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Abstract
Multiple	sclerosis	(MS)	is	an	autoimmune-mediated	disease	of	the	central	nervous	system	characterized	by	inflammation,	
demyelination	and	chronic	progressive	neurodegeneration.	Among	its	broad	and	unpredictable	range	of	clinical	symptoms,	
cognitive	impairment	(CI)	is	a	common	and	disabling	feature	greatly	affecting	the	patients’	quality	of	life.	Its	prevalence	
is	20%	up	to	88%	with	a	wide	variety	depending	on	the	phenotype	of	MS,	with	highest	frequency	and	severity	in	primary	
progressive	MS.	Involving	different	cognitive	domains,	CI	is	often	associated	with	depression	and	other	neuropsychiatric	
symptoms,	but	usually	not	correlated	with	motor	and	other	deficits,	suggesting	different	pathophysiological	mechanisms.	
While	 no	 specific	 neuropathological	 data	 for	 CI	 in	 MS	 are	 available,	 modern	 research	 has	 provided	 evidence	 that	 it	
arises	 from	 the	 disease-specific	 brain	 alterations.	Multimodal	 neuroimaging,	 besides	 structural	 changes	 of	 cortical	 and	
deep	subcortical	gray	and	white	matter,	exhibited	dysfunction	of	fronto-parietal,	thalamo-hippocampal,	default	mode	and	
cognition-related	networks,	disruption	of	inter-network	connections	and	involvement	of	the	γ-aminobutyric	acid	(GABA)	
system.	This	provided	a	conceptual	framework	to	explain	how	aberrant	pathophysiological	processes,	including	oxidative	
stress,	mitochondrial	dysfunction,	autoimmune	reactions	and	disruption	of	essential	signaling	pathways	predict/cause	spe-
cific	disorders	of	cognition.	CI	in	MS	is	related	to	multi-regional	patterns	of	cerebral	disturbances,	although	its	complex	
pathogenic	mechanisms	await	further	elucidation.	This	article,	based	on	systematic	analysis	of	PubMed,	Google	Scholar	
and	Cochrane	Library,	reviews	current	epidemiological,	clinical,	neuroimaging	and	pathogenetic	evidence	that	could	aid	
early	identification	of	CI	in	MS	and	inform	about	new	therapeutic	targets	and	strategies.
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SPMS	 	Secondary	progressive	MS
WM	 	White	matter

Introduction

Multiple	sclerosis	(MS)	is	a	chronic	inflammatory	demye-
linating	process	of	the	central	nervous	system,	characterized	
by	focal	lesions	of	the	gray	and	white	matter	progressing	to	
diffuse	neurodegeneration.	This	heterogenous	and	multifac-
torial	disease,	 immuno-mediated	by	activated	T-cells	with	
a	significant	contribution	from	B-cells	is	due	to	a	complex	
interaction	of	genetic	predisposition	and	environmental	fac-
tors.	MS	affects	more	 than	2.5	million	people	worldwide,	
involving	all	 ages,	 but	 its	 prevalence	 is	 rising	due	 to	 ear-
lier	 diagnosis	 and	 prolonged	 survival	 of	 the	 patients,	 but	
also	true	increase	in	its	incidence.	According	to	its	natural	
course,	 the	MS	 spectrum	 includes	 the	 relapsing-remitting	
(RRMS/	70	to	80%),	primary	progressive	(PPMS/15–20%),	
secondary	 progressive	 (SPMS)	 and	 progressive-relapsing	
subtype	 (PRMS/about	 5%),	which	 show	 different	 clinical	
course	and	neuropathological	characteristics	 (Filippi	et	al.	
2018;	Lassmann	2018).	Further	categories	include	clinically	
isolated	 syndrome	 (CIS),	 fulminant	 subtype	with	multiple	
relapses	and	rapid	progression,	and	benign	form	with	mild	
disability	(Tafti	et	al.	2024).

Cognitive	impairment	(CI)	as	one	of	the	most	important	
determinants	of	the	quality	of	life	(QoL)	of	MS	patients	is	
well	 established	 (Bergmann	 et	 al.	 2023;	Nabizadeh	 et	 al.	
2022).	 It	 is	 observed	 in	 all	MS	 phenotypes,	with	 varying	
degrees	 (Johnen	 et	 al.	 2017;	Langdon	 2011; Piacentini et 
al. 2023).	 Cognitive	 problems	 that	 can	 be	 present	 in	MS	
years	prior	to	first	apparent	progressive	symptoms	(Charest	
et al. 2020; Cortese et al. 2016),	show	a	complex	spectrum	
ranging	 from	 subtle	 cognitive	decline	 and	mild	CI	 (MCI)	
to	full-blown	dementia.	A	progressively	increasing	worsen-
ing	of	the	overall	CI	is	observed	from	CIS,	moving	towards	
RRMS,	PPMS	and	SPMS	(Lugosi	et	al.	2024). CI involves 
different	cognitive	domains,	in	particular	processing	speed,	
executive	function	(EF)	and	episodic	memory	(Benedict	et	
al. 2020; Johnen et al. 2019; Wojcik et al. 2022).	Global	
cognition	 and	 memory	 deteriorate	 5	 years	 after	 disease	
onset,	 declining	 steadily	 over	 the	 next	 25	 years	 or	 later	
(Lopez-Soley	et	al.	2021),	predicting	poorer	prognosis	and	
mortality	(Cavaco	et	al.	2022).	CI	is	often	associated	with	
depression,	 fatigue	 and	 other	 neuropsychiatric	 symptoms,	
but	usually	not	correlated	with	motor	and	other	deficits,	sug-
gesting	different	pathophysiological	mechanisms.	A	recent	
meta-analysis	 evaluated	 the	 relationship	 between	 depres-
sion	and	CI	in	MS	(Altieri	et	al.	2024). Life with either MS 
and/or	 CI	 (and	 depression)	 can	 be	 challenging,	 but	 deal-
ing	with	both	conditions	that	share	various	pathogenic	and	

functional	mechanisms	can	be	even	more	so,	although	both	
are	 treatable.	A	new	taxonomy	of	cognitive	phenotypes	in	
MS	clarified	the	type	and	distribution	of	cognitive	changes	
(Hancock et al. 2023),	paving	the	way	for	further	investiga-
tion	of	novel	fluid	and	imaging	biomarkers,	appears	prom-
ising	in	facilitating	the	diagnosis	and	staging	of	CI	in	MS.	
Stabilization	 and	 amelioration	 of	 cognitive	 outcomes	 is	 a	
goal	of	many	ongoing	clinical	trials	for	disease-modifying	
treatment	options.	This	article	is	based	on	systematic	analy-
sis	 using	PubMed,	Google	Scholar	 and	Cochrane	Library	
between	2000	and	March	2024.	Among	more	than	600	arti-
cles,	 those	were	selected	 that	met	 the	 inclusion	criteria	of	
the	following	sections	of	this	article	which	will	review	the	
connections	between	MS	and	cognitive	decline,	epidemiol-
ogy	of	CI	in	MS	and	its	subtypes,	related	symptoms	and	risk	
factors,	available	neuroimaging	data	with	focus	on	the	dif-
ferent	structural	and	functional	brain	lesions,	pathomecha-
nisms	of	CI	in	MS,	cognitive	reserve	and	current	treatment	
options.

