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Riassunto	
Introduzione.	 La	 Sclerosi	 Laterale	 Amiotrofica	 (SLA)	 è	 una	 patologia	 rara,	 a	

prognosi	 infausta,	 in	 cui	 la	degenerazione	del	primo	e	del	 secondo	motoneurone	

sono	 coinvolte	 in	 modo	 selettivo.	 Un	 elemento	 di	 difficoltà	 nella	 diagnosi	 e	 nel	

definire	 una	 terapia	 efficace	 è	 la	 considerevole	 eterogeneità	 nella	 presentazione	

clinica,	 in	 assenza	 di	 marcatori	 biologici	 specifici,	 dovuta	 anche	 ai	 molteplici	

meccanismi	patogenetici	coinvolti	nella	malattia.	In	questo	progetto	di	Dottorato	è	

stato	 preso	 in	 considerazione	 in	 particolare	 il	 metabolismo	 del	 ferro,	 poiché	

coinvolto	 in	particolare	nella	degenerazione	della	via	motoria	centrale.	Studi	post	

mortem	 sui	 pazienti	 hanno	 dimostrato	 che	 l’accumulo	 di	 ferro	 intracellulare	

cerebrale	 è	 presente	 nelle	 medesime	 aree	 corticali	 che	 in	 vivo	 erano	 state	

indentificate	alla	Risonanza	Magnetica	cerebrale	(RMN).	In	particolare,	la	tecnica	di	

mappatura	di	 suscettibilità	magnetica	 (QSM)	 sembra	essere	un	valido	 strumento	

per	misurare	l’accumulo	di	ferro	cerebrale	con	la	RMN.	A	livello	ematico,	invece,	la	

ferritina	e	la	transferrina	sierica	sono	noti	biomarcatori	del	metabolismo	del	ferro	

nella	SLA;	mentre	l’enzima	Glutatione	Perossidasi	di	tipo	4	(GPX4),	che	svolge	un	

ruolo	fondamentale	nella	regolazione	della	ferroptosi,	è	stato	studiato	attualmente	

solo	nei	modelli	murini	di	SLA.	

	L’obbiettivo	di	questo	Progetto	di	Dottorato	è	studiare	la	correlazione	tra	il	danno	

del	 primo	 neurone	 di	 moto	 (UMN),	 valutato	 sia	 clinicamente	 che	 con	 moderne	

tecniche	di	neuroimmagine,	e	 i	possibili	biomarcatori	sierici	del	metabolismo	del	

ferro.		

Metodi.	 Sono	 stati	 reclutati	 68	 pazienti,	 seguiti	 presso	 il	 Centro	 SLA	 dell’“IRCCS	

Istituto	 Neurologico	 Carlo	 Besta”	 di	 Milano,	 i	 quali	 hanno	 eseguito	 un	 prelievo	

ematico	per	il	dosaggio	di	ferritina,	transferrina	e	GPX4,	e	una	risonanza	magnetica	

cerebrale	 con	 la	 tecnica	QSM.	Di	 questi	 pazienti	 sono	 state	 raccolte	 informazioni	

demografiche	 e	 dati	 clinici	 sulla	 gravità	 di	 malattia,	 valutando	 altresì	

contestualmente	 il	coinvolgimento	del	primo	neurone	di	moto	attraverso	 la	scala	

clinica	 semiquantitativa	 PUMNS.	 Inoltre,	 sono	 state	 reclutate	 67	 persone	 come	

controlli	sani.		
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Analisi	Statistiche.	Il	test	di	U	Mann	Whitney	e	le	correlazioni	di	Pearson	sono	state	

eseguite	per	studiare	la	correlazione	tra	i	biomarcatori	sierici	del	metabolismo	del	

ferro	e	gli	 indicatori	 clinici	di	malattia.	Per	analizzare	gli	 aspetti	 radiologici	 sono	

state	 applicate	 due	 modalità	 di	 studio:	 per	 regioni	 di	 interesse	 (ROI)	 e	 per	

morfometria	basata	sui	voxel	per	l’intero	encefalo.	Utilizzando	lo	Spearman	test	è	

stata	studiata	 l’associazione	 tra	 i	valori	di	QSM	estratti	dalle	 sequenze	di	MRI	e	 i	

biomarcatori;	 come	 parte	 di	 questa	 valutazione,	 è	 stata	 inoltre	 analizzata	 la	

correlazione	tra	le	variabili	radiologiche	e	quelle	cliniche.	Tutte	le	analisi	sono	state	

verificate	 per	 l'effetto	 dell'età	 come	 covariata,	 e	 i	 risultati	 sono	 stati	 ritenuti	

statisticamente	significativi	in	presenza	di	un	p	value	<	0.05.		

Risultati.	I	controlli	sani	e	i	pazienti	sono	risultati	omogenei	per	età	e	genere.	Dal	

raffronto	tra	60	pazienti	affetti	da	SLA	e	53	controlli	sani	della	stessa	età,	è	emersa	

una	differenza	statisticamente	significativa	per	i	livelli	di	ferritina	(p	=	0.009)	e	di	

GPX4	(p	=	0.001).	Analizzando	più	specificatamente	la	corte	di	pazienti	SLA	risulta	

che:	 i	 livelli	di	 ferritina	e	transferrina	sono	inversamente	proporzionali	tra	loro;	 i	

livelli	di	 transferrina	sono	correlati	all’indice	di	massa	corporea	(BMI);	 i	 livelli	di	

ferritina,	 transferrina	 e	 GPX4	 non	 sono	 correlati	 né	 con	 il	 genotipo	 né	 con	 gli	

indicatori	di	gravità	di	malattia	(quali	il	punteggio	di	ALSFRS-R,	lo	stadio	secondo	la	

classificazione	 di	 King,	 la	 durata	 di	malattia,	 l’assetto	 cognitivo	 o	 la	 funzionalità	

respiratoria).	Per	contro,	una	correlazione	positiva	(p	<	0.005)	è	stata	riscontrata	

tra	i	livelli	di	GPX4	e	il	punteggio	alla	scala	di	PUMNS,	che	valuta	il	coinvolgimento	

clinico	del	primo	motoneurone.	Analizzando	i	dati	di	RMN	dei	pazienti	e	dei	controlli	

sono	stati	riscontrati	differenti	valori	di	suscettibilità	magnetica	(QSM)	in	specifiche	

aree	motorie	cerebrali	(putamen	bilateralmente,	VIII	lobulo	cerebellare	di	sinistra	

cerebellare,	lobuli	IV-V	di	destra	e	I	cerebellare	con	un	p	<	0.001).	Confrontando	i	

pazienti	SLA	con	un	sottogruppo	dei	controlli	sani,	che	avevano	eseguito	sia	la	RMN	

che	il	prelievo	di	sangue,	non	si	è	rilevata	alcuna	differenza	tra	i	livelli	di	GPX4	e	il	

valore	di	QSM.	Tuttavia,	 se	 si	 escludono	 i	 soggetti	 con	valori	di	GPX4	anomali,	 si	

evidenzia	una	correlazione	positiva	(p	<	0.001)	nella	regione	destra	della	corteccia	

motoria	primaria	 (M1).	Analizzando	 il	 solo	gruppo	di	pazienti	SLA,	 con	analisi	di	

regressione	lineare	sono	state	messe	in	evidenza	correlazioni	positive	tra	il	QSM	(p	
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<	0.05):	e	GPX4	nell’area	M1	di	sinistra;	e	transferrina	nell’	area	ventrale	e	dorsale	

premotoria	e	nella	area	motoria	supplementare	(SMA);	e	 ferritina	nei	 lobuli	 IV-V	

cerebellari	 di	 sinistra,	 nel	 nucleo	 caudato,	 nel	 talamo	 e	 nella	 SMA	 di	 destra.	

Considerando	 i	parametri	 clinici	 invece,	non	vi	è	una	correlazione	con	 i	punteggi	

PUMNS,	fatta	eccezione	per	il	confronto	tra	il	punteggio	che	riguarda	il	solo	distretto	

degli	 arti	 superiori	 e	 il	 valore	 di	 QSM	 nella	 sole	 regioni	 della	 preSMA	 e	 SMA	

dell’emisfero	destro	(p	<	0.04).	Tuttavia,	se	si	analizza	il	grado	di	coinvolgimento	del	

primo	motoneurone	secondo	il	fenotipo,	si	trova	una	correlazione	positiva	in	M1	(p	

<	0.004)	e	una	correlazione	negativa	nei	lobuli	cerebellari	IV-V	di	sinistra	(p	<	0.04).		

Discussione.	Dal	confronto	con	controlli	sani	di	pari	età,	i	risultati	confermano	come	

i	pazienti	affetti	da	SLA	siano	caratterizzati	da	maggiori	livelli	di	ferritina,	sebbene	

non	vi	sia	alcuna	specifica	correlazione	con	i	fenotipi	di	malattia.	Tuttavia,	il	presente	

lavoro	è	il	primo	che	dimostra	che	anche	i	livelli	di	GPX4	sono	statisticamente	più	

elevati	 nei	 pazienti	 rispetto	 alla	 popolazione	 sana.	 Inoltre,	 analizzando	 la	

distribuzione	dei	livelli	di	GXP4	nei	pazienti	affetti	da	SLA	non	sono	state	riscontrate	

correlazioni	 con	 le	 caratteristiche	 cliniche	 della	malattia	 ad	 eccezione	 di	 ciò	 che	

riguarda	il	coinvolgimento	del	primo	neurone	di	moto,	valutato	sia	clinicamente	che	

radiologicamente.	Coerentemente	con	quanto	riportato	in	letteratura,	l’analisi	delle	

caratteristiche	radiologiche	in	RMN	ha	confermato	che	valori	più	elevati	di	QSM	si	

associano	a	una	maggiore	compromissione	della	via	motoria	centrale,	in	particolare	

nella	 regione	 M1	 di	 sinistra.	 Inoltre,	 il	 presente	 studio	 è	 il	 primo,	 a	 nostra	

conoscenza,	ad	indagare	una	possibile	relazione	tra	i	livelli	sierici	dei	marcatori	del	

metabolismo	 del	 ferro	 e	 l’accumulo	 cerebrale	 di	 ferro	 valutabile	 con	 la	 RMN,	

mostrando	in	particolare	come	vi	sia	una	correlazione	positiva	tra	i	valori	di	GPX4	e	

di	QSM	nell’area	M1.		

