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Abstract 

In	the	last	20	years,	there	has	been	a	marked	increase	in	interest	in	the	early	detection	

and	treatment	of	psychosis.	Despite	the	various	potential	“prodromes”	that	have	been	

identified	and	have	helped	to	increase	the	accuracy	in	the	detection	of	persons	at-risk	of	

developing	psychoses,	 it	 is	 still	not	possible	 to	predict	 the	 transition	 to	psychosis	with	

sufficient	 accuracy.	 Although	 some	 electroencephalography	 (EEG)	 studies,	 based	 on	

basic	power-spectral	and	event-related	potential	analyses,	have	been	conducted	in	the	

field	of	early	detection,	neural	oscillations	and	their	phase-synchronization	across	brain	

areas	have	been	ignored.	

The	 present	 dissertation	 covers	 three	 different	 studies	 which,	 together,	 demonstrate	

that	neural	oscillations	are	disturbed	in	emerging	psychosis.	The	first	paper	shows	that	

at-risk	patients	with	later	transition	to	psychosis	are	characterized	by	abnormal	localized	

brain	 activity	 and	 that	 inter-cortical	 areas	 of	 the	 brain	 are	 poorly	 synchronized.	 The	

second	study	shows	that	machine	learning	algorithms	can	detect	patterns	of	abnormal	

brain	 activity	 predictive	 of	 later	 transitions	 to	 psychosis	with	 promising	 accuracy.	 The	

third	 study	 reveals,	 in	 a	 cross-sectional	manner,	 that	 patients	who	 already	had	 a	 first	

episode	of	psychosis	at	inclusion,	already	demonstrated	the	same	abnormal	patterns	of	

brain	 activity	 revealed	 in	 at-risk	 patients	 with	 later	 transition	 to	 psychosis.
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Introduction 

Early Detection of Psychosis 

Over	 the	past	decade,	 there	has	been	an	 increased	awareness	of	 the	potential	clinical	

benefits	of	early	 recognition	and	 treatment	of	psychosis.	During	 this	 time,	many	early	

detection	 clinics	 have	 been	 established	 worldwide.	 This	 development	 has	 been	

triggered	in	the	wake	of	the	following	observations:		

Schizophrenia	 is	 typically	 predated	by	prodromal	 symptoms,	which	 can	 sometimes	be	

observed	 as	 early	 as	 in	 childhood	 (McGorry	 et	 al.	 1996;	 Riecher-Rössler	 et	 al.	 2006).	

Schizophrenic	 psychoses	 are	 increasingly	 acknowledged	 as	 neurodevelopmental	

disorders	(Insel	2010;	Murray	et	al.	2004;	Waddington	1993;	Weinberger	1987).		

There	 is	 a	 significant	 delay	 between	 the	 first	 prodromal	 symptoms	 and	 its	 diagnosis	

which	 ranges	 from	 4	 to	 5	 years	 (Riecher-Rössler	 et	 al.	 2006).	 Additionally,	 it	 has	 also	

been	shown	that	a	significant	delay	between	the	first	psychotic	symptoms	of	the	illness	

and	its	diagnosis,	leading	to	the	so-called	duration	of	untreated	psychosis	(DUP),	ranges	

from	1	to	3	years	on	average	(Marshall	et	al.	2005;	Riecher-Rössler	et	al.	2006).	A	longer	

DUP	has	been	associated	with	worse	functional	outcomes,	increased	risk	of	drug	abuse,	

decreased	autonomy	(Perkins	et	al.	2005;	van	Os	et	al.	2009),	greater	loss	of	grey	matter	

volume	 (Borgwardt	et	 al.	 2008),	more	 cognitive	deterioration	 (Amminger	et	 al.	 2002),	

higher	dosage	of	neuroleptics	(McGorry	et	al.	1996)	and	higher	overall	treatment	costs	

(Moscarelli	 1994;	 for	 review,	 see	 Riecher-Rössler	 et	 al.	 2006).	 By	 contrast,	 an	 early	

psychological	or	pharmacological	treatment	can	considerably	improve	the	prognosis	of	

the	patients	(Amminger	et	al.	2010;	Phillips	et	al.	2007;	Woods	et	al.	2007).	