Epidemiology of CI in MS

CI	is	a	frequent	symptom	of	MS.	Depending	on	the	study	
cohort,	up	 to	88%	of	 individuals	with	MS	are	affected	by	
CI (Drew et al. 2008),	with	 a	wide	variety,	depending	on	
the	phenotype	of	MS,	disease	severity	(Expanded	Disabil-
ity	Stats	Scale/EDSS	score),	 duration	of	disease,	 sex,	 age	
at	onset,	demographic	features	and	risk	factors.	The	overall	
prevalence	of	CI	 in	MS	at	baseline	 ranges	 from	11.6%	in	
very	early	MS	(Nourbakhsh	et	al.	2016)	or	22/23%	(Broed-
ers et al. 2022;	Huiskamp	et	al.	2023; Johnen et al. 2019; 
Wilcox et al. 2023;	Zhang	et	al.	2021)	to	56%	(London	et	
al. 2023),	 according	 to	 others	 from	 43	 to	 63%	 (Bobholz	
and	Rao	2003; Caceres et al. 2011; Planche et al. 2016),	or	
between	22%	and	70%	(Raimo	et	al.	2023),	but	there	is	a	
considerable	variation	even	among	study	groups.	The	aver-
age	(pooled)	prevalence	of	CI	 in	MS	ranges	from	30%	to	
about	40%	(Amato	et	al.	2019;	Ayromlou	et	al.	2023; Conti 
et al. 2021;	Damjanovic	 et	 al.	 2017;	Lorefice	et	 al.	 2020; 
Preziosa et al. 2023; Wilcox et al. 2023).	An	Italian	 long-
term	 study	 reported	 an	 incidence	 rate	 of	CI	 of	 96.6/1000	
person-year	(Patti	et	al.	2015).	In	a	long-term	MS	study	at	
Brigham	and	Women’s	Hospital,	Boston,	65%	had	CI	(1.5	
SD	below	mean)	in	≥	one	domain	and	75%	affecting	mem-
ory,	attention/EF	and	processing	speed,	while	78%	had	CI	
(3	SD	below	mean)	 (Zurawski	et	al.	2020).	A	multicenter	
study	 from	Latin	America	 reported	34%	prevalence	of	CI	
and	 20.9%	 with	 significant	 neuropsychiatric	 symptoms	
(Caceres et al. 2014).

The	prevalence	for	pediatric	onset	MS	ranges	from	14.1%	
(Wallach et al. 2020)	to	44%	(Ruano	et	al.	2018)	and	47.5%	
(Öztürk et al. 2020),	for	early	onset	MS	40–61%	(Lanzillo	
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et al. 2016)	and	48%	for	adult	onset	MS	(Ruano	et	al.	2018),	
while	a	systemic	review	reported	a	prevalence	rate	from	0	to	
68%	for	early	onset	and	4–81%	for	late	onset	MS	(Fischer	et	
al. 2014).	Differences	were	reported	between	“benign"and	
“non-benign”	MS	(38%	vs.	66%)	(Bogaardt	et	al.	2023).

Values	 varied	 considerably	 between	 different	 cognitive	
domains	of	CI:	MCI	single-domain	15	to	21.6%	and	MCI	
multi-domain	 9.19%	 (De	 Meo	 et	 al.	 2021; Mistri et al. 
2023b).	In	a	large	cohort,	at	-1.0	SD	threshold,	21.6%	had	
single	domain,	14.3%	bi-domain,	and	15.4%	multi-domain	
CI;	at	-1.5	SD	threshold,	14%	had	single	domain,	8.2%	bi-
domain,	and	5%	multi-domain	impairment	(Hancock	et	al.	
2023).	In	a	prospective	multicenter	study,	at	baseline,	22%	
had	CI	in	≥	2	cognitive	domains	with	highest	frequency	in	
EF	and	processing	speed.	At	one-year	follow-up,	only	14%	
showed	 CI	 suggesting	 effects	 of	 retesting	 (Johnen	 et	 al.	
2019).

In	another	multicenter	study,	19.5%	had	mild,	and	17.5%	
severe	 multi-domain	 involvement	 (De	 Meo	 et	 al.	 2021),	
while	a	recent	study	reported	31%	isolated	and	43%	multi-
domain	CI	at	baseline;	at	5	years	follow-up,	it	was	present	in	
69%	of	MS	patients	with	isolated	CI	(Bouman	et	al.	2024). 
In	a	small	group	of	RRMS	patients,	61.9%	were	impaired	
in	at	 least	one	working	memory	phenotype	 (Clough	et	al.	
2022).

Further	 differences	 were	 seen	 between	 men	 and	
women	 -	 CI	 was	 more	 frequent	 in	 men	 (70.1%)	 than	 in	
women	(52%);	and	according	to	educational	level	and	EDSS	
score	-	CI	in	women	with	university	degree	was	significantly	
less	common	(39.4%)	than	in	those	without	(66.7%)	(Sandi	
et al. 2017).	In	another	study,	38%	females	and	42%	males	
were	cognitively	impaired	(Tedone	et	al.	2023).

There	 is	 a	 remarkably	 high	 frequency	 of	 CI	 in	 older	
patients	with	MS	 (prevalence	 77.4%	with	mean	 age	 59.7	
years	 vs.	 42.8%	 in	 younger	 age).	 The	 similar	 profile	 of	
CI	between	older	and	younger	patients	suggests	that	CI	is	
mostly	directly	related	to	MS	itself	and	not	to	comorbid	age-
related	disorders	(Branco	et	al.	2019).

Clinical features and course of CI in MS

General items

Cognitive	changes	in	MS	manifest	early	and	can	be	at	least	
subclinically	 present	 years	 prior	 to	 first	 apparent	 organic	
symptoms	(Charest	et	al.	2020).	Their	onset	is	insidious	and	
the	evolution	slowly	progressive	from	CIS	(clinically	and/
or	radiologically	isolated	symptoms),	which	may	show	no	
differences	 in	verbal	 episodic	memory	 (or	other	cognitive	
domains)	 compared	 to	healthy	controls	 (HCs),	 although	a	
significant	 proportion	 of	 patients	 already	 shows	 cognitive	
decline	 (Lebrun	 2015),	 with	 impaired	 mental	 processing	

speed	being	prevalent	(Khalil	et	al.	2011).	The	CIS	group	
has	 lower	 cognitive	 performance	 in	 verbal	 and	 nonverbal	
memory,	 information	 processing	 speed/attention/working	
memory,	 executive	 and	 visuo-spatial	 functions	 compared	
to HCs (p≤0.04).	 According	 to	 others,	 the	 frequency	 of	
CI	 increases	 dramatically	 during	 the	 first	 5	 years	 follow-
ing	 a	 CIS	 (Reuter	 et	 al.	 2011).	 Patients	 in	 the	 inflamma-
tory	stage	(RRMS)	show	a	previously	learned	information	
deficit;	memory	deficit	being	one	of	the	most	common	and	
severe lesions (Gich et al. 2024).	CIS	and	early	 stages	of	
MS	often	show	only	subtle	cognitive	decline	without	mani-
fest	diminished	scores	of	essential	 cognitive	domains	 that	
may	progress	 to	MCI.	According	 to	 current	 clinical	 crite-
ria,	 it	 includes	amnestic	and	non-amnestic	 types	(Petersen	
et al. 2009),	which	may	 involve	 single	or	multiple	cogni-
tive	domains.The	latter	are	involved	in	5–20%	(Hancock	et	
al. 2023).	Over	40%	of	patients	with	early	stages	of	RRMS	
experienced	delays	in	cognitive	processing	that	may	affect	
their	decision-making	ability	(Saposnik	et	al.	2022). How-
ever,	a	number	of	patients	may	exhibit	predominant	cogni-
tive	deficits,	despite	minimal	physical	disability	(Staff	et	al.	
2009).