Conclusioni.	 Il	 presente	 studio	 ha	 indagato,	 nei	 pazienti	 affetti	 da	 SLA,	 la	

correlazione	 tra	 la	 compromissione	 del	 primo	 motoneurone,	 valutato	 sia	

clinicamente	 che	 con	 i	 valori	 di	 QSM	 nelle	 diverse	 aree	 corticali	 cerebrali,	 e	 i	

biomarcatori	 sierici	 del	 metabolismo	 del	 ferro.	 I	 risultati	 della	 presente	 ricerca	
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suggeriscono	che	il	GPX4	possa	essere	un	biomarcatore	utile	nella	differenziazione	

fenotipica	e	nella	predizione	della	progressione	di	malattia.	
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Abstract	
Background.	Amyotrophic	Lateral	Sclerosis	(ALS)	is	a	rare	fatal	neurodegenerative	

disease	 selectively	 affecting	 upper	 and	 lower	 motor	 neuron	 system,	 with	 a	

heterogeneity	of	phenotypes	which	 cannot	 currently	be	distinguished	by	 specific	

biomarkers.	 The	 present	 research	 focuses	 on	 iron	 metabolism	 as	 one	 of	 the	

pathogenetic	 mechanisms	 of	 ALS.	 Ferritin	 and	 transferrin	 are	 well-known	

biomarkers	of	iron	metabolism	in	ALS,	while	the	role	of	Glutathione	Peroxidase	4,	

one	of	the	main	factors	of	ferroptosis,	is	still	unknow	as	it	has	only	been	explored	in	

ALS	 mice.	 In	 vivo,	 iron	 accumulation	 in	 brain	 is	 detectable	 by	 Quantitative	

Susceptibility	Mapping	(QSM)	technique	on	Magnetic	Resonance	Imaging	(MRI)	and	

correlates	with	the	upper	motor	neuron	damage.		

The	aim	of	the	project	is	to	investigate	the	correlation	between	upper	motor	neuron	

(UMN)	 impairment	detected	by	 clinical	 and	neuroimaging	 techniques	 and	 serum	

biomarkers	of	iron	metabolism.		

Methods.	68	ALS	patients,	 followed	at	ALS	Center	of	 “IRCCS	 Istituto	Neurologico	

Carlo	Besta”	of	Milan,	were	recruited	for	this	study,	collecting	demographic	features	

and	clinical	data	on	severity	of	disease,	and	the	involvement	of	Upper	motor	neuron	

involvement	 detected	with	 PUMNS	 scale	 at	 time	 of	 visit.	 60	 also	 provided	 blood	

samples	to	dose	ferritin,	transferrin	and	GPX4	enzyme	in	serum,	and	52	additionally	

performed	 a	 brain	 MRI	 with	 QSM	 value.	 67	 Healthy	 Controls	 (HC)	 were	 also	

recruited.		

Statistical	 analyses.	 To	 assess	whether	 serum	biomarkers	 can	be	 considered	as	

indicator	 of	 disease,	 it	 was	 first	 explored	 the	 possible	 correlation	 between	 iron	

serum	 biomarkers	 and	 clinical	 data	 with	 U	 Mann	 Whitney	 test	 and	 Pearson	

correlation,	then	it	was	investigated	the	association	of	biomarkers	with	radiological	

features	 (QSM	 values)	 by	 applying	 Spearman	 test,	 also	 testing	 the	 correlation	

between	radiological	and	clinical	features.	

Results.	 ALS	 and	 HC	 were	 homogeneous	 for	 age	 and	 gender.	 A	 statistically	

significant	difference	of	ferritin	(p	=	0.009)	and	GPX4	(p	=	0.001)	levels	was	found	
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when	comparing	60	ALS	with	53	age-matched	HC.	In	the	ALS	cohort:	ferritin	was	

inversely	related	to	transferrin;	 transferrin	correlated	with	the	Body	Mass	Index;	

ferritin,	 transferrin	 and	 GPX4	 had	 no	 correlation	 with	 genetic	 assessment	 or	

severity	of	disease.	Instead,	a	positive	correlation	(p	<	0.005)	was	found	between	

GPX4	 and	PUMNS	 score.	Regarding	 the	 evaluations	 of	QSM	values	 on	brain	MRI,	

variations	of	magnetic	susceptibility	in	ALS	patients	as	compared	to	HC	were	found	

in	specific	motor	areas	of	brain	(p	<	0.001).	By	comparing	MND	with	the	subgroup	

of	HC	who	both	underwent	MRI	and	blood	withdrawal,	no	correlation	was	 found	

between	 GPX4	 and	 QSM	 values.	 However,	 when	 excluding	 subjects	 with	 outlier	

values	of	GPX4,	a	positive	correlation	was	revealed	in	right	M1	region	(p	<	0.001).	

Regression	analysis	across	ALS	group	showed	positive	correlations	(p	<	0.05):	with	

GPX4	in	primary	motor	cortex	area	on	left	side	(M1);	with	transferrin	in	ventral	and	

dorsal	premotor	cortex	and	in	supplementary	motor	area	(SMA);	and	with	ferritin	

in	 left	 lobules	 IV-V	 cerebellum,	 caudato,	 thalamo	 and	 in	 right	 SMA.	 Instead,	 no	

significant	correlation	was	found	with	clinical	score	of	upper	motor	neuron	(UMN)	

burden,	except	for	sub-score	about	upper	district	in	right	preSMA	and	right	SMA	(p	

<	0.04).	By	performing	a	trend	analysis	with	rank	of	UMN	involvement,	a	positive	

trend	in	left	M1	(p	<	0.004)	and	a	negative	trend	in	left	lobules	IV-V	of	cerebellum	(p	

<	0.04)	were	identified.		

Discussion.	Compared	to	age-matched	HC,	there	is	a	higher	level	of	serum	ferritin	

in	 patients,	 but	 it	 does	 not	 correlate	 with	 any	 specific	 phenotype.	 Instead,	 the	

present	research	first	shows	that	serum	levels	of	GPX4	are	statistically	higher	in	ALS	

than	 HC.	 Moreover,	 the	 analyses	 of	 GPX4	 trend	 in	 ALS	 cohort	 did	 not	 find	 any	

correlation	 with	 features	 of	 disease,	 with	 the	 exception	 of	 the	 UMN	 burden.	

Regarding	MRI	features,	in	M1	region	higher	levels	of	QSM	are	associated	with	the	

degree	of	UMN	involvement,	and	with	GPX4	levels.	

Conclusion.	The	findings	of	the	present	research	suggest	that	GPX4	can	be	a	useful	

biomarker	of	UMN	involvement	in	ALS	patients,	linked	to	iron	brain	accumulation	

evaluated	 with	 QSM	 technique,	 with	 a	 potential	 impact	 on	 phenotypes	

differentiation	and	disease	progression	prediction.	 	
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Upper	motor	neuron	burden	in	Amyotrophic	Lateral	Sclerosis:	

clinical	and	imaging	features,	and	the	role	of	iron	metabolism	

Introduction	
Amyotrophic	Lateral	Sclerosis	(ALS)	is	a	rare	fatal	neurodegenerative	disease	that	

predominantly	affects	the	upper	and	lower	motor	neuron	system.	The	heterogeneity	

of	 phenotypes,	 particularly	 in	 early	 stages	 of	 disease,	 and	 the	 different	 disease	

progression	suggest	the	involvement	of	several	pathogenic	mechanisms	of	disease.	

Currently,	 there	 is	 no	 high-quality	 biomarkers	 for	 the	 diagnosis	 of	 specific	

phenotypes,	while	 the	 complexity	of	 the	genotype-phenotype	 relationship	makes	

difficult	predicting	disease	progression.	Among	several	pathogenic	mechanisms	of	

ALS,	 the	present	 research	 focuses	on	 iron	metabolism,	as	 iron	dyshomeostasis	 is	

involved	 in	ageing	processes	and	several	neurodegenerative	disorder.	The	aim	of	

the	project	 is	 to	 investigate	 the	 correlation	between	upper	motor	neuron	 (UMN)	

impairment	 detected	 by	 clinical	 and	 neuroimaging	 techniques	 and	 serum	

biomarkers	 of	 iron	 metabolism.	 The	 identification	 of	 serum	 proteins	 and	

radiological	features	as	markers	of	this	specific	phenotype	of	the	disease	could	be	

useful	in	the	clinical	assessment	of	patients	and	the	design	of	clinical	trials.		