In	the	light	of	the	above	observations,	an	essential	goal	of	early	detection	programs	is	to	

identify	as	accurately	and	as	early	as	possible	the	individuals	who	would	develop	a	full-
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blown	psychosis.	This	detection	allows	 for	an	early	 intervention,	 thereby	 reducing	 the	

chances	of	a	transition	to	frank	psychosis,	which	typically	occurs	during	a	life	period	that	

is	 critical	 for	 education	 and	 building	 up	 of	 social	 networks	 (van	 Os	 et	 al.	 2009).	

Specifically,	worldwide	research	efforts	over	the	past	two	decades	have	developed	four	

main	 sets	 of	 clinical	 criteria	 for	 prospective	 identification	 of	 individuals	 exhibiting	 a	

prodromal	 syndrome	 indicative	of	 increased	 risk	 for	developing	a	 full-blown	psychotic	

illness:	 Attenuated	 Psychotic	 Symptoms	 (APS),	 Basic	 Symptoms	 (BS),	 Brief	 Limited	

Intermittent	 Psychotic	 Symptoms	 (BLIPS),	 Genetic	 Risk	 and	 Deterioration	 syndrome	

(GRD)	and	Unspecified	Prodromal	Symptoms	(UPS)	 (for	a	detailed	description	of	 these	

criteria	 and	 their	 assessment,	 see	 (Fusar-Poli	 et	 al.	 2013)).	 Those	 who	 meet	 these	

criteria	are	termed	“Ultra	High	Risk	(UHR)”,	“Clinical	High	Risk	(CHR)”	or	“At-Risk	Mental	

State	(ARMS)”	patients	(Fusar-Poli	et	al.	2012b).	For	this	thesis,	the	term	ARMS	will	be	

employed	to	highlight	that	these	individuals	are	not	only	at-risk	of	transitioning	to	frank	

psychosis,	 but	 are	 also	 already	 in	 a	 state	 in	 which	 they	 manifest	 some	 symptoms.	

Following	 identification	as	 clinically	 at	 risk,	 these	 individuals	have	a	 risk	of	developing	

frank	 psychosis	 of	 about	 18%	within	 the	 initial	 6	months,	 22%	within	 one	 year,	 29%	

within	 two	 years	 and	 32	 %	 within	 three	 years	 (Cannon	 et	 al.	 2008;	 Fusar-Poli	 et	 al.	

2012b).	While	 several	 risk	 factors	 have	 served	 to	 predict	 the	 conversion	 to	 psychosis	

among	ARMS	individuals,	namely,	the	patient’s	age	(Fusar-Poli	et	al.	2012b),	deficiencies	

in	 cognitive	 functioning	 (Fusar-Poli	 et	 al.	 2012a),	 alterations	 in	 the	 brain	 structure	

(Cannon	 et	 al.	 2015;	 Fusar-Poli	 et	 al.	 2012b;	 Fusar-Poli	 et	 al.	 2012c),	 brain	 function	

(Fusar-Poli	 et	 al.	 2012a;	 Fusar-Poli	 et	 al.	 2012b)	 and	 neurochemistry	 (Fusar-Poli	 et	 al.	

2007;	 Smieskova	et	 al.	 2010),	 it	 is	 still	 not	possible	 to	predict	 conversion	 to	psychosis	

with	adequate	accuracy	to	justify	early	interventions,	particularly	with	medications	that	

are	 associated	with	potential	 side	 effects	 or	 long-term	medical	 risks	 (Ruhrmann	et	 al.	

2012).	
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Among	the	most	encouraging	approaches	to	address	the	problem	of	early	detection	of	

risk	of	psychosis	is	the	investigation	of	neurocognitive	impairments.	These	impairments	

form	a	fundamental	feature	of	schizophrenia	(Kahn	et	al.	2013)	and	occur	across	various	

cognitive	 domains,	 including	 working	 memory,	 attention,	 verbal/visual	 learning	 and	

memory,	 problem	 solving	 and	 social	 cognition	 (Keefe	 et	 al.	 2012).	 Among	 the	 most	

disturbed	domains	is	working	memory	(Forbes	et	al.	2009;	Zanello	et	al.	2009),	which	is	

defined	as	the	mental	activity	of	dynamically	processing	multiple	pieces	of	information	

from	 various	 sensory	 modalities	 during	 reasoning	 and	 comprehension	 (Becker	 et	 al.	

