als	afectats,	als	voluntaris,	i	

als	familiars.	A	tots	ells,	gràcies	infinites	pel	vostre	temps.	
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