Background	

Motor	Neuron	Disease	

Motor	Neuron	Disease	(MND),	also	known	as	Amyotrophic	Lateral	Sclerosis	(ALS),	

is	a	fatal	neurodegenerative	disorder	characterised	by	progressive	painless	muscles	

weakness	due	to	motor	neuron	death	in	the	brain,	brainstem,	and	spinal	cord.1	ALS	

has	historically	been	considered	as	a	pure,	uniform,	and	exclusive	motor	syndrome,	

a	view	overcome	by	strong	evidence	of	multisystemic	involvement,	particularly	of	

cognitive	and/or	behavioural		impairment,	ranging	from	frontotemporal	dementia	

(FTD)	to	milder	forms	of	executive	or	dysexecutive	dysfunctions	and	estimated	to	

affect	about	30-50%	of	patients.	Also,	motor	clinical	presentation	is	heterogenous	

with	regards	to	site	of	onset	(bulbar	region,	limbs,	thoracic	involvement),	regional	
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spreading	 of	 symptoms,	 and	 the	 distribution	 of	 upper	 (UMN)	 and	 lower	 (LMN)	

motor	signs;	in	particular,	the	latter	can	lead	to	classic	forms	of	ALS,	or	range	from	

pure/predominant	UMN	to	pure/predominant	LMN	disease	forms.	Different	motor	

clinical	 presentations	 influence	 disease	 progression,	 diagnostic	 delay,	 and	

prognosis.	In	fact,	death	from	ALS	generally	occurs	from	respiratory	failure	within	

two	to	four	years	from	diagnosis,	though	more	slowly	progressing	forms,	at	the	end	

of	MND	spectrum,	occur	in	about	15-20%	of	patients.		

According	to	international	guidelines2,3,	the	diagnosis	of	MND	predominantly	relies	

on	 the	 interpretation	 of	 clinical	 signs	 and	 neurophysiological	 findings,	 while	

laboratory	 and	 neuroradiological	 examinations	 are	 employed	 to	 rule	 out	 other	

causes.	Currently,	there	is	no	high-quality	biomarker	for	diagnosis	and	prognosis;	

however,	 research	 on	 biochemical,	 imaging	 and	 neurophysiology	 techniques	 is	

growing.4	The	lack	of	biomarkers	hinders	the	possibility	to	distinguish	phenotypes	

and	 to	 predict	 disease	 progression.	 In	 about	 10%	 of	 patients,	 the	 family	 history	

suggests	an	autosomal	dominant	inheritance	pattern	(familiar	ALS,	fASL),	while	in	

the	remaining	90%	no	affected	family	members	are	reported	(sporadic	ALS,	sALS).	

Nevertheless,		fALS	and	sALS	show	similar	clinical	and	neuropathological	features.5	

In	1993,	the	first	mutation	causing	fALS	was	found	in	Cu/Zn	Superoxide	dismutase	1	

(SOD1)	 gene;	 since	 then,	more	 than	 50	 genes	 	 increasing	 the	 risk	 of	 developing	

disease,	or	modifying	the	ALS	phenotype,	have	been	identified.	For	an	individual	ALS	

with	an	affected	first	degree	relative,	the	pre-test	probability	of	a	positive	genetic	

test	is	currently	about	70%;	instead,	for	those	with	negative	family	history	(sALS),	

the	probability	is	about	10%.	In	addition	to	SOD1,	the	other	most	common	genetic	

causes	 are	 hexanucleotide	 expansion	 in	 chromosome	 9	 open	 reading	 frame	 72	

(C9orf72),	mutations	in	TAR	DNA-binding	protein	43	(TARDBP),	fused	in	sarcoma	

(FUS)	and	TANK-binding	kinase	1	(TBK1).	Though	most	mutations	converge	on	a	

typical	 ALS	 phenotype,	 there	 are	 important	 prognostic	 implications	 for	 certain	

mutant	genes	linked	to	unique	features,	e.g.,	OPTN	mutations	for	ALS	type	2.	A	gene	

therapy	is	now	available	for	ALS	patients	with	SOD1	mutations	and	is	undergoing	

clinical	trial	for	patients	with	FUS	and	C9ORF72	mutations.6	
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Data	collected	from	ALS	patient’s	consortium	show	the	highlight	complexity	of	the	

disease's	 genotype-phenotype	 relationship	 and	 suggest	 that	 heterogeneity	 of	

disease	 is	 underpinned	 by	 several	 pathogenic	 mechanisms.5	 The	 most	 relevant	

dysfunctions	are:	alterations	in	nucleocytoplasmic	transport	of	RNA	molecules	and	

binding	 proteins;	 altered	 RNA	 metabolism;	 impaired	 proteostasis	 with	

accumulations	of	aggregating	proteins	(TDP-43,	FUS,	SOD1);	impaired	DNA	binding	

and	 repairing;	 mitochondrial	 dysfunction	 and	 oxidative	 stress;	 oligodendrocyte	

degeneration;	 neuroinflammation;	 defective	 axonal	 and	 vesicular	 transport;	 and	

excitotoxicity.5	

The	role	of	iron	in	MND	

The	present	 research	 focuses	 on	 iron	metabolism,	 one	 of	 the	 several	 pathogenic	

dysfunctions	of	MND.	Iron	dyshomeostasis	 is	 involved	in	ageing	processes	and	in	

neurodegenerative	disorders,7 such	as	Alzheimer	and	Parkinson	diseases.	Iron	is	a	
vital	cofactor	in	many	brain	metabolic	processes,	including	oxygen	transportation,	

DNA	 and	 myelin	 synthesis,	 mitochondrial	 respiration,	 and	 neurotransmitter	

synthesis	and	metabolism.	

In	 SOD1	 transgenic	 mice	 and	 ALS	 cell	 models,	 dysfunctional	 SOD1	 results	 in	

imbalance	 between	 free	 radicals	 and	 ions,	 ultimately	 culminating	 in	 increased	

cellular	 oxidative	 stress	 and	 releasing	 of	 iron	 from	 iron	 containing	 protein.	

Moreover,	the	double	transgenic	mice	for	SOD1	and	hemochromatosis	gene	(HFE)	

had	a	shorter	survival	and	an	accelerated	disease	progression8.	In	human,	although	

some	studies	suggested	the	p.H63D	polymorphism	of	HFE	as	a	risk	factor	for	ALS8,9,	

two	 meta-analyses	 of	 literature	 rejected	 such	 assumption10,11.	 No	 effect	 of	 HFE	

status	was	found	in	an	Italian	cohort	of	patients	carrying	C9ORF72,	TARDBP,	and	

FUS	mutations;	 the	 few	 SOD1	patients	with	 p.His63Asp	CG	or	GG	polymorphism	

were	also	associated	with	a	longer	survival12.	

In	post-mortem	histopathologic	analysis	of	brains	of	ALS	patient	it	was	revealed	an	

abundancy	 of	 cells	 containing	 intracellular	 iron,	 also	 in	 microglia,	 and	 of	

extracellular	 iron	 deposits	 in	 motor	 cortex,	 caudate	 and	 subthalamic	 nuclei13.	

Studies	conducted	in	the	1990s	have	observed	iron	accumulation	in	the	spinal	cord	
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and	 cerebrospinal	 fluid	 of	 patients14.	 Iron	 chelators,	 such	 as	 salicylaldehyde	

isonicotinoyl	 hydrazone,	 deferoxamine	 and	 deferiprone,	 have	 been	 employed	 in	

murine	model	 and	pilot	 clinical	 trials15-17.	 These	 studies	 confirm	 the	 role	 of	 iron	

homeostasis	 and	 excessive	 iron	 accumulation	 in	 central	 nervous	 system	 in	

development	and	disease	progression	of	ALS.		

Ferritin	and	transferrin	are	well-known	biomarkers	 for	 iron	metabolism	in	MND.	

Serum	ferritin	levels	in	MND	patient,	regardless	of	genetic	assessment,	were	found	

to	be	significantly	higher	and	transferrin	levels	lower	compared	to	healthy	controls,	

while	no	statistical	difference	in	iron	levels	between	MND	patients	and	controls	was	

reported18.	 Additionally,	 higher	 serum	 ferritin	 levels	 have	 been	 associated	 with	
shorter	survival19,	but	are	not	related	to	any	specific	phenotype.	

Magnetic	Resonance	iron	imaging	in	MND	

The	 diagnostic	 work	 up	 of	 patients	 suspected	 of	 suffering	 from	 MND	 includes	

magnetic	resonance	imaging	(MRI)	of	brain	and	spinal	cord	to	rule	out	structural	

abnormalities	 (e.g.,	 vascular	 lesions,	 multiple	 sclerosis,	 tumors,	 radiculopathy,	

myelopathy).	 Neuroimaging	 in	MND	 is	 sensitive	 for	 detecting	 extra-motor	 brain	

involvement,	particularly	in	frontotemporal	cortical	regions,	and	is	also	an	ideal	tool	

for	measuring	 upper	motor	 neuron	 impairment	 in	 a	 non-invasive	way.	 Evidence	

suggests	that	neuroimaging	can	be	applied	to	correctly	diagnose	MND,	and	stratify	

patients	into	different	phenotypes,	stages,	and	prognostic	categories20.	MRI	has	the	

powerful	 ability	 to	 generate	 a	 series	 of	 image	 contrasts	 that	 map	 the	 scale	

distribution	of	iron	in	vivo	in	the	human	brain21.		