1999).	Another	 key	 impairment	of	 those	 affected	by	 schizophrenia	 is	 social	 cognition;	

these	patients	perform	poorly	when	trying	to	infer	other	people’s	feelings	or	intentions	

(theory	 of	 mind)	 (Corcoran	 et	 al.	 1995;	 Tan	 et	 al.	 2005)	 and	 were	 shown	 to	 have	

difficulties	 interpreting	 simple	 facial	 expressions	 such	 as	 a	 smile	 or	 an	 angry	 face	

(Corcoran	et	al.	1995).		

Studies	have	revealed	that	cognitive	impairments	are	not	only	present	in	schizophrenic	

psychoses;	they	are	also	observed	in	ARMS	individuals,	albeit	to	a	lower	extent	(Fusar-

Poli	 et	 al.	 2012a;	 Pflueger	 et	 al.	 2007).	 In	 addition,	 ARMS	 individuals	 who	 later	 on	

developed	psychosis	(ARMS-T)	already	at	baseline,	i.e.	when	they	first	sought	help,	had	

more	severe	neurocognitive	deficits	than	those	who	did	not	make	a	transition	later	on	

(ARMS-NT)	 (De	Herdt	 et	 al.	 2013;	 Fusar-Poli	 et	 al.	 2012a;	 Riecher-Rössler	 et	 al.	 2006;	

Seidman	 et	 al.	 2010).	 In	 line	 with	 these	 results,	 studies	 have	 revealed	 that	

neurocognitive	measurements	 could	 considerably	enhance	 the	prediction	of	psychosis	

(Koutsouleris	 et	 al.	 2012b;	 Riecher-Rössler	 et	 al.	 2009;	 Seidman	 et	 al.	 2010).	

Furthermore,	 these	 measurements	 also	 yield	 a	 good	 prediction	 of	 the	 functional	

outcome	 of	 the	 illness	 as	 they	 are	 considered	 to	 be	 key	 contributors	 to	 the	

pathophysiology	 of	 schizophrenia	 (Green	 1996;	 Green	 et	 al.	 2004).	 	 Even	 though	
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cognitive	 impairments	 at	 the	 onset	 of	 psychosis	 have	 been	 assessed	 by	 means	 of	

behavioural	 measurements,	 their	 neural	 underpinnings	 as	 measured	 by	

neurophysiological	 and/or	 neuroimaging	 tools	 such	 as	 electroencephalography	 (EEG),	

magnetoencephalography	(MEG)	and	functional	magnetic	resonance	imaging	(fMRI)	are	

relatively	less	studied.	These	neuroscientific	tools	allow	direct	assessment	of	the	neural	

aberrations	 that,	 when	 taken	 together,	 appear	 to	 precede	 full	 blown	 schizophrenic	

psychoses.	

Event-Related Potentials 

Most	 of	 the	 EEG	 studies	 conducted	 on	 ARMS	 individuals	 have	 assessed	 event-related	

potentials	 (ERP).	Among	 the	most	 studied	ERP	paradigms	are	 the	mismatch	negativity	

(MMN)	 paradigm,	 the	 oddball	 P300	 paradigm	 and	 the	 P50	 sensory	 gating	 paradigm.		

MMN	is	an	ERP	component	induced	by	a	deviant	tone	that	is	presented	within	a	series	

of	repeated	standard	tones.	It	has	been	shown	that	repeated	standard	tones	prompt	a	

prediction	 for	 the	 following	 tone.	 In	 other	 words,	 through	 processing	 a	 series	 of	

repeated	 tones,	 a	 context	 for	 the	 processing	 of	 subsequent	 auditory	 stimuli	 is	

generated.	 Thus,	 each	 time	 a	 tone	 deviates	 from	 this	 “context”,	 a	 prediction	 error	 is	

generated,	 which	 is	 reflected	 in	 the	MMN	 as	measured	 by	 EEG	 (Garrido	 et	 al.	 2008;	

Schmidt	 et	 al.	 2013).	 Several	 studies	 have	 shown	 that	 ARMS	 individuals	 who	 later	

convert	to	psychosis	demonstrated	reduced	MMN	at	frontal	electrodes	when	compared	

to	non-converters	and	healthy	controls	(HC)(Bodatsch	et	al.	2015).		