Pediatric	MS	patients	usually	do	not	differ	from	healthy	
pediatric	controls	on	cognitive	screens,	based	on	the	Brief	
International	 Cognitive	 Assessment	 for	 MS	 (BICAMS)	
and	other	brief	cognitive	assessment	tests,	but	perform	bet-
ter	 than	adults	with	MS	(Krupp	et	al.	2023),	while	others	
reported	 a	 faster	 decline	 of	Symbol	Digit	Modalities	Test	
(SDMT)	scores	than	adult	onset	MS	(AOMS),	and	elevated	
odds	 of	 CI	 in	 patients	 with	 pediatric	 onset	 MS	 (POMS)	
(McKay et al. 2019).	 In	 a	 German	 validation	 study,	 the	
modified	BICAMS-M	turned	out	to	reliably	detect	cognitive	
problems	in	MS	patients	and	to	monitor	them	over	time;	the	
SDMT	revealed	the	best	predictive	value	for	working	abil-
ity (Filser et al. 2018).	In	addition	to	attention,	processing	
speed	and	visuospatial	skills,	the	most	affected	domains	in	
adults,	language	and	intelligence,	are	also	affected	in	POMS	
(Ekmekci	2017).	Involvement	of	the	cognitive	domains	of	
EF,	which	includes	attention	and	working	memory,	is	most	
prominent	 in	early	MS	(Johnen	et	 al.	2019). Juvenile MS 
presents	with	a	varying	spectrum	of	symptoms,	e.g.,	coor-
dination	 difficulties	 and	 permanent	 cognitive	 dysfunction	
(Prajjwal et al. 2023).

Patients with early RRMS vs. HCs show lower scores in 
attention/orientation,	verbal	fluency,	working	memory,	lan-
guage,	visuospatial	and	general	cognitive	functions,	lowest	
in	memory	and	fluency,	highest	in	the	visuospatial	domain	
(Basci	 and	Tulek	 2023).	Analysis	 of	 visuo-cognitive	 phe-
notypes	in	early	MS	revealed	three	oculo-motor	constructs	
(cognitive	 control,	 cognitive	 processing	 speed	 and	 basic	
visual	 processing)	 and	 four	 visuo-cognitive	 phenotypes	
(early	visual	changes,	efferent-cognitive,	cognitive	control	
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score >	5	 (Sabanagic-Hajric	 et	 al.	 2023) or an increase of 
CI	 to	 88.2%	at	 an	 average	 disease	 duration	 of	 11.8	 years	
(Drew et al. 2008).	Conversely,	a	 reduction	 from	44%	CI	
at	baseline	to	37.1%	after	4	years	(Patti	et	al.	2015)	or	from	
baseline	56–38%	after	12	months	were	observed	(London	
et al. 2023).	Machine	 learning	techniques	used	to	 identify	
dynamics	 of	 cognition	 detected	 cognitive	 deterioration	
5	years	after	disease	onset	with	 increases	 in	 the	 scores	of	
global	cognition,	verbal	memory	and	information	process-
ing	 speed,	 followed	 by	 a	 decline	 in	 global	 cognition	 and	
memory	between	5	and	15	years	(Lopez-Soley	et	al.	2021). 
In	62.2%	of	persons	with	MS,	cognition	deteriorated	within	
6	years	 (Damasceno	et	 al.	 2020).	From	15	 to	30	years	of	
disease	onset,	cognitive	decline	progressed,	more	markedly	
affecting	verbal	memory	and	global	cognition	(Lopez-Soley	
et al. 2021).	Longer	disease	duration	is	significantly	corre-
lated	with	worse	overall	cognitive	function,	EF	and	language	
domain	 (Sabanagic-Hajric	 et	 al.	 2023).	Subsequently,	MS	
patients	face	difficulties	in	everyday	activities,	particularly	
when	the	involved	tasks	demand	a	higher	load	of	cognitive	
effort	(Bonnet	et	al.	2010).	Thus,	attention	deficits	are	more	
obvious	when	multiple	tasks	are	performed	simultaneously,	
the	patients	being	easily	distracted	(Randolph	et	al.	2017).

Objective	cognitive	screening	 regardless	of	patients’	or	
examiners’	perception	has	been	recommended,	but	the	inter-
pretation	 of	 a	 patient’s	 cognitive	 changes	 depends	 on	 the	
methods	used	(Henry	et	al.	2023; Jackson et al. 2023). For 
the	frequently	used	instruments	for	assessment	of	cognitive	
function	see	Supplementary	Table	S1.	According	to	a	sys-
tematic	review,	the	SDMT	was	the	most	frequently	used	test	
battery	 (Ezegbe	et	al.	2023),	although	some	 limitations	 to	
cognitive	evaluation	include	shortage	of	time	and	resources,	
reduced	availability	and	others	(Meca-Lallana	et	al.	2021). 
There	 is	 preliminary	 evidence	 that	 Adaptive	 Cognitive	
Evaluation	(ACE),	a	table-based	cognitive	assessment	bat-
tery,	can	potentially	serve	as	a	digital	assessment	for	CI	in	
people with MS (Hsu et al. 2021).	According	to	others,	the	
Attention	Network	Test-Interaction	(ANT-I)	and	the	Test	of	
Everyday	Cognitive	Ability	 (TECA)	were	 the	most	 sensi-
tive	and	specific	markers	of	CI	 in	MS	(Eilam-Stock	et	al.	
2021),	or	the	Delis	Kaplan	Executive	Functioning	System-
Sorting	Test	 and	 the	 Stroop	Test	 were	 the	most	 sensitive	
tests	for	differentiating	CI	between	MS	and	HCs	(Raimo	et	
al. 2023;	Scarpina	and	Tagini	2017),	whereas	the	SDMT	and	
the	Paced	Auditory	Serial	Addition	Test	(PASAT)	scores	do	
not	accurately	 reflect	 the	cognitive	decline	 in	people	with	
RRMS	(Castrogiovanni	et	al.	2023).

Comparison	 of	 different	 methods	 for	 assessing	 cogni-
tive	 functions	 that	 are	 frequently	 affected	 in	 this	 disease	
recommended	 two	 standardized	 regression-based	methods	
and	the	generalized	regression-based	method	(Henry	et	al.	
2023).	However,	a	recent	review	emphasized	the	slow	rate	