Although	iron	accumulation	in	brain	increases	as	part	of	the	normal	aging	process,	

the	 post-mortem	 finding	 from	 MND	 patients	 showed	 that	 the	 increased	 iron	

accumulation	in	microglial	cells	of	the	deep	layers	of	motor	cortex	corresponds	to	

the	 same	 areas	 of	 MRI	 signal	 changes22.	 According	 to	 the	 standard	 clinical	

parameters,	 iron	 rich	 tissues	 appear	 isointense	 in	 T1-weighted	 (T1W),	 and	

hypointense	 in	 T2-weighted	 (T2W)	 as	 well	 as	 T2*W	 gradient-echo	 sequences	

(T2*W2).	However,	signal	alteration	in	fluid-attenuated	inversion	recovery	(FLAIR)	
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images	 are	 inconsistently	 present	 in	 MND	 imaging	 studies,	 therefore	 FLAIR	

sequence	does	not	appear	to	be	specific	of	MND.		Susceptibility	Weighted	Imaging	

(SWI),	instead,	is	a	technique	that	uses	a	high-resolution	three-dimensional	gradient	

echo	sequence	with	full	flow	compensation	and	improved	sensitivity	in	detection	of	

ferric	 iron	 compared	 to	 T2*W2.	 SWI	 showed	 iron	 accumulation	 in	 precentral	

cortices23-25	 and	 in	 white	 matter	 tracks26	 when	 comparing	 MND	 patients	 with	

control	 subjects.	 Nevertheless,	 SWI	 presents	 some	 intrinsic	 technical	 limitations	

(blooming	and	air	tissue	artifacts)	and	does	not	allow	quantitative	measurement	of	

magnetic	susceptibility.		

To	 address	 these	 shortcomings,	 Quantitative	 Susceptibility	 Mapping	 (QSM)	

technique	 can	 be	 used	 as	 a	 surrogate	 measurement	 of	 quantitative	 iron	

concentration	in	the	brain	based	on	magnetic	susceptibility	in	vivo.	Recently,	both	

the	 development	 of	 new	 QSM	 reconstruction	 algorithms	 and	 their	 use	 on	

neurodegenerative	diseases,	from	Alzheimer	dementia	to	Parkinson	disease,	have	

greatly	increased.	Several	studies	show	the	potential	role	of	QSM	as	a	diagnostic	tool	

in	ALS.	 In	whole	 brain	QSM	approach,	 increased	 iron	was	 revealed	 in	 the	motor	

cortex,	substantia	nigra,	globus	pallidus,	and	red	nucleus27:	significant	differences	in	

QSM	measures	in	the	motor	cortex	have	been	reported	in	ALS	compared	to	healthy	

controls28,	 and	 among	 ALS	 patients	 according	 to	 onset	 disease	 (lumbar	 versus	

cervical29	 and	 bulbar	 onset30);	 although	 no	 change	 in	 QSM	was	 reported	 in	 a	 6-

month	follow	up	study31,	the	magnetic	susceptibility	in	precentral	cortex	diversified	

according	 to	 MND	 phenotype,	 particularly	 reflecting	 the	 prevalence	 of	 upper	 or	

lower	motor	neuron	signs32.	Based	on	these	studies,	it	was	suggested	that	QSM	could	

be	considered	a	biomarker	 in	 iron-related	MND	subtypes	and	could	be	useful	 for	

specific	clinical	trials.	

Glutathione	peroxidase	4	(GPX4)	and	its	role	in	ferroptosis	

Glutathione	peroxidases	(GPXs)	constitutes	an	interesting	family	of	oxidoreductases	

observed	 in	 all	 living	 organisms.	 Eight	 isoforms	 of	 GPX	 enzymes	 have	 been	

discovered	 in	 all	 tissues,	 and	 their	 redox	 properties	 in	 balancing	 oxidative	

homeostasis	 in	 cells	 as	 well	 as	 the	 post	 translational	 modification	 of	 proteins	
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signalling	pathways	are	currently	well	established33.	More	specifically,	Glutathione	

peroxidase	4	(GPX4)	is	the	only	type	of	GPX	to	be	ubiquitously	expressed,	and	to	be	

capable	of	reducing	large	and	complex	lipid	hydroperoxides	and	cholesterols,	even	

when	they	are	embedded	in	the	biological	membrane;	GPX4	is	therefore	essential	

for	life,	from	embryonic	development	to	health	maintenance	in	adult	animals.	

A	feature	of	ferroptosis	is	the	accumulation	of	phospholipid	hydroperoxides	in	the	

presence	 of	 catalytically	 active	 iron.	 This	 process	 is	 inhibited	 by	 the	 system	

Cysteine/GSH/GPX4	 regulatory	 pathway.	 GPX4	 uses	 glutathione	 as	 an	 electron	

donor	to	reduce	highly	toxic	lipid	hydroperoxides	in	membranes	to	lessen	toxic	lipid	

alcohols.	Depletion	of	GPX4	causes	an	increase	in	lipid	peroxides	that	damages	the	

cell	membrane,	and	leads	to	ferroptotic	cell	death34.		

GPX4	is	an	emerging	topic	of	pharmacological	research,	and	it	is	already	a	target	for	

precision	therapy	for	Sedaghatian-type	spondylometaphyseal	dysplasia	(SSMD)	–	a	

rare	genetic	disorder33.		

GPX4	 is	 involved	 in	 the	 degeneration	 of	 cortical	 and	 hippocampal	 neurons,	 and	

interneurons	 in	 mice35.	 	 GPX4-NIKO	 mouse	 is	 a	 versatile	 model	 for	 testing	

interventions	targeting	ferroptotic	death	of	spinal	motor	neurons	in	vivo36.	Ablation	

of	GPX4	 in	neurons	of	adult	mice	 triggered	a	 rapid	degeneration	of	 spinal	motor	

neurons35,	resulting	in	a	savage	paralysis,	while	the	symptomatic		SOD1G93A	mice	

had	a	deficiency	of	GPX4	in	spinal	cord	tissues	and	a	reduced	level	of	GSH37.		

While	GSH	depletion	is	a	known	feature	of	affected	central	nervous	system	tissues	

of	ALS	patients,	a	deficiency	of	GPX4	protein	in	ALS	patients	has	been	reported	in	a	

few	studies	analysing	mean	GPX4	protein	levels	in	lumbar	spinal	cord	tissues	versus	

controls	37,	38,39.	Wang	et	at	demonstrated	that	GPX4	depletion	was	common	to	both	
familial	and	sporadic	ALS	patients	and	three	distinct	genetic	mouse	models	of	ALS.	

The	 authors	 noted	 that	 GPX4	 downregulation	 is	 not	 a	 consequence	 of	

neurodegeneration,	 as	 GPX4	 levels	 fell	 early	 in	 spinal	 cords	 and	 cortices	 of	

SOD1G93A	mice,	 preceding	 symptoms	 and	motor	 neuron	 loss38.	 The	 intrathecal	

injection	of	neuron-targeted	GPX4	and	the	treatment	of	phospholipid	peroxidation	
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inhibitor,	ferrostatin	1,	significantly	attenuates	motor	dysfunction	in	ALS	mice,	and	

suggests	a	possible	role	of	GPX4	in	maintaining	brain	immune	homeostasis39.		

Based	on	the	analysis	of	GPX4	gene	expression	in	both	ALS	patients	and	mice,	Tu	et	

al.	proposed	the	applicability	of	a	GPX4-related	treatment,	as	neuron-targeted	GPX4-

AAV	delivery	prohibited	phospholipid	peroxidation	and	 improved	the	viability	of	
motor	neurons.39	

In	 addition,	 one	 drug	 tested	 in	 ALS	 disease,	 Edaravone	 (3-methyl-1-phenyl-2-

pyrazolin-5-one),	 is	 involved	 in	 ferroptosis	 and	GPX4	 regulation.	Edaravone	 is	 an	

excellent	 free	 radical	 scavenger	 originally	 developed	 for	 the	 treatment	 of	 acute	

ischemic	 stroke	due	 to	 its	neuroprotective	 role	 in	vascular	endothelium	and	glial	

cells	damages40,41.	Later,	Edaravone	was	also	developed	for	the	treatment	of	MND	

based	 on	 its	 anti-oxidative	 and	 intracellular	 lipid	 stabilising	 effects	 that	 prevent	

ferroptosis42,43.	 Furthermore,	 the	 anti-ferroptosis	 role	 of	 Edaravone	 via	 GPX4	

pathway	is	involved	in	depression,	and	the	GPX4	knockdown	removed	the	effect	of	

Edaravone	treatment44.	In	the	acute	phase	of	spinal	cord	injury,	Edaravone	reduced	

neuronal	 cell	 death	 and	 neuroinflammation	 by	 acting	 on	 ferroptosis	 negative	

regulators	such	as	GPX4,	and	by	downregulating	pro-ferroptosis	factors45.	

Aim	of	PhD	project	
Hypothesis:	if	QSM	value	at	MRI	can	detect	iron	accumulation	which	reflects	upper	

motor	involvement	in	MND,	is	the	alteration	of	iron	typical	of	upper	motor	neuron	

dominant	phenotype	of	MND?	Could	ferritin,	transferrin	and	GPX4	protein	in	serum	

be	a	useful	biomarker	of	upper	motor	neuron	alteration?	

The	aim	of	the	project	is	to	investigate	the	correlation	between	upper	motor	neuron	

(UMN)	 impairment	assessed	by	clinical	 evaluation	and	neuroimaging	 techniques,	

and	serum	biomarkers	of	iron	metabolism.		

Methods	
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The	 study	 involved	 68	 ALS	 patients	 followed	 at	 the	 Fondazione	 IRCCS	 Istituto	

Neurologico	 “Carlo	 Besta”	 in	 Milan,	 and	 67	 healthy	 controls.	 The	 patients	 were	

enrolled	with	a	written	informed	consent	within	TRANSALS	and	INTERSLA	projects,	

approved	by	Ethic	Committee.	