An	additional	 task	 that	yielded	promising	 results	 is	 the	oddball	P300	ERP	paradigm.	 In	

the	auditory	version	of	this	paradigm,	participants	are	asked	to	respond	(button	press	or	

counting)	 to	 an	 infrequent	 auditory	 target	 stimulus	 randomly	 imbedded	 in	 a	 series	of	

frequent	standard	auditory	stimuli.		The	anticipation	of	the	repeated	standard	stimulus	

generates	 a	 context,	 while	 the	 target	 stimulus	 generates	 a	 positive	 voltage	 ERP	
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component	 at	 about	 300	ms	post-stimulus	 known	as	 the	P300	or	 P3b.	 	 The	P300	has	

been	 linked	 to	 context-updating	 of	 working	 memory	 and	 to	 allocation	 of	 attentional	

resources	to	processing	an	infrequent	task-relevant	target	stimulus	(Donchin	et	al.	1988;	

Mathalon	et	al.	2000;	Polich	et	al.	1995).			Using	this	task,	it	has	been	shown	that	ARMS	

individuals	have	a	 reduced	parietal	P3b	 (van	Tricht	et	al.	2010)	and	 that	 the	extent	of	

this	reduction	is	predictive	for	subsequent	psychosis	 in	ARMS	individuals	(van	Tricht	et	

al.	2010).	Together,	these	studies	suggest	that	ARMS	individuals	have	deficits	in	auditory	

sensory	echoic	memory	and	predictive	 coding	 (MMN)	as	well	 as	 in	 auditory	 attention	

and	contextual	updating	of	working	memory	(P300).	Both	are	indicative	of	a	heightened	

risk	for	full	blown	psychosis	and	are	possibly	contributory	to	the	transition	to	full	blown	

psychosis.	These	neurophysiological	abnormalities	may	further	underlie	or	contribute	to	

cognitive	 deficits	 in	 psychosis	 (Barch	 et	 al.	 2012).	 	 As	 a	whole,	 these	 findings	 provide	

evidence	that	ERPs	could	be	exploited	to	predict	which	ARMS	individuals	are	at	greatest	

risk	for	conversion	to	a	psychotic	disorder.	

Spontaneous Neuronal Oscillations 

An	alternate	approach	in	clinical	EEG	research	has	been	the	investigation	of	the	surface-

power	of	spontaneous	neuronal	oscillations	at	different	frequency	bands	during	resting	

state.	 Neural	 oscillations	 are	 fundamental	 mechanisms	 for	 the	 coordination	 and	

synchronisation	of	neural	 responses	 in	 the	 cortex	 (Mathalon	et	 al.	 2015;	Ward	2003).	

These	oscillations	are	the	direct	reflections	of	the	brain’s	rhythm-generating	networks	of	

interneurons	and	cortico-cortical	connections	(see	Mathalon	et	al.	2015;	Uhlhaas	et	al.	

2010	 for	 review).	 Using	 power	 spectral	 analyses	 based	 on	 quantitative	 EEG	 (qEEG),	

converging	 evidence	 indicates	 that	 patients	 with	 schizophrenia	 are	 characterized	 by	

increased	low-frequency	power	and	diminished	alpha-band	(Sponheim	et	al.	2000),	and	

attenuated	 gamma	 power	 in	 response	 to	 task	 stimuli	 (Perez	 et	 al.	 2013;	 Roach	 et	 al.	
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2008;	Uhlhaas	et	al.	2010).	Additionally,	it	has	also	been	shown	that	negative	symptoms	

are	 associated	 with	 low	 frequencies	 (theta	 and	 delta	 bands)	 in	 patients	 with	 a	 first	

episode	of	psychosis	 (FEP)	 (Gschwandtner	et	al.	2009).	Finally,	 the	combination	of	 the	

amount	of	power	with	negative	symptoms	has	been	shown	to	improve	the	prediction	of	

psychosis	 (Zimmermann	et	al.	 2010).	 In	a	 recent	 study,	Ramyead	and	colleagues	have	

demonstrated	that	ARMS-T	exhibited	increased	gamma	activity	in	the	medial	prefrontal	

cortex	 during	 resting	 EEG	 that	 was	 strongly	 associated	 with	 non-verbal	 cognitive	

capabilities.	These	 individuals	also	seemed	to	show	disrupted	 inter-cortical	beta	phase	

synchronization	 that	 worsened	 in	 association	 with	 increasing	 psychotic	 symptoms	

(Ramyead	et	al.	2014).		