and	 afferent-processing	 speed).	This	 suggests	 that	 distinct	
visual	 processing	 deficits	 in	 early	 MS	 may	 differently	
impact	 cognition	 (Vagias	 et	 al.	 2024).	The	most	 frequent	
forms	 of	 isolated	 CI	 are	 impaired	 EF/working	 memory,	
followed	by	processing	speed,	attention	and	semantic	and	
episodic	memory	 (Bouman	 et	 al.	 2024; Gois et al. 2021; 
Johnen et al. 2019; Kopchak et al. 2021),	while	procedural	
and	implicit	memory	appear	less	affected	(Henry	and	Beatty	
2006).	Disruptions	to	working	memory	serve	as	one	of	the	
mechanisms	 underpinning	 disturbances	 to	 social	 cogni-
tion	 in	MS	(Pennington	et	al.	2024).	According	 to	others,	
most	 frequently	 impaired	 are	 EF,	 inhibition,	 fluency	 and	
working	memory	(Drew	et	al.	2008),	or	visual,	spatial	and	
auditory	working	memory	 (Clough	et	al.	2022). The low-
est	rate	of	impairment	was	seen	in	verbal	function	domains,	
highest	in	the	domain	of	information	processing	(Bogaardt	
et al. 2023),	while	 the	 order	 of	CI	was	 processing	 speed,	
visual	learning,	working	memory/attention	and	EF,	the	stag-
ing	 of	CI	 predicting	 neurological	 disability	 (Wojcik	 et	 al.	
2022).	Auditory	 and	 visual	 attention	 and	 inhibitory	 con-
trol	are	also	significantly	impaired	(Simani	et	al.	2022). A 
systemic	analysis	showed	a	variable	affection	of	cognitive	
domains:	visuospatial	memory	(54–56%),	processing	speed	
(27–51%),	verbal/episodic	memory	(29.34%),	visuospatial	
workup	 (22%),	 EF	 (15–18%),	 and	 social	 cognition	 (fre-
quent)	(Cotter	et	al.	2016).	Another	study	distinguished	four	
cognitive	phenotype	groups:	not	impaired	(56.3%),	process-
ing	speed	(7.8%),	memory	(17.2%),	processing	speed	and	
memory	 impaired	 (17.2%)	 (Leavitt	 et	 al.	 2018). A latent 
class	analysis	of	872	people	with	MS	identified	four	cogni-
tive	phenotypes:	(1)	only	memory	difficulties	(28.3%);	(2)	
minor	memory	and	language	deficits	(21.2%);	(3)	moderate	
memory,	language	and	attention	impairments	(18.8%);	and	
(4)	 severe	 memory,	 language,	 attention,	 information	 pro-
cessing	and	executive	functions	difficulties	(31.7%).	Since	
less	is	known	about	the	progressive	deterioration	of	cogni-
tion	in	MS,	a	taxonomy	of	distinct	subtypes	that	considers	
different	clustered	domains	represents	a	challenge	concern-
ing	patient-centered	outcomes	(Podda	et	al.	2021).

Development of CI

The	dynamics	and	predictors	of	CI	along	the	disease	course	
in	MS	are	highly	variable	and,	at	least	in	part,	poorly	under-
stood.	The	 further	worsening	of	cognition	depends	on	 the	
course	and	phenotype	of	the	disease	as	well	as	on	the	degree	
of	 structural	 and	 functional	 brain	 changes.	 Longitudinal	
studies	reported	an	increase	of	CI	prevalence	from	29%	at	
baseline	to	54%	after	5	years	(Reuter	et	al.	2011),	or	from	
19	to	44%	(Wilcox	et	al.	2023).	Others	reported	a	threefold	
increased	 risk	 for	CI	 for	 patients	with	 an	EDSS	 score	>	3	
(Patti et al. 2015),	 and	 84.2%	 CI	 in	 patients	 with	 EDSS	
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verbal	episodic	memory,	whereas	the	impairments	in	those	
with	RRMS	were	limited	to	information	processing	speed,	
and	working	memory	(Ruet	et	al.	2013).	SPMS	compared	to	
RRMS	are	associated	with	increased	frequency	in	episodic	
verbal	memory,	 information	 processing	 speed,	 verbal	 flu-
ency,	and	working	memory	(Brochet	et	al.	2022),	working	
memory	accuracy	being	more	impaired	in	SPMS	(Pourmo-
hammadi	et	al.	2023).	These	patients	were	at	least	two-fold	
more	frequently	impaired	than	late	RRMS	ones	in	informa-
tion	 processing	 speed,	EF,	 verbal	fluency,	 verbal	 episodic	
memory	and	visuospatial	construction.	Numbers	of	patients	
with	at	 least	one	or	 two	deficient	cognitive	domains	were	
higher	in	the	SPMS	group	than	in	patients	with	late	RRMS.	
Moreover,	 PPMS	patients	were	more	 frequently	 impaired	
in	verbal	fluency	than	late	RRMS	ones	and	more	often	pre-
sented	at	 least	one	impaired	cognitive	domain	(Gois	et	al.	
2021),	while	both	PPMS	and	SPMS	groups	differed	only	for	
visuospatial construction (p =	0.02)	(Planche	et	al.	2016).

Furthermore,	there	is	an	association	between	the	duration	
of	the	disease	and	the	frequency	and	extent	of	cognitive	dis-
orders.	SPMS	is	associated	with	an	increased	frequency	and	
severity	of	CI	as	compared	to	RRMS,	progressive	forms	of	
MS	being	associated	with	more	severe	impairment	in	certain	
cognitive	areas,	such	as	episodic	verbal	memory,	informa-
tion	processing	speed,	working	memory	or	verbal	fluency,	
cognitive	performance	declining	over	time	in	SPMS	(Bro-
chet et al. 2022).	Others,	 however,	 stated	 that	 PPMS	 and	

of	measured	changes	in	cognition	in	persons	with	MS	and	
the	lack	of	a	gold	standard	test	and	consistency	in	measuring	
cognitive	changes	at	the	population	level.	It	asked	for	more	
sensitive	 testing	 and	 follow-up	 of	 MS	 subgroups	 where	
cognitive	 changes	 follow	 different	 trajectories	 (Ezegbe	 et	
al. 2023).	Guidelines	for	monitoring	of	CI	in	persons	with	
MS	see	Fig.	1.

CI in MS subtypes

Cognitive	 dysfunctions	 differ	 considerably	 between	 the	
subtypes	of	MS	(Table	1).	Relapsing-remitting	MS	(RRMS)	
patients	show	predominantly	 learned	 information	retrieval	
deficits,	while	patients	 in	secondary	progressive	stages	do	
not	even	correctly	appreciate	information	(Gich	et	al.	2024). 
Of	note,	cognitive	problems	can	be	present	in	both	RRMS	
and	primary	progressive	MS	(PPMS)	already	before	appar-
ent	 organic	 symptoms;	 PPMS	 patients	 score	 significantly	
lower	 than	 HCs	 up	 to	 20	 years	 prior	 to	 first	 progressive	
symptoms	 (Cortese	 et	 al.	 2016).	 Severe	 cognitive	 pheno-
types	 prevail	 in	 PPMS,	 including	 executive/attention	 and	
multidimensional	phenotypes	(De	Meo	et	al.	2021),	PPMS	
patients	displaying	more	severe	decrease	in	CI	than	RRMS	
ones (Johnen et al. 2017).	CI	was	overall	higher	in	PPMS	
and	 SPMS	 than	 in	 RRMS	 (Renner	 et	 al.	 2020). PPMS 
patients	 presented	 a	wide	 range	 of	 deficits	 in	 information	
processing	 speed,	 attention,	 working	 memory,	 EF,	 and	

Fig. 1	 Proposed	algorithm	for	the	monitoring	of	cog-
nitive	dysfunction	in	MS.	(modified	from	Bakirtzis	
et al. 2018).	BICAMS:	Brief	International	Cogni-
tive	Assessment	for	Multiple	Sclerosis,	MSNQ-I:	
Multiple	Sclerosis	Neuropsychological	Questionnaire	
Informant	version,	SDMT:	Symbol	Digit	Modalities	
Test,	MFIS:	Modified	Fatigue	Impact	Scale,	FSS:	
Fatigue	Severity	Scale,	BDI-II:	Beck	Depression	
Inventory-II
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neuropsychological	testing,	observed	or	reported	cognitive	
change,	and	a	 subset	of	patients	presenting	a	gadolinium-
enhancing	MRI	lesion	(Meli	et	al.	2020). The relevance of 
isolated	 cognitive	 relapses	 (ICRs),	 i.e.,	 those	occurring	 in	
the	absence	of	new	sensorimotor	symptoms,	remains	poorly	
characterized.	 They	 are	 not	 associated	 with	 changes	 in	
mood,	 fatigue	 levels	 or	 cognitive	 performance	 self-evalu-
ation.	ICRs	can	be	associated	with	a	significantly	reduced	
cognitive	 performance	 at	 the	 follow-up	 evaluation	 (Par-
dini	et	al.	2014),	but	 improvement	 follows	relapse	 (Bene-
dict	and	Zivadinov	2011),	although	recovery	is	incomplete	
(Benedict	et	al.	2021).	In	a	recent	3-year	prospective	cohort	
study,	63.6.%	met	ICR	criteria,	while	28.4%	were	classified	
as	 “relapse	with	 cognitive	decline”	 (Morrow	et	 al.	 2023). 
Such	short-lasting	cognitive	declines	should	be	clarified	by	
neuropsychological	tests,	and	other	causes,	like	depression,	
fatigue	or	changes	in	living	situations,	should	be	excluded.