MND	Patients		

All	patients	recruited	for	the	study	were	affected	by	MND	diagnosed	according	to	El	

Escorial	 revised	 diagnostic	 criteria.46	 The	 following	 data	 have	 been	 collected:	

demographic	data,	age	and	site	of	onset	disease,	age	of	diagnosis,	regions	involved	

at	time	of	visit	(bulbar,	upper	and	lower	limbs),	cognitive	and	behavioural	features	

according	to	Strong’s	criteria47,	disease	severity	assessed	by	ALS	Functional	Rating	

Scale	revised	(ALSFRS-R)48,	pulmonary	function	tested	by	the	forced	vital	capacity49	

(FVC%)	at	spirometry,	Body	Mass	Index	(BMI)	calculated	by	a	nutritionist,	stage	of	

disease	at	time	of	visit	evaluated	according	to	King’s	Clinical	Staging	System50.		The	

genotype	has	been	determined	by	analysing	a	panel	of	10	genes	 (SOD1,	FUS-TLS,	

C9ORF72,	 TARDBP,	 PFN1,	 VCP,	 TUBA4A,	 OPTN,	 SQSTM1,	 UBQLN2)	 as	 routinely	

performed	at	 the	MND	Center.	The	phenotype	was	defined	by	 relying	on	 clinical	

evaluations	 and	 neurophysiological	 assessments,	 and	 classified	 according	 to	 the	

following	categories:	bulbar,	spinal	with	predominant	upper	motor	neuron	damage	

(UMN),	 spinal	with	predominant	 lower	motor	neuron	damage	 (LMN),	 and	 spinal	

(with	 no	 prevalence	 of	 upper	 or	 lower	 motor	 neuron	 impairment);	 patients	

diagnosed	with	Primary	Lateral	Sclerosis	(PLS),	a	part	of	spectrum	of	MND	defined	

by	the	presence	of	symptoms	of	progressive	UMN	dysfunction	for	at	least	2	years	in	

absence	of	significant	active	LMN	degeneration	2–4	years	 from	symptom	onset51,	

were	also	 included	as	a	 fifth	 category.	At	 time	of	visit,	 all	patients	underwent	an	

assessment	of	the	involvement	of	upper	motor	neuron	damage,		based	on	a	clinical	

examination	 using	 the	 Penn	 Upper	 Motor	 Neuron	 Score	 (PUMNS),	 i.e.	 a	

semiquantitative	scale	ranging	from	0	to	32	(0-4	for	the	bulbar	segment,	0-7	for	each	

limb)	with	higher	scores	associated	to	greater	UMN	burden52	(Table	1).		

In	the	PUMNS	scale,	one	point	is	given	for	each	of	the	following	abnormal	tendon	

reflexes:	Triceps,	Biceps,	Patellar	and	Achilles;	one	additional	point	is	added	in	each	
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limb	if	clonus	is	present;	one	point	is	given	for	each	Hoffman’s	sign,	Babinski	sign,	

presence	of	a	jaw	jerk,	presence	of	a	facial	reflex,	and	presence	of	a	palmomental	

sign;	one	point	is	given	for	pseudobulbar	affect,	using	the	CNS-Lability	scale	≥13	as	

a	cutoff.	The	Ashworth	scale	has	been	used	to	grade	the	tone	in	each	limb:	one	point	

was	given	for	an	Ashworth	scale	grade	of	2–3,	and	2	points	for	an	Ashworth	scale	

grade	of	4–5.		

Table	1:	Penn	Upper	Motor	Neuron	Score	(PUMNS)	

	
The	Penn	Upper	Motor	Neuron	Score	(PUMNS)	is	a	semiquantitative	scale,	ranging	from	0	to	32,	(0-4	for	the	

bulbar	segment,	0-7	for	each	limb)	with	higher	scores	associated	to	greater	UMN	burden.	
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Since	the	study	concerns	iron	metabolism,	certain	aspects	have	been	considered	as	

exclusion	 criteria;	 these	 include	 severe	 hepatic	 disorders	 and	 intestinal	

malabsorption	 diseases,	 iron	 deficiency	 anaemia	 and	 haematological	 alterations,	

special	diet	 as	 vegan	diet,	 fever	or	 signs	of	 acute	 inflammation,	 and	 concomitant	

psychiatric	disorders.	Within	1	month	from	the	visit,	the	patients	were	given	a	blood	

sample	and	a	brain	MRI.	

Blood	samples	

For	analysing	serum	iron	biomarker,	venous	blood	samples	(5	ml)	were	taken	at	

time	of	visit	and	centrifuged	at	3,000	x	g	for	15	min	to	collect	the	supernatant	serum.	

Ferritin	(ng/ml)	and	transferrin	(mg/dl)	were	assessed	with	Immunology	Analyser	

as	 routinely	 measured	 at	 Laboratory	 Department	 of	 Istituto	 Neurologico	 “Carlo	

Besta”.	Levels	of	GPX4	(ng/ml)	was	dosed	with	Human	Glutathione	Peroxidase	4	

enzyme-linked	immunosorbent	assay	(ELISA	KIT,	Nanhu	Dist,	Jiaxing,	China).	

Brain	MRI	protocol	

MRI	data	were	acquired	on	Philips	scanner	equipped	with	a	32-channel	head	coils.	

MRI	protocol	includes	3D	TFE	T1-weighted	sequence	(160	sagittal	slices,	TR	=	1640	

ms,	TE	=	2	ms,	FOV	=	256	x	256	mm2,	no	gap,	voxel	size	=	1	x	1	x	1	mm3,	flip	angle	=	

12°)	and	a	multi-echo	gradient-	echo	sequence	for	QSM	quantification.	Two	different	

multi-echo	 gradient-echo	 sequences	 were	 used	 [version	 1:	 140	 true-transversal	

slices,	field	of	view	(FOV)	=	240	x	180	mm2,	voxel	size=	0.5	x	0.5	mm2,	slice	thickness	

=	1	mm,	flip	angle	=	17°,	number	of	echoes	=	7,	first	TE	=	4.5	ms,	ΔTE	=	5	ms,	TR	=	

40	ms;	version	253:	140	true-transversal	slices,	FOV	=	224	x	224	mm2,	voxel	size	=	1	

x	1	mm2,	slice	thickness	=	1	mm,	flip	angle	=	18°,	number	of	echoes	=	7,	first	TE	=	5.4	

ms,	ΔTE	=	5.2	ms,	TR	=	40ms].	Both	sequences	were	acquired	within	a	single	MRI	

scan	in	a	sub-sample	of	8	healthy	controls	to	ensure	that	no	significant	differences	

occurred	in	the	QSM	quantification	in	ROIs	between	the	sequences	(Wilcoxon	test	p	
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>	 0.05).	 Analyses	were	 performed	 using	 STI	 suite	 toolbox1,	 running	 in	MATLAB	

2023a.	Patients	with	severe	cerebrovascular	encephalopathy	were	excluded.	

The	 following	 QSM	 reconstruction	 steps	 were	 applied	 to	 magnitude	 and	 phase	

images.	As	first	step,	a	bias	field	inhomogeneity	correction	using	N4-ITK	ANTs	with	

default	parameters	was	applied	to	magnitude	images.	A	brain	mask	for	background	

phase	removal	step	was	obtained	from	the	magnitude	image	of	the	echo	close	to	TE	

=	30	ms	(6th	echo)	using	an	in-house	Matlab	script.	An	optimal	threshold	of	30%	of	

maximum	intensity	value	was	set	 for	all	subjects.	Possible	hole	 in	the	mask	were	

filled	along	transversal	and	coronal	planes	(imfill	function,	Matlab).	Each	mask	was	

visually	inspected	before	the	subsequent	steps.	The	mask	evaluation	criteria	were	

the	inclusion	of	whole	brain	and	brainstem	and	the	absence	of	holes	and	part	of	the	

skull.	In	STI	suite,	phase	unwrapping	was	performed	on	phase	images	at	each	echo	

time	using	a	Laplacian-based	phase	unwrapping	to	obtain	an	estimation	of	field	map.	

Background	 field	 removal	was	 obtained	 on	 field	map	 applying	 a	 variable-kernel	

sophisticated	 harmonic	 artefact	 reduction	 for	 phase	 data	 (V-SHARP,	 varying	

spherical	kernel	size	up	to	25mm)54	and	a	sparse	linear	equation	and	least-squares-

algorithm-based	 method	 (iLSQR)	 was	 applied,	 using	 a	 zero-padding	 around	 the	

brain	of	6	mm.	QSM	reconstruction	map	was	normalized	to	the	MNI	atlas	space	using	

ANTs55.	 All	 QSM	 normalized	 maps	 were	 smoothed	 by	 6 mm	 full	 width	 at	 half	

maximum	(FWHM).	