Prediction of Psychosis using Multivariate Approaches 

Some	 studies	 have	 shown	 that	 ARMS	 individuals	who	 later	 convert	 to	 psychosis	 have	

more	pronounced	abnormalities	 in	brain	structure	and	activity	 (Borgwardt	et	al.	2008;	

Borgwardt	 et	 al.	 2007;	 Cannon	 et	 al.	 2015;	 Fusar-Poli	 et	 al.	 2012a;	 Fusar-Poli	 et	 al.	

2012c;	Perez	et	al.	2014;	van	Tricht	et	al.	2010).	Nonetheless,	these	studies	mostly	made	

use	of	univariate	approaches	(such	as	ANOVAs),	did	not	aim	at	individualized	prediction	

and	 did	 not	 cross-validate	 their	 prediction,	 as	 has	 been	 strongly	 recommended	 by	

methodologists	 (Steyerberg	 2008).	 However,	 in	 two	 recent	 studies,	 Koutsouleris	 and	

colleagues	applied	multivariate	pattern	recognition	techniques	to	neuroanatomical	and	

neuropsychological	data	with	promising	results	(Koutsouleris	et	al.	2012a;	Koutsouleris	

et	 al.	 2014).	 In	 a	 recent	 study,	 I	 have	demonstrated	 that	machine-learning	algorithms	

could	be	applied	to	clinical	EEG	data	also	with	promising	results	(Ramyead	et	al.	2015)	
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Discussion 

This	 dissertation	 has	 revealed	 that	 new,	 advanced	measures	 of	 neural	 oscillations,	 in	

conjunction	with	 advanced	 statistical	 and	 computational	methodology,	 are	 capable	of	

disentangling	complex	neural	oscillatory	activity	that	is	predictive	of	psychosis	in	at-risk	

patients.	 We	 have	 revealed	 that:	 1)	 ARMS-T	 patients	 demonstrate	 abnormal	 neural	

oscillations	 not	 found	 in	 ARMS-NT	 at	 baseline;	 2)	 Patterns	 of	 abnormal	 brain	 activity	

present	in	ARMS-T	could	be	detected	by	machine	learning	algorithms	and	allow	for	the	

individualized	prediction	of	transition	to	psychosis	with	promising	accuracy;	and	3)	FEP	

patients,	the	ones	who	already	had	an	episode	of	psychosis,	demonstrate	similar	brain	

abnormalities	as	ARMS-T	at	baseline.	

Together,	 these	 results	 suggest	 that	 neural	 oscillations	 are	 potential	 markers	 for	 the	

early	 detection	 of	 psychosis	 that	 can	 be	 assessed	 using	 the	 widely	 available	 and	

routinely	 applied	 EEG.	 This	 equipment	 helped	 us	 to	 elucidate	 that	 ARMS-T	 patients	

demonstrate	 localized	 abnormal	 neural	 oscillations	 as	 well	 as	 abnormal	 phase	

synchronizations	 across	 brain	 areas.	 The	 project	 entitled	 “Neural	 Oscillations	 in	

Antipsychotic-Naïve	Patients	with	a	First	Psychotic	Episode”	supports	these	results	in	a	

cross-sectional	 manner	 by	 revealing	 that	 FEP	 patients	 demonstrate	 similar	 abnormal	

neural	oscillations	and	synchrony	along	with	other	neural	disturbances.	In	both	groups,	

the	 abnormal	 lagged	 phase	 synchronization	 was	 strongly	 associated	 with	 clinical	

symptoms,	 particularly	 positive	 ones.	 These	 results	 suggest	 that	 a	 disrupted	

communication	 across	 brain	 areas	 could	 be	 resulting	 in	 the	 observed	 psychotic	

symptoms.		