In	conclusion,	clinical	features	of	CI	that	manifest	early	
in	 MS	 are	 highly	 variable,	 involving	 several	 cognitive	
domains,	 and	 increasing	 with	 progression	 of	 the	 disease.	
Their	 type	and	severity	differ	between	pediatric	and	adult	
onset	MS	and	between	its	various	phenotypes,	PPMS	show-
ing	more	frequent,	more	severe	and	progressive	decrease	of	
CI	than	RRMS.	Cognitive	relapses	show	short-lasting	rapid	
decline	of	neurocognitive	functions	in	the	absence	of	new	
organic	 symptoms,	 usually	 followed	 by	 improvement	 of	
cognitive	functions.

Risk factors of CI in MS

Major	risk	factors	for	CI	on	MS	are	genetic	susceptibility,	
older	age	at	disease	onset,	higher	EDSS	scores,	lower	physi-
cal	activity	in	childhood,	lower	premorbid	IQ,	lower	educa-
tional	level	and	comorbid	neuropsychiatric	illness	(Amato	et	
al. 2019;	Benedict	and	Zivadinov	2011;	Bilgin	et	al.	2023a,	
b).	Over	100	common	genetic	risk	variants	have	been	identi-
fied,	but	most	carriers	do	not	develop	MS.	Increased	genetic	
susceptibility	to	MS	may	affect	brain	structures	with	smaller	
gray	matter	(GM)	volume	over	the	whole	brain	and	cogni-
tion	without	manifest	disease,	pointing	to	a	“hidden	burden”	
of	MS	(Ikram	et	al.	2017).

As	 for	 risk	 scores,	 CI	 was	 related	 with	 lower	 physi-
cal	 activity	 in	 childhood/adolescence	but	 the	 only	 signifi-
cant	predictors	of	CI	were	older	age	and	lower	premorbid	
IQ	 (Amato	 et	 al.	 2019).	 Furthermore,	 physical	 disabilty,	
smoking	 and	 depression	 negatively	 impacted	 cognitive	
performance,	whereas	presence	of	higher	 education	had	a	
favorable	influence	on	cognition	in	MS	patients	(Kopchak	
et al. 2021).	The	role	of	the	APOE	genotype	for	CI	in	MS	
is	a	matter	of	discussion.	Older	studies	stated	that	its	pres-
ence	was	associated	with	neither	CI	nor	impairment	in	neu-
ropsychological	tests	(Portaccio	et	al.	2009),	and	most	of	the	

SPMS	subtypes	have	similar	cognitive	performance	(Mistri	
et al. 2023b).

Cognition	 and	 disease	 characteristics	 are	 also	 differ-
ent	between	adult	onset	 (AO)	versus	 late	onset	 (LO)	MS:	
LOMS	 patients	 had	 significantly	 shorter	 disease	 duration	
and	 shorter	 time	 to	 diagnosis.	 They	 had	 similar	 EDSS	
scores	as	AOMS	ones	but	demonstrated	significantly	more	
impairment	on	tasks	of	visual	learning,	memory	and	work-
ing	memory	than	AOMS	ones,	even	after	accounting	for	dif-
ferences	in	disease	duration	and	more	frequent	cardiac	risk	
factors	(Butler	Pagnotti	et	al.	2022).

Cognitive relapses

Although	 CI	 usually	 develops	 insidiously	 and	 progresses	
gradually,	it	can	decline	abruptly	during	relapses,	although	
this	 rapid	 decline	 has	 been	 documented	 only	 in	 the	 past	
few	 years	 (Benedict	 et	 al.	 2014). The presence of such a 
clinically	meaningful	event	is	substantiated	by	a	decline	in	

Table 1	 Prevalence	of	cognitive	deficits	in	different	subtypes	of	mul-
tiple sclerosis
Reference CIS/RIS RRMS SPMS PPMS Total CI
Johnen et al. 
2017
(meta-analysis	
of	47	studies)

50–
75%

>	50%

Calabrese	et	al.	
2009

34.4%

Ruano et al. 
2017

34.5% 44.5% 79.4% 99.3% 46.3%

Saposnik et al. 
2022

43.1%

Clough	et	al.	
2022

61.9%

Basci	and	Tulek	
2023

38.8%

Ozakbas	et	al.	
2018

53.7%

Migliore	et	al.	
2017

51.1%

Branco et al. 
2019

42.8%	
(younger
77.	%	
(age	>	55	
years

Wallach et al. 
2020
(pediatric	MS)

14.1%

Lott et al. 2022 42.9%
Perrenoud	et	al.	
2023

30–45% 50–
75%

Altieri et al. 
2020

23%

MS:	multiple	sclerosis;	CIS:	clinically	isolated	syndrome;	RIS:	radio-
logically	isolated	syndrome;	RRMS:	relapsing-remitting	MS;	SPMS:	
secondary	progressive	MS;	PPMS:	primary	progressive	MS;	CI:	cog-
nitive	impairment
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CI in MS and associated symptoms

MS	 patients	 often	 experience	 a	 typical	 cluster	 of	 symp-
toms	in	association	with	CI,	such	as	depression	(35–50%),	
anxiety	 (34–57%)	 and	 fatigue	 (70–75%).	 Neurocognitive	
disorders,	depression	and	anxiety	are	common	in	MS,	with	
substantial	 impact	on	patients’	QoL	(Benedict	et	al.	2020; 
Kalb	 et	 al.	 2018;	 NICE-Guideline	 2022).	 Such	 manifes-
tation	may	occur	 in	 the	earliest	phases	of	 the	disease	and	
become	more	 frequent	with	disease	progression	and	more	
severe	disability	(Margoni	et	al.	2023). CI in MS is occa-
sionally	associated	with	depression	(Golan	et	al.	2018; Wal-
lis et al. 2020),	 while	 others	 found	 no	 relations	 between	
cognitive	alterations	and	depression	(Chang	et	al.	2023a,	b; 
Ruiz-Sánchez	et	al.	2022;	Siegert	and	Abernethy	2005;	Yigit	
et al. 2021).	This	seems	rather	surprising	given	the	mount-
ing	evidence	for	the	neuropsychological	deficits	accompa-
nying	depression	(Shenal	et	al.	2003).	Depression	mediates	
effects	of	both	perceived	and	objective	cognitive	function-
ing	 (Crouch	 et	 al.	 2022).	A	 recent	meta-analysis	 found	 a	
significant	relationship	between	depression	and	global	cog-
nition,	 attention,	 processing	 speed	 (p <	0.01)	 and	working	
memory	(p =	0.037),	suggesting	that	patients	with	MS	and	
higher	levels	of	depressive	symptomatology	may	have	more	
difficulties	in	several	aspects	of	cognition,	especially	those	
needed	to	retain,	respond	and	progress	information	and	for	
adequate	 stimulation	 in	 processing	 relevant	 information	
(Altieri et al. 2024).