Healthy	controls		

Age-matched	Healthy	Controls	(HC)	were	recruited	in	2	phases.	A	first	group	of	HC	

included	 43	 underwent	 blood	withdrawal	 to	 dose	 ferritin,	 transferrin	 and	 GPX4	

enzyme.	 A	 second	 group	 of	 24	 subjects	 underwent	 brain	MRI	with	 an	 extensive	

protocol,	including	sequences	of	QSM;	10	of	them	underwent	also	blood	withdrawal	

at	the	same	time	of	MRI	to	dose	GPX4.	All	subjects	underwent	clinical	interview	to	

rule	 out	 severe	 hepatic	 disorders	 and	 intestinal	 malabsorption	 diseases,	 iron	

	

1	https://people.eecs.berkeley.edu/~chunlei.liu/software.html	
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deficiency	anemia	and	haematological	alterations,	special	diet	as	vegan	diet,	fever	

or	 signs	 of	 acute	 inflammation	 and	 concomitant	 psychiatric	 disorders	 or	

neurodegenerative	 disease.	 Written	 informed	 consent	 was	 obtained	 from	 each	

participant	prior	to	their	inclusion	in	the	study.	For	the	purpose	of	the	present	study,	

HC	have	been	grouped	according	to	the	following	criteria:	those	who	only	performed	

brain	MRI	(“HCimaging”,	24	people);	those	who	only	performed	a	blood	sample	for	

iron	biomarkers	(“HCserum”,	53	people);	and	those	who	performed	both	MRI	and	

blood	sample	(“HCis”,	10	people).	

Statistical	analyses	
Difference	was	considered	to	be	significant	at	p	<	0.05.	Data	were	analysed	using	the	

statistical	 spreadsheets	 Jam-ovi	 v	 1.8.12.	 Normal	 distribution	 of	 data	 was	

determined	using	 the	Shapiro	Wilk	 test	 for	GPX4,	 ferritin	 and	 transferrin	values.	

Results	are	expressed	as	the	mean	±	standard	deviation.		

MND	vs	HC.	Age	and	gender	differences	were	assessed	between	patients	and	HC	

(two	samples	t-test	p	>	0.05;	fisher’s	exact	test	p	>	0.05).	Unpaired	t-test	and	U	Mann	

Whitney	test	were	carried	out	to	detect	differences	in	GPX4,	ferritin	and	transferrin	

levels	between	MND	group	and	HCserum.	

Pearson	 correlation	 was	 addressed	 to	 explore	 the	 association	 between	 GPX4,	

ferritin	and	transferrin	with	demographic	data	and	indicators	of	disease	(ALSFRS-

R,	King’s	scale,	FVC,	BMI,	PUMNS	score	total,	sub-score	of	PUMNS	in	upper,	lower	

and	 bulbar	 districts,	 and	 duration	 of	 disease).	 While	 to	 examine	 correlation	

cognitive	assessment,	cognitive	and	phenotype	One-way	ANOVA	test	was	used.	All	

analyses	were	also	checked	for	the	effect	of	years	of	age,	as	covariate.	

Regarding	 the	 study	 of	MRI	 features,	 two	 analyses	were	 performed:	 analysis	 by	

regions	of	interest	(ROIs)	and	whole	brain	voxel-based	analysis.	The	following	ROIs	

	

2	https://www.jamovi.org	
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were	 considered	 for	 the	 motor	 system	 (Figure	 1).	 Bilateral	 regions	 of	 caudate	

nucleus	(Caudato),	putamen	(Puta),	pallidum	(Pal),	thalamus	(thalamo), cerebellum	

lobules	IV-VI,	VIIIA,	VIIIB,	obtained	from	Harvard-Oxford	atlas56	as	well	as	primary	

motor	cortex	(M1),	dorsal	premotor	cortex	(PMd),	ventral	premotor	cortex	(PMv),	

supplementary	motor	area	(SMA)	proper,	pre-supplementary	motor	area	(preSMA)	

and	 primary	 somatosensory	 cortex	 (S1),	 obtained	 from	 Human	 Motor	 Area	

Template	(HMAT)57.	Regions	of	motor	cerebellum	were	selected	according	to	the	

known	cerebellar	somatotopy58,59.	For	each	one	of	these	regions,	a	binary	mask	was	

obtained	 using	 FSL.		For	 each	 ROIs,	 the	mean	 susceptibility	 value	was	 extracted.	

Possible	 subject	 outliers	 were	 identified	 (mean	 value	 greater	 than	 3	 standard	

deviations	 of	 the	 whole	 sample	 in	 at	 least	 4	 regions	 of	 interest).	 Spearman	

correlation	analyses	were	performed	between	susceptibility	values	in	the	ROIs	and	

the	GPX4,	ferritin	and	transferrin	values,	separately.	To	assess	the	correspondence	

between	 UMN	 and	 LMN	 involvement,	 the	 following	 analyses	 were	 conducted.	

Firstly,	 a	 Spearman	 correlation	 analysis	 was	 carried	 out	 between	 susceptibility	

values	 in	 the	ROIs	and	the	UPMNS	scale	along	with	 its	subscales	(Upper,	Lower).	

Secondly,	patients	were	grouped	based	on	an	increasing	rank	of	UMN	involvement:	

spinal	LMN	dominant=1;	spinal	=2;	spinal	UMN	dominant	and	PLS=3.	Bulbar	ALS	

patients	were	excluded	from	the	ranking. For	each	ROI,	in	order	to	assess	whether	

there	was	a	trend	for	decreasing/increasing	susceptibility	values	at	the	increasing	

rank	of	UMN	involvement,	the	Jonckheere-Terpstra	test	(p	<	0.05)	was	applied	for	

ordinal	differences	between	the	groups	according	to	rank.	Statistical	analyses	were	

done	using	R	version	4.3.			

Voxel-based	analysis	was	performed	in	SPM	in	voxels	belonging	to	motor	ROIs.	The	

two-sample	 t-test	 was	 used	 to	 compare	 patients	 and	 HCimaging.	 Spearman	

correlation	analyses	were	performed	between	susceptibility	values	and	the	GPX4	

compared	 MND	 group	 and	 HCis.	 Moreover,	 two	 voxel-wise	 regression	 analysis	

across	 all	 patients	 with	 GPX4,	 transferrin	 and	 ferritin	 values	 as	 our	 primary	

regressor	 of	 interest,	 respectively,	were	performed.	The	 results	were	 considered	

significant	using	a	threshold	value	for	voxels	of	p	<	0.005	with	cluster	size	p	<	0.05.	 
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Results	
The	 cohort	 of	 68	 patients	 was	 representative	 of	 MND	 patients	 by	 age	 at	 onset,	

gender,	and	distribution	of	phenotype.	The	recruitment	was	performed	at	time	of	

diagnosis,	and	the	median	of	duration	of	illness	was	of	18	months	(3-83	months).	In	

Table	2,	demographic	and	clinical	data	of	MND	patients	are	reported.	For	5	patients	

the	blood	serum	was	unusable	for	 iron	biomarker	dosing,	while	16	patients	have	

been	 excluded	 from	 the	 radiology	 assessment	 analysis	 due	 to	 the	 presence	 of	

artefacts	or	severe	vascular	encephalopathy	that	could	bias	the	QSM	value.	

Table	2:	Data	of	MND	patients	

	

	

No. Range Mean (SD)

Demographical data
Age at visit (yrs) 68 39 - 88 61 (11)
Gender (M/F) 34 / 34
Laboratory test
Transferrin (mmg/dL) 60 148 - 375 235 (44)
Ferritin (mg/mL) 60 5,63 - 926,51 193 (182)
GPX4 (ng/ml) 63 0,55 - 17,29 3,91 (2,44)
Clinical data
Phenotype (bulbar / spinal / LMN 
/ PLS / UMN) 12 / 19 / 23 / 3 / 11

Genotype (neg / c9orf72 / SOD1 / 
FUS) 56 / 7 / 3 / 2

Cognitive status (ALScn / ALSbi / 
ALSci / ALScbi / ALS-FTD) 34 / 6 / 18 / 5 / 4

King’s Clinical Stage (1 / 2 / 3 / 4) 27 / 21 / 19 / 1

Motor disability (ALSFRS-R) 68 29 - 47 42
Age at onset 68 38 - 88 60
Disease duration (months) 68 3 - 83 18
PUMNS 68 0 - 26 8
BMI 65 18 - 33 24
FVC (%) 63 0% - 157% 99%

MND patients
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MND	and	HC	were	homogeneous	for	demographic	features	(age	and	gender)	(Table	

3).		

Table	3:	MND	and	HC	demographic	features	

	

	

To	assess	whether	serum	biomarkers	can	be	considered	as	indicator	of	disease,	a	

twofold	 analysis	 was	 performed.	 As	 a	 first	 step,	 it	 was	 explored	 the	 possible	

correlation	between	iron	serum	biomarkers	and	clinical	data.	As	a	further	step	of	

analysis,	 it	 was	 investigated	 the	 association	 of	 biomarkers	 with	 radiological	

features,	 namely	 QSM	 values	 extracted	 from	 MRI	 sequences;	 as	 part	 of	 such	

assessment,	 the	 correlation	 between	 radiological	 and	 clinical	 features	 was	 also	

tested.	

Correlation	between	iron	serum	biomarkers	and	clinical	data		

A	comparison	was	made	between	the	values	of	iron	biomarkers	in	serum	of	63	MND	

patients	and	those	in	53	HCserum.	The	level	of	transferrin	was	similar	in	patients	

and	HCserum,	while	a	statistically	significant	difference	was	found	for	ferritin	(p	=	

0.009,	Z	=	-44.4)	and	GPX4	(p	=	0.001,	Z	=	-0.835).			