Owing	 to	 the	 revealed	 neural	 oscillatory	 differences	 between	 ARMS-T	 and	 ARMS-NT	

patients	at	baseline,	we	investigated	whether	certain	patterns	of	brain	activity	observed	

in	ARMS-T	patients	could	be	identified	and	thus	allow	for	the	prediction	of	psychosis	on	
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an	 individualized	 level.	To	do	so,	we	employed	advanced	machine	 learning	algorithms,	

also	known	as	artificial	intelligence,	that	would	be	able	to	train	themselves	in	detecting	

specific	patterns	of	brain	activity.	 In	the	project	entitled	“Prediction	of	psychosis	using	

neural	oscillations	and	machine	learning	in	neuroleptic-naïve	at-risk	patients”,	we	have	

shown	that	the	so-called	Least	Absolute	and	Selective	and	Shrinkage	Operator	(LASSO)	

machine	 learning	algorithm	 is	able	 to	 teach	 itself,	merely	based	on	neural	oscillations,	

which	patient	will	later	transition	to	psychosis.	We	have	revealed	a	promising	internally	

cross-validated	 predictive	 accuracy	 of	 78%	 (using	 10-fold	 repeated	 cross	 validations).	

That	 is,	 we	 were	 able	 to	 predict	 which	 ARMS	 patients	 would	 transition	 to	 psychosis	

(ARMS-T)	and	which	ones	would	not	(ARMS-NT)	with	a	correct	classification	rate	of	78%.	

These	 findings	 provide	 preliminary	 evidence	 that	 neural	 oscillations	 can	 predict	 the	

onset	of	psychosis	 in	at-risk	patients.	However,	 it	 is	 important	 to	point	out	 that	 these	

findings	should	be	replicated	in	other	studies	and	validated	externally.	

The	field	of	early	detection	of	psychosis	based	on	multivariate	approaches	 is	still	 in	 its	

very	 early	 stages.	 So	 far,	 no	 prediction	 models	 in	 the	 field	 have	 been	 validated	

externally.	 Nonetheless,	 with	 the	 recent	 completion	 of	 data	 collection	 by	 the	 North	

American	Prodromal	Longitudinal	Study	2	(NAPLS-2),	a	multi-site	study	that	gathers	data	

from	various	domains	including	EEG	and	MRI	repeatedly	over	time	in	a	large	sample	of	

ARMS	 individuals,	 it	 is	 only	 a	 matter	 of	 time	 until	 such	 multivariate	 analyses	 are	

conducted	 with	 robust	 external	 cross-validation	 on	 independent	 samples.	 	 This	 will	

furthermore	 allow	 to	 elucidate	 the	 changes	 in	 neural	 oscillations	 based	 on	 brain	

anatomical	data	over	time	in	patients	who	later	transitioned	to	psychosis.		

Limitations  

It	is	essential	to	note	that	-	relative	to	the	number	of	variables	included	in	the	machine	

learning	algorithm	-	the	effective	sample	size	is	relatively	low.	Nevertheless,	it	should	be	
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noted	 that	 recruiting	 ARMS	 patients	 is	 challenging	 as	 1)	 these	 patients	 are	 relatively	

rare,	 2)	many	of	 them	only	 seek	help	 after	having	already	developed	 frank	psychosis,	

and	3)	they	frequently	cannot	be	motivated	to	partake	 in	scientific	studies	as	they	are	

often	already	quite	suspicious	due	to	emergence	of	 the	 illness.	To	deal	with	 the	small	

event	 per	 variable	 ratio,	 we	 aimed	 to	 prevent	 over	 fitting	 by	 conducting	 repeated	

nested	 cross-validation.	 All	 the	 same,	 these	 results	 should	 be	 considered	 preliminary	

and	be	 replicated	 in	bigger	samples	and	validated	 in	 independent	samples.	Moreover,	

we	 utilized	 a	 low-density	 EEG	 system	which	 is	 commonly	 used	 in	 the	 clinical	 field	 for	

practical	 reasons.	 While	 numerous	 recent	 studies	 have	 shown	 that	 resting-state	

analyses	could	reliably	be	performed	using	such	systems	(Babiloni	et	al.	2013;	Canuet	et	

al.	2011;	Canuet	et	al.	2012),	all	analyses	would	have	been	more	precise	with	a	 larger	

number	of	electrodes.	Additionally,	some	patients	across	both	the	ARMS-T	and	ARMS-

NT	 groups	 depended	 on	 medications	 other	 than	 neuroleptics	 which	 could	 have	

influenced	the	recorded	brain	activity.		
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