CI,	 depression	 and	 fatigue	 are	 common	 among	 peo-
ple	 with	 MS,	 amounting	 to	 78%	 and	 55%,	 respectively	
(Bogaardt	 et	 al.	 2023).	 Of	 note,	 persons	 with	 depression	
and	 fatigue	 increasingly	complain	about	cognitive	deficits	
which	 often	 cannot	 be	 confirmed	 by	 objective	 tests.	Oth-
ers	found	that	depressive	symptoms	and	disability	explained	
12-23.7%	 of	 cognitive	 performance	 (Artemiadis	 et	 al.	
2020).	Alongside	 the	 well	 known	 defects	 in	 information	
processing	speed,	EF	and	episodic	memory,	recent	evidence	
also	highlighted	socio-cognitive	impairment	in	MS,	such	as	
emotion-recognition	deficits,	which	may	result	 from	more	
fundamental	cognitive	dysfunction	(Degraeve	et	al.	2024). 
Disruption	of	working	memory	appears	to	serve	as	one	of	
the	mechanisms	underpinning	disturbances	of	social	cogni-
tion	(Pennington	et	al.	2024). There is a close relationship 
of	motor	 impairment	with	cognitive	and	emotional	altera-
tions.	While	anxiety	is	related	to	walking	resistance,	none	
was	found	between	depression,	CI	and	balance	or	walking	
ability	(Cuerda-Ballester	et	al.	2023).

On	 the	 other	 hand,	 CI	 is	 significantly	 associated	 with	
motor	 incoordination,	balance	 impairment,	gait	 abnormal-
ity,	 increased	 fall	 risk	 and	upper	 extremity	 incoordination	
(Alharthi	 and	Almurdi	 2023)	 as	 well	 as	 with	 gait	 speed;	
an	 increase	 in	stance	phase	may	 imply	 that	detection	of	a	

reports	did	not	find	a	significant	association	between	APOE	
genostatus	 and	 cognitive	 outcomes	 in	 patients	 with	 MS.	
A	meta-analysis	stated	that	APOE	ε4	may	have	a	domain-
specific	association	with	CI	in	MS	patients	who	had	more	
delayed	 responses	 to	 stimuli,	 while	 the	 rate	 of	 impaired	
visuospatial perception was lower in these patients (Nas-
eri et al. 2022).	Others	 found	 that	APOE	 ε4-positive	MS	
patients	are	most	likely	to	have	at	least	one	impaired	cogni-
tive test (Mashayekhi et al. 2022).	Another	 review	 stated	
that	APOE	ε4	patients	had	more	delayed	responses	to	stim-
uli,	while	the	rate	of	impaired	visuospatial	perception	was	
lower	in	these	patients.	Based	on	the	current	evidence,	there	
is	doubt	about	the	clinical	significance	of	the	association	of	
APOE	ε4	genotype	and	cognitive	outcomes	in	MS	(Naseri	
et al. 2022).

Lifestyle	and	cardiovascular	risk	are	associated	with	ver-
bal	learning	dysfunctions	(Reia	et	al.	2021);	dyslipidemia,	
triglyceride	and	cholesterol	are	negatively	correlated	with	the	
cognitive	functioning	score	in	MS	patients	(Andaloro	et	al.	
2022).	Available	evidence	suggests	a	link	between	increased	
serum	LDL	cholesterol	and	total	cholesterol	and	cognitive	
dsfunction	 in	MS	(Hernández-Ledesma	et	al.	2020; Noori 
et al. 2019; Sanaie et al. 2024).	Moreover,	impaired	glucose	
and	 insulin	metabolism	 can	 exacerbate	 cognitive	 decline.	
Greater	 verbal	 memory	 and	 spatial	 comprehension	 were	
observed	in	MS	patients	with	insulin	resistance	(Ayromlou	
et al. 2023).	Lower	serum	25-hydroxy-vitamin	D	levels	are	
also	associated	with	worse	cognitive	function	in	MS	(Spie-
zia et al. 2023).	Cognitive	dysfunction	in	pediatric	MS	has	
been	 related	 to	 glymphatic	 system	dysfunction	 associated	
with	brain	focal	lesions	(Margoni	et	al.	2024).

The	presence	of	cardiovascular	comorbidities	and	espe-
cially	dyslipidemia	was	shown	to	increase	the	rate	of	cogni-
tive	decline	in	MS	patients	(Giannopapas	et	al.	2023). On 
the	other	 hand,	 orthostatic	 hypotension	prevalence	 is	 also	
correlated	 to	 the	 severity	 of	CI,	 particularly	with	 a	 lower	
performance	 rate	 of	EF	 (Bocti	 et	 al.	 2017).	Among	 older	
veterans	with	MS,	 the	 risk	of	CI	progressing	 to	dementia	
was	higher	compared	 to	matched	controls	even	after	con-
trolling	 for	 comorbidities,	which	 should	 be	 considered	 in	
caring	for	older	MS	patients	(Fleming	et	al.	2024).	The	cog-
nitive	profiles	of	MS	and	Alzheimer	disease	(AD)	are	dis-
tinct.	In	contrast	to	AD,	MS	is	associated	with	impairment	
of	memory	consolidation,	although	there	may	be	some	over-
lap	between	cognitive	deficits	related	to	MS	and	amnestic	
MCI	 with	 decreased	 semantic	 fluency.	 Anyway,	 specific	
biomarkers	should	be	used	to	confirm	or	rule	out	AD	pathol-
ogy	(Roy	et	al.	2018).
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atrophy	of	the	putamen	could	contribute	to	impaired	cogni-
tive	speed	in	MS,	especially	in	later	disease	stages	after	a	
transition to SPMS (Akaishi et al. 2024).	Compared	with	
whole	brain	GM,	deep	GM	lesion	volumes	and	some	local	
components	correlated	more	closely	with	clinical	outcomes	
(Colato et al. 2021).	Volumes	of	total	brain,	cortex	and	deep	
GM	 derived	 from	 3D-FLAIR	 and	 3D-T1	 images	 showed	
close	relationship	with	cognitive	dysfunction	in	MS	(Note-
boom	et	al.	2023).	In	older	people	with	MS,	in	addition	to	
global	 and	 thalamic	 degenerative	 changes,	 the	 presence	
of	CI	was	 explained	 by	 the	 thickness	 of	multiple	 cortical	
regions	(Jakimovski	et	al.	2023).	A	meta-analysis	of	T1-	and	
T2-weighted	lesions	provided	strong	evidence	of	their	cor-
relation	with	cognitive	function	in	MS	patients	(Nabizadeh	
et al. 2024).	 Both	 the	 thalamic	 volume,	 diffusion	 tensor	
imaging	(DTI)	measures	and	functional	activity	determine	
the	degree	of	CI	(Amin	and	Ontaneda	2021; Gouveia et al. 
2017;	 Schoonheim	 et	 al.	 2015).	 There	 is	 an	 independent	
association	between	thalamic	volume	and	processing	speed	
and	memory	performance	(Wilcox	et	al.	2023),	and	global	
cognitive	status	correlated	with	atrophy	of	frontal-temporal-
connected	thalamic	subregions	(Bisecco	et	al.	2021).