Using	 linear	 regression	 analysis	 within	 the	 group	 of	 MND	 patients,	 I	 found	 that	

transferrin,	 ferritin	 and	 GPX4	 levels	were	 not	 related	 to	 genetic	 profile,	 severity	

disease	 (ALSFRS	 scale	 and	 King’s	 stage,),	 or	 any	 specific	 phenotype,	 including	

cognitive	status.	However,	a	positive	correlation	(p	=	0.006,	r	=	0.432)	was	detected	

between	 GPX4	 and	 PUMNS	 score	 (i.e.,	 a	 clinical	 measure	 of	 the	 upper	 motor	

impairment);	such	correlation	was	found	both	when	considering	the	total	score	of	

PUMNS,	as	well	as	when	considering	the	separate	scores	of	bulbar,	lower	and	upper	

districts	 (respectively	 p	 =	 0.004;	 p	 =	 0.032;	 p	 =	 0.012).	 Since	 iron	 is	 naturally	

No. Range Mean (SD) No. Range Mean 
(SD) No. Range Mean 

(SD) No. Range Mean 
(SD) No. Range Mean 

(SD)
Demographical data
Age at visit (yrs) 68 39 - 88 61 (11) 52 39 - 88 61 (12) 53 42 - 80 61 (11) 10 44 - 77 67 (10) 24 33 - 77 56 (13) p = 0,971
Gender (M/F) 34 / 34 23 / 29 27 / 26 5 / 5 8 / 16 Z = 0,918
Laboratory test
Transferrin (mmg/dL) 60 148 - 375 235 (44) 45 173 - 383 247 p = 0,108
Ferritin (mg/mL) 60 5,63 - 926,51 193 (182) 45 7,52 - 380,03 109,63 p = 0,009
GPX4 (ng/ml) 63 0,55 - 17,29 3,91 (2,44) 53 0 - 12,85 3,06 p = 0,001

Group 
differences 
MND / HC

Healthy Controls

HCserum HCimagingHCis

MND patients

Total with QSM value
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involved	in	ageing	processes,	age	was	also	tested	as	a	covariate,	and	the	correlation	

between	GPX4	and	PUMNS	was	confirmed.	The	duration	of	disease	influences	only	

the	 levels	 of	 transferrin	 (p	 =	 0.044,	 r	 =	 -0.261).	 In	 the	MND	 group,	 ferritin	 and	

transferrin	 levels	 were	 inversely	 related	 to	 each	 other	 (p	 =	 0.003,	 r	 =	 -0.374),	

consistently	with	what	is	reported	in	 literature.	 In	addition,	BMI	was	found	to	be	

correlated	with	values	of	transferrin	(p	=	0.025,	r	=	0.294).	

Correlation	among	clinical	data,	iron	serum	biomarkers	and	QSM	values	in	MRI	

For	the	purpose	of	the	following	analysis,	one	patient	out	of	the	MND	patients	with	

QSM	value	correctly	detected	(52),	and	one	subject	out	of	the	HCimaging	group	(24),	

were	 excluded	 as	 outliers.	 As	 previously	 reported,	 two	 types	 of	 analysis	 were	

performed:	by	regions	of	interest	(ROIs)	and	whole	brain	Voxel-based	analysis.	

Voxel-based	 analysis	 compared	 MND	 patients	 with	 HCimaging	 (Figure	 2)	 and	

detected	in	ALS	patients	an	increase	of	susceptibility	in	bilateral	putamen	and	left	

lobule	VIII	of	cerebellum	(p	<	0.001	voxel	level,	p	<	0.05	FWE	cluster	level)	and	a	

decrease	of	susceptibility	in	right	lobules	IV-VI,	crus	I	of	cerebellum	(p	<	0.001	

voxel	level,	p	<	0.05	FWE	cluster	level).		

By	 comparing	MND	and	HCis,	 no	 correlation	was	 found	between	GPX4	 and	QSM	

values.	However,	when	excluding	subjects	with	outlier	values	of	GPX4,	a	positive	

correlation	was	revealed	in	right	M1	region	(p	<	0.001	uncorrected	voxel,	p	<	0.05	

FWE	cluster	level)	(Figure	3).	

In	MND	group	as	a	result	of	the	ROI	analysis,	we	found	a	positive	correlation:	with	

Gpx4,	in	left	M1	(r	=	0.307,	p=	0.046);	with	transferrin,	in	left	PMv	(r	=	0.346,	p=	

0.026)	and	PMd	(r	=	0.299,	p	=	0.046)	and	right	SMA	(r	=	0.321,	p	=	0.041);	and	with	

ferritin,	in	left	lobules	IV-V	cerebellum	(r	=	0.034,	p	=	0.032),	caudato		(r	=	0.0039,	

p	=	0.041),	thalamo	(r	=	0.41,	p	=	0.012),	and	in	right	SMA	(r	=	0.340,	p	=	0.04).	

Instead,	 no	 significant	 correlation	was	 found	with	 clinical	 score	 of	 upper	motor	

neuron	burden	 (UPMNS),	 except	 for	 sub-score	 of	 PUMNS	about	upper	district	 in	

right	preSMA	(r	=	-0.311,	p	=	0.042)	and	right	SMA	(r	=	-0.337,	p	=	0.027),	when	

the	bulbar	onset	patients	were	excluded.	By	performing	a	trend	analysis	with	rank	
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of	UMN	involvement	(spinal	LMN	dominant	=	1;	spinal	=	2;	spinal	UMN	dominant	

and	PLS	=	3;	bulbar	patients	were	excluded),	a	positive	trend	in	left	M1	(TJT	=	1030,	

p	<	0.004)	and	a	negative	trend	in	left	lobules	IV-V	of	cerebellum	(TJT	=	221,	p	<	

0.032)	were	 identified	 (Figure	 4).	 The	 King’s	 stage,	 that	 defined	 the	 severity	 of	

disease	at	time	to	visit,	did	not	influence	the	QSM	value.			

The	Voxel-wise	regression	analysis	across	all	patients	was	performed	for	serum	iron	

biomarker:	for	GPX4	value	(Figure	5),	it	was	revealed	an	increase	of	susceptibility	

in	bilateral	precentral	gyrus	(in	M1	region),	while	for	transferrin	value	(Figure	6)	

an	 increase	of	 susceptibility	 in	right	 lobules	V-VI	cerebellum	and	a	decrease	of	

susceptibility	in	left	cluster	between	precentral	and	postcentral	gyrus	(M1	and	

S1	 of	 ROIs).	 Instead,	 no	 significant	 variation	 of	 susceptibility	 was	 revealed	

examining	the	Ferritin	value.		

Discussion	
Iron	 dysregulation	 is	 one	 of	 the	 pathogenic	mechanisms	 of	 MND	 that	 promotes	

oxidative	 stress	 and	 causes	 progressive	 loss	 of	 motor	 neurons.	 In	 vivo,	 iron	

accumulation	 in	 cells	 of	 brain	 motor	 cortex	 is	 detected	 using	 a	 specific	 MRI	

technique;	 in	 addition,	 in	 iron-sensitive	 sequences	 of	 MRI,	 different	 magnetic	

susceptibility	 was	 found	 in	 MND	 patients	 classified	 based	 on	 UMN/LMN	 sign	

predominance30,60.	Conversely,	ferritin	and	transferrin,	known	serum	biomarker	of	

iron	metabolism	in	MND,	are	non-related	to	any	specific	phenotype.	GPX4	enzyme	

is	one	of	the	key	regulators	of	ferroptosis	in	nervous	cells,	as	demonstrated	in	ALS	

mice	models	 and	more	 recently	 in	 pharmacological	 studies	 on	Edaravone,	 a	 free	

radical	scavenger	tested	in	ALS.		

The	main	aim	of	the	present	study	was	to	explore	the	correlation	between	serum	

iron	biomarkers,	such	as	GPX4,	ferritin	and	transferrin,	with	UMN	damage	of	MND	

patients	 and	 with	 the	 QSM	 values	 i.e.,	 the	 in	 vivo	 quantification	 of	 brain	 iron	

accumulation.	
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First	of	all,	the	cohort	of	MND	patients	was	compared	to	an	age-matched	HC	group	

(HCserum)	for	serum	ferritin,	transferrin	and	GPX4	levels.		

Results	on	 ferritin	and	 transferrin	are	consistent	with	 literature	 findings:	 ferritin	

levels	were	found	to	be	higher	in	MND,	without	any	specific	distribution	based	on	

clinical	 assessment18,	 and	 the	 levels	 of	 ferritin	 and	 transferrin	were	 found	 to	 be	

inversely	related	to	each	other.	Also,	although	the	correlation	between	transferrin	

and	BMI	of	patients	has	never	been	previously	reported,	the	result	is	consistent	with	

the	 literature	 findings	on	the	modification	of	 iron	homeostasis	according	to	body	

weight61.			

Notably,	 results	 on	 GPX4	 are	 a	 novelty.	 Indeed,	while	 previous	 studies	 on	 small	

samples	of	ALS	patients	reported	that	GPX4	was	downregulated	in	spinal	cord,38,39	

the	present	research	first	shows	that	serum	levels	of	GPX4	are	statistically	higher	in	

MND	than	HC.	Serum	GPX4	concentration	has	been	previously	explored	to	assess	

the	predictive	value	of	 ferroptosis-related	biomarker	 for	diabetic	kidney	disease,	

and	in	gestational	diabetes	mellitus,	but	no	data	are	available	for	neurodegenerative	

diseases.62,63	 	Serum	GSH	level	of	ALS	patients	is	known	to	be	significant	reduced	

and	GSH	synthesis	disorders	were	associated	with	depletion	of	GPX4,	as	showed	in	

mouse	models	 of	 ALS.64	 The	 GPX4-knockout	mice	 also	 showed	 a	 like	 Alzheimer	

Disease	 (AD)	 hippocampal	 degeneration	 and	 an	 increased	 levels	 of	 marker	 of	

ferroptosis	 such	 as	 lipid	 peroxidation	 (LPO).	 In	 addition,	 in	 studies	 to	 identify	

possible	candidate	of	treating	for	AD,	Edaravone	was	chosen	for	its	contribution	to	

ferroptosis	restriction	by	GPX4	and	GSH	while	reducing	Fe2+	and	MDA	in	Abeta	1-

42	 induced	 cells64.	 A	 study	 engaging	 different	 neurodegenerative	 diseases	 (AD,	

Parkinson	disease	and	ALS)	will	be	useful	to	show	the	trend	of	GPX4	levels	in	serum	

and,	even	more	interesting,	in	cerebrospinal	fluid.		

The	subsequent	analyses	of	trend	of	GPX4	in	our	cohort	of	MND	did	not	 find	any	

correlation	with	features	of	disease,	with	the	exception	for	the	Upper	motor	neuron	

burden.	In	fact,	we	reported	a	positive	correlation	between	GPX4	and	the	presence	

of	Upper	motor	neuron	 signs	quantified	with	 the	PUMNS	 clinical	 score	 for	 the	3	

district	(bulbar,	upper	limbs	and	lower	limbs)	considered	individually	and	in	total	
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score.	As	expected,	regardless	of	duration	of	disease,	patients	show	higher	value	of	

total	 PUMNS	 score	 when	 in	 later	 stages	 of	 disease	 classified	 with	 King’s	 stage	

measuring	the	number	of	regions	affected	by	disease	(p=0,049).	Conversely,	GPX4	

did	not	significantly	change	in	different	stages	of	disease,	suggesting	that	the	role	of	

GPX4	is	specific	to	upper	motor	neuron	damage.	Such	finding	needs	to	be	confirmed	

in	a	 larger	cohort	of	patients	with	exclusive	 involvement	of	UMN	or	 lower	motor	

neuron.	However,	we	also	discovered	a	positive	correlation	between	levels	of	GPX4	

and	the	QSM	value	in	a	specific	motor	area	(M1),	verified	with	both	ROI	and	Voxel-

based	 analyses.	 Such	 outcome,	 which	 has	 never	 been	 reported	 in	 literature,	

supports	the	assumption	that	the	GPX4	is	linked	to	the	iron	accumulation	in	brain.	

The	 primary	motor	 cortex	 area	 (M1)	 appears	 to	 be	 related	 to	 GPX4,	 both	when	

considering	the	MND	group	as	well	as	when	comparing	MND	with	HCis	(though	it	

should	 be	 acknowledged	 that	 the	 number	 of	 controls	 in	HCis	 is	 limited,	 and	 the	

outcome	should	be	tested	against	a	larger	cohort).	

For	 Costagli	 et	 al.,	 the	 diagnostic	 accuracy	 of	 the	QSM	 value	 in	M1	 is	 such	 as	 to	

support	 clinical	 examination	 in	 the	diagnosis	of	ALS.65	 	 In	addition,	 the	magnetic	

susceptibility	in	the	precentral	cortex	could	reflect	the	predominance	of	upper	or	

lower	motor	neuron	signs	in	ALS	phenotype32	and	the	QSM	of	precentral	gyrus	could	

be	a	support	for	diagnosis	in	differentiating	UMN	of	ALS	from	ALS-mimic	subjects.66	

Similarly,	in	our	cohort	of	MND,	a	positive	trend	of	QSM	was	shown	with	the	degree	

of	UMN	involvement,	from	patients	with	LMN	dominant	spinal	phenotype	to	PLS	and	

UMN	dominant	phenotype,	in	left	M1	region.	Instead,	the	supplementary	motor	area	

(SMA)	and	the	preSMA	on	the	right	side	were	related	to	the	clinical	scale	of	UMN	

burden	on	upper	district	(PUMNS	upper).	

To	my	knowledge,	no	study	has	ever	verified	whether	blood	measurement	in	ferritin	

and	 transferrin	 correspond	 to	 an	 increased	brain	magnetic	 susceptibility.	 In	 this	

regard,	 I	 found	 that	 the	 correlation	between	 these	 serum	 iron	markers	and	QSM	

values	was	present	in	known	motor	regions,	as	premotor	cortex	and	supplementary	

motor	area,	but	also	in	basal	ganglia	and	in	cerebellar	lobules.	Currently,	 it	 is	not	

possible	 to	 conclude	 whether	 this	 result	 is	 a	 consequence	 of	 a	 correlation	 with	
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specific	 clinical	 extra-motor	 signs	 in	 MND	 patients	 (in	 particular	 parkinsonism	

symptoms67)	or	whether	it	reflects	a	widespread	accumulation	of	iron	throughout	

the	brain.	Moreover,	while	other	whole	brain	QSM	studies	identified	increased	iron	

in	regions	 including	basal	ganglia27,	 in	our	MND	cohort	we	also	 found	changes	 in	

susceptibility	in	cerebellar	lobules.	This	aspect	is	also	worth	further	investigations	

for	a	confirmation	of	such	findings	and,	eventually,	to	explore	the	possible	clinical	

implications.	

Another	 interesting	point,	 not	 evaluated	 in	 the	present	 study,	 is	 the	 longitudinal	

examination	 of	 changes	 in	 serum	 iron	 biomarkers	 and	 in	 radiological	 features	

during	the	disease	progression.	However,	only	one	study	reported	a	follow-up	of	6-

month	brain	MRI	and	found	no	significant	changes	in	QSM.31	I	believe,	however,	that	

it	would	be	interesting	to	measure	at	least	serum	levels	of	GPX4	over	time	during	

follow	up	visits	to	verify	the	correlation	with	the	damage	of	upper	motor	neuron	and	

the	 possible	 predictive	 value	 of	 the	 enzyme.	 In	 this	 regard,	 it	 is	 not	 yet	 known	

whether	MND	therapies,	 such	as	Edaravone	or	Riluzole,	 can	 impact	on	 the	serum	

concentration	of	GPX4.	

Limitations	
The	 present	 study	 is	 not	 without	 limitations.	 Although	 the	 cohort	 of	 patients	

recruited	is	representative	of	ALS	patients,	it	is	small	in	size:	a	study	with	a	larger	

population	with	exclusive	involvement	of	UMN	or	LMN	would	be	needed	to	confirm	

the	results.	Also,	the	number	of	healthy	controls	with	both	serum	biomarkers	and	

QSM	values	extracted	by	brain	MRI	should	be	increased.		

As	reported	in	the	discussion	paragraph,	while	the	results	suggest	that	the	role	of	

GPX4	is	specific	to	upper	motor	neuron	damage,	I	have	not	performed	a	comparison	

between	groups	of	patients	with	different	neurodegenerative	diseases	(AD,	PD	and	

FTD),	so	it	cannot	be	claimed	that	GPX4	is	specific	for	ALS.		
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Conclusion	
The	 study	 explored,	 in	 a	 cohort	 of	 68	 MND	 patients,	 the	 role	 of	 serum	 iron	

biomarkers	related	to	clinical	and	radiological	features	by	analysing	the	correlation	

with	UMN	the	damage.	Compared	to	age-matched	healthy	controls,	I	could	confirm	

the	higher	level	of	serum	ferritin	in	MND	patients	that	did	not	correlate	with	any	

specific	 phenotype.	 In	 52	 patients,	 Quantitative	 Susceptibility	 Mapping	 on	 MRI	

technique	allowed	detecting	in	vivo	brain	iron	accumulation.	I	therefore	correlated	

the	 levels	 of	 ferritin,	 transferrin	 and	 Gpx4	 with	 the	 QSM	 values	 in	 motor	 and	

premotor	cortex	area,	basal	ganglia	and	cerebellar	lobules,	in	MND	patients	and	HC.		

Consistently	with	 the	 literature	 findings,	 in	our	cohort	of	MND	I	 found	a	positive	

trend	of	magnetic	susceptibility	 in	motor	cortex	area	(M1)	with	a	degree	of	UMN	

involvement.	

The	most	relevant	result	has	been	the	possible	role	of	GPX4	as	iron	biomarker	in	

serum	of	MND	patients:	indeed,	I	found	a	significantly	higher	level	of	such	enzyme	

in	MND	patients	as	compared	to	HC	and,	notably,	a	correlation	with	the	clinical	scale	

of	 UMN	 burden.	Moreover,	 I	 discovered	 a	 positive	 correlation	 between	 levels	 of	

GPX4	and	the	QSM	value	in	M1	area.		

There	findings	suggest	that	GPX4	could	be	a	useful	biomarker	of	UMN	involvement	

in	 MND	 patients,	 linked	 to	 iron	 brain	 accumulation,	 with	 a	 potential	 impact	 on	

phenotypes	differentiation	and	disease	progression	prediction.	
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Figures	

Figure	1.	ROIs	considered	for	the	motor	system	(left)	and	representative	Map	of	QSM	in	a	HCimaging	
subject	(right).	

	
	

Figure	2.	Voxel-wise	regression	analysis	of	MND	compared	to	HCimaging.	
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Figure	3.	The	Voxel-wise	regression	analysis	of	MND	compared	to	HCis	to	detect	a	correlation	between	
GPX4	and	QSM	values.		

	

Figure	4.	ROI	trend	analysis	with	rank	in	left	M1area	(left)	and	left	IV-V	lobules	of	cerebellum	(right).	

														 	

Figure	5.	Voxel-wise	regression	analysis	across	all	MND	patients	with	GPX4	value.		
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Figure	6.	Voxel-wise	regression	analysis	across	MND	patients	with	Transferrin	value.	
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