Hippocampal	and	deep	GM	nuclei	atrophy	are	key	fac-
tors	 associated	 with	 CI	 in	MS	 (Damjanovic	 et	 al.	 2017). 
Hippocampal	volume	was	related	to	fornix	diffusion	mea-
sures	 and	 to	 those	 of	 episodic/visual-spatial	memory	 and	
information	processing	 speed,	highlighting	 the	 role	of	 the	
hippocampus	in	cognitive	dysfunction	(Koenig	et	al.	2014). 
Hippocampal	volume	was	lower	in	MS	patients	compared	
to	HCs,	and	hippocampal	activation	that	increased	in	cog-
nitively	preserved,	decreased	in	CI	ones	(Hulst	et	al.	2015). 
Fornix,	thalamus	and	hippocampus	displayed	atrophy	and/
or	abnormal	diffusion	metrics,	with	the	fornix	showing	the	
most	 severe	 changes.	 Lower	 fractional	 anisotropy	 (FA)	
and	 higher	 diffusivity	 in	 fornix,	 lower	 hippocampus	 FA	
and	 lower	 thalamus	volume	were	strongly	correlated	with	
CI,	 giving	 evidence	 for	microstructural	 abnormalities	 and	
extensive	atrophy	of	the	fornix	and	interconnected	deep	GM	
in	MS	with	cognitive	deficits	(Valdés	Cabrera	et	al.	2022). 
Isolated	CI	was	 explained	 by	 a	model	 of	 cortical	 volume	
and	FA,	memory	by	a	model	with	cortical	and	hippocampal	
volume,	 while	 EF/	 working	memory	 were	 not	 associated	
with	any	MRI	measure	(Bouman	et	al.	2024).

MRI	 studies	 are	 important	 in	 identifying	 the	 distinct	
cognitive	phenotypes	 in	MS.	Severe	cognitive	phenotypes	
prevailed	 in	 patients	 with	 PPMS.	 Patients	 with	mild	 ver-
bal	 memory/semantic	 fluency	 exhibited	 decreased	 mean	
hippocampus	volume;	those	with	multi-domain	phenotype	
had	decreased	mean	cortical	GM	volume,	those	with	severe	
executive/attention	had	higher	T2-hyperintense	lesion	vol-
ume,	 and	 those	 with	 severe	multi-domain	 phenotype	 had	
extensive	brain	damage,	with	decreased	volume	in	all	brain	

decrease	in	gait	speed	and	an	increase	in	stance	phase	time	
can	predict	progression	of	CI	(Chang	et	al.	2023a). Patients 
with	CI	have	a	higher	falling	rate	and,	therefore	should	be	
closely	monitored	for	the	risk	of	falling	(Bilgin	et	al.	2023a,	
b).	All	these	factors	associated	with	disease	burden	will	ulti-
mately	influence	QoL	of	patients	with	MS	(Bergmann	et	al.	
2023).

Restless	 legs	 syndrome,	 including	 worse	 symptoms	 at	
falling	 asleep	 and	 during	 the	 day	 while	 active,	 might	 be	
concomitant	 with	 worse	 cognitive	 function,	 particularly	
processing	speed	and	memory	(Cederberg	et	al.	2022).

Neuroimaging data

Gray matter lesions / general

The	CIS	 group	with	 lower	 cognitive	 performance	 in	 ver-
bal	and	nonverbal	memory,	 information	processing	speed/
attention/EF	 and	 visuo-spatial	 functions	 compared	 to	 HC	
that	were	present	in	18–37%	of	patients	depending	on	the	
criteria	used,	showed	reduced	brain	atrophy	predominantly	
in	 fronto-temporal	 regions	 and	 thalamus.	 Cognitive	 per-
formance	was	not	associated	with	structural	brain	changes	
except	for	the	association	between	worse	visuo-spatial	per-
formance	 and	 lower	 white	 matter	 (WM)	 volume.	 Lower	
cognitive	performance	may	be	present	in	up	to	one-third	of	
patients	with	CIS,	but	unlike	those	with	MS,	variability	in	
their	degree	of	cognitive	performance	may	lead	to	a	lack	of	
consistent	association	with	structural	brain	changes	(Hynci-
cová	et	al.	2017).

Markers	 of	 cerebral	 atrophy	 have	 emerged	 as	 more	
important	correlates	of	cognitive	decline	than	lesion	volume	
(Bermel	and	Bakshi	2006).	Verbal	memory	score	correlated	
to	 regional	 cortical	 thinning	 in	 the	 insula,	whereas	 verbal	
memory	scores	correlated	to	parietal	thinning	(Tillema	et	al.	
2016).	Comparison	of	the	cognitive	status	in	single-patient	
evaluation	showed	that	it	accurately	reflected	the	measures	
of	brain	atrophy	with	a	sensitivity	up	 to	90%.	CI	patients	
showed	lower	volume	of	the	entire	brain,	GM,	limbic	lobe,	
insula	 and	 cerebellum,	 compared	 to	 cognitively	 normal	
patients	 (Ziccardi	et	al.	2022).	A	 longitudinal	study	found	
strong	correlations	between	the	BICAMS	subtests	and	whole	
brain	and	GM	volumes	as	well	as	significant	changes	in	the	
global	brain	volumes	from	baseline	to	follow-up,	with	clear	
differences	between	patients	defined	as	cognitively	impaired	
at	both	baseline	and	 follow-up	 (Skorve	et	al.	2023). Mul-
tiple	 regression	analysis	 found	a	significant	association	of	
severity	of	CI	with	lower	volumes	of	cortex,	thalamus,	puta-
men,	pallidum	and	hippocampus,	indicating	that	decreased	
volumes	 of	 several	 subcortical	GM	 structures,	 in	 particu-
lar	of	thalamus,	contribute	to	cognitive	dysfunction	in	MS,	
mainly	influencing	EF	(Lorefice	et	al.	2020).	In	particular,	
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22%	showed	cognitive	dysfunction	(normally	ranging	from	
40	to	60%)	and	predominance	of	RRMS,	which	is	normally	
associated	with	less	cognitive	damage	(Peño	et	al.	2023).

At	 one-year	 follow-up,	 decreased	 volumes	 of	 the	 left	
amygdala	and	 right	orbitofrontal	cortex	were	 identified	as	
possible	 predictors	 of	 worse	 performance	 in	 verbal	 and	
visuo-spatial	memory	(Meira	et	al.	2023).	A	6-year	follow-
up	study	of	patients	with	RRMS	showed	positive	correlation	
of	semantic	fluency	and	word	comprehension	tests	with	cor-
tical	and	deep	GM	volumes,	while	higher	EDSS	on	follow-
up	 correlated	 negatively	 with	 baseline	 bilateral	 pallidum,	
right	 caudate	 and	 putamen	 and	 right	 accumbens	 volumes	
(Kania et al. 2024).	A	5-year	 longitudinal	 study	of	multi-
modal	 MRI	 neuroimaging	 signatures	 in	 a	 cohort	 of	 MS	
patients	predicted	cognitive	decline	with	high	accuracy	and	
can	be	used	in	future	trials	to	personalise	the	management	
of	cognitive	decline	in	MS	(Al-Iedani	et	al.	2024).	A	20-year	
study	confirmed	that	CI	patients	showed	higher	focal	corti-
cal	pathology	at	diagnosis	compared	 to	cognitively	unim-
paired	subjects	and	that	volumes	of	both	cortical	and	WM	
lesions	emerged	as	the	metrics	most	associated	with	long-
term	CI.	The	number	of	cortical	lesions	(especially	severe	
ones)	 was	 strongly	 associated	 with	 severe	 long-term	 CI	
(p <	0.001),	more	than	the	number	of	WM	lesions.	Since	the	
latter	had	a	low	predictive	value	and	a	poor	applicability	of	
lesion	volume	estimation	 in	 the	daily	clinical	context,	 the	
evaluation	of	number	of	cortical	 lesions	was	suggested	 to	
represent	a	reliable	prognostic	marker	of	CI	(Ziccardi	et	al.	
2023).

Recently,	a	radiomics	model	based	on	clinical	data	and	
cortical	 damages	 was	 developed	 that	 may	 have	 a	 great	
potential	to	identify	efficiently	the	MS	patients	with	CI	for	
clinical	cognitive	assessment	(Yan	et	al.	2024).

White matter lesions

CI	 in	 MS	 has	 been	 related	 to	 myelin	 loss,	 and	 different	
neuroimaging	methods	have	been	used	to	quantify	myelin	
and	to	relate	it	to	cognitive	dysfunction;	among	them	DTI,	
magnetization	 transfer	 ratio	 (MTR),	 and	 more	 recently,	
PET with 11C-PIB.	MTR	and	DTI	(FA)	differed	in	patients	
with	 and	 without	 CI.	 DTI	 (FA)	 and	 DT	 (axial	 diffusion)	
were	associated	with	condition	and	psychomotor	speed	for	
PPMS,	and	of	11C-PIB	uptake	and	MTR	for	RRMS	in	the	
thalamus	and	corpus	callosum,	indicating	that	lower	myelin	
content	is	associated	with	worse	cognitive	status	(Campan-
holo et al. 2022).

Increased	myelin	heterogeneity	in	normal	appearing	WM	
was	associated	with	decreased	cognitive	processing	speed	
performance.	 These	 correlations	 were	 highly	 significant.	
Conversely,	myelin	heterogeneity	was	not	associated	with	
SDMT	scores	in	controls	in	any	regions	of	interest	(Abel	et	

structures	except	the	pallidum,	caudate	nucleus	and	amyg-
dala	(De	Meo	et	al.	2021).

Volumetric	analysis	of	the	cerebellum	and	its	lobules	in	
MS	showed	a	reduction	of	cerebellar	GM	and	WM	volumes,	
with	widespread	cortical	thinning.	These	changes	were	neg-
atively	 correlated	 with	 information	 processing	 speed	 and	
visuospatial	memory.	This	 inverse	 association	may	 repre-
sent	a	compensatory	mechanism	activated	in	MS	engaging	
additional	high-level	cortical	areas	interconnected	with	the	
damaged	 cerebellum,	 in	 order	 to	 cope	with	 the	 cognitive	
demands	 (Iliadou	 et	 al.	 2022).	 No	 significant	 differences	
in	 cognitive	 (or	 motor)	 symptoms	 emerged	 between	 MS	
patients	 showing	 dentate	 nuclei	 hyperintensity	 and	 those	
without	 hyperintensity.	 Gadolinium	 retention	 in	 the	 den-
tate	nuclei	was	not	associated	with	long-term	cognitive	(or	
motor)	outcome	(Scaravilli	et	al.	2023).

GM changes in MS phenotypes

Patients	with	RRMS	and	CI	showed	higher	cortical	lesions	
and	 decreased	 brain	 volume	 compared	 with	 cognitively	
unimpaired	 patients.	 Multivariate	 analysis	 revealed	 that	
age,	 cortical	 lesion	 volume	 and	 neocortical	 GM	 volume	
were	 independent	 predictors	 of	 CI	 index,	 indicating	 that	
the	 burden	 of	 cortical	 lesions	 and	 tissue	 loss	 are	 among	
the	major	structural	changes	associated	with	CI	 in	RRMS	
(Calabrese	 et	 al.	 2009).	 PPMS	 and	 SPMS	 have	 similar	
neuropsychological	 performance.	 Cognitive	 dysfunction	
in	both	phenotypes	are	related	to	distinct	patterns	of	struc-
tural	MS	abnormalities	 and	 involvement	of	 different	WM	
tracts,	whereas	resting	state	functional	connectivities	did	not	
contribute	to	explaining	their	global	cognitive	dysfunction-
ing	 (Mistri	 et	 al.	2023a).	An	earlier	 study	 showed	no	dif-
ferences	 in	deep	GM	atrophy	between	PPMS	and	RRMS,	
while	faster	cognitive	decline	was	observed	in	PPMS	com-
pared	to	RRMS.	These	results	indicate	that	cortical	atrophy	
and	cognitive	decline	accelerate	together	during	the	course	
of	MS	and	that	substrates	of	cognitive	decline	shifts	from	
worsening	pathology	in	stable	RRMS	to	deep	GM	atrophy	
in	converting	RRMS	and	to	accelerated	cortical	atrophy	in	
PPMS (Eijlers et al. 2019a).

A	 recent	 study	 of	 a	 group	 of	MS	 cases	with	 predomi-
nance	of	RRMS,	which	were	less	often	associated	with	CI,	
aimed	 to	 analyze	 the	 relationship	between	advanced	MRI	
sequences	 and	 physical	 disability	 and	 cognitive	 function-
ing.	 It	 showed	 that	 GM	 volume	was	 associated	with	 age	
and	 physical	 disability,	 T2	 lesion	 load	 with	 physical	 dis-
ability,	but	there	was	no	significant	correlation	between	CI	
and	cerebral	volume.	PPMS,	associated	with	greater	risk	of	
cognitive	dysfunction,	also	showed	no	correlations	between	
CI	and	cerebral	volumes.	These	results	that	differ	from	other	
MRI	studies	could	be	due	to	the	fact	that	in	this	group	only	
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with	cognitive	performance	in	MS.	Myelin	water	was	mea-
sured	via	the	T2	relaxation	signal	in	the	cingulum,	superior	
longitudinal	fasciculus	and	corpus	callosum,	and	significant	
associations	 were	 observed	 between	 water	 measures	 and	
neuropsychological	 test	 scores	 for	all	 three	 regions,	while	
no	 significant	 associations	 were	 found	 in	 controls.	 These	
findings	 suggest	 that	 myelin	 water	 measure	 is	 associated	
with	cognitive	performance	in	MS	(Abel	et	al.	2020b).

Combined gray and white matter lesions

Structural	MRI	revealed	higher	WM	lesion	load	in	MS-CI	
compared	to	HCs	and	a	more	severe	atrophy	of	GM	regions	
connected	to	cognition	(Louapre	et	al.	2014).	In	addition	to	
GM	atrophy	of	the	parietal	regions,	left	thalamus	and	right	
hippocampus,	 they	showed	atrophy	of	 several	WM	tracts,	
mainly	located	in	posterior	brain	and	widespread	WM	dif-
fusivity	abnormalities.	The	latter	changes	in	cognitive-rele-
vant	WM	tracts	followed	by	atrophy	of	cognitive-relevant	
GM	regions	explained	global	CI,	while	variable	patterns	of	
normal	appearing	white	matter	(NAWM)	and	GM	damage	
were	associated	with	deficits	in	selected	cognitive	domains	
(Preziosa et al. 2016).	Lower	WM	volume,	 lower	FA	and	
higher	diffusivity	in	both	cortex	and	NAWM	are	seen	in	MS	
patients	with	CI;	they	also	had	higher	T2	WM	lesion	volume,	
lower	normalized	brain	and	GM	volume,	and	more	severe	
diffusivity	abnormalities	in	WM	lesions,	and	NAWM,	while	
cortical	measures	did	not	differ	between	CI	and	cognitive	
preserved	 patients.	 This	 indicated	 that	 “diffuse”	 GM	 and	
NAWM	damage	and	WM	lesions,	rather	than	intrinsic	corti-
cal	damage	explained	CI	in	MS	(Preziosa	et	al.	2017). More 
recently,	 the	 same	group	 showed	 that	MS-CI	patients	had	
higher	WM	lesion	volume,	 lower	normalized	brain,	 corti-
cal	and	thalamic	volume	and	WM	volume,	as	well	as	lower	
NAWM	FA,	higher	NAWM,	normal	appearing	cortex	and	
thalamic	mean	diffusivity	(MD),	lower	NAWM	intracellu-
lar	volume	fraction	(ICV),	lower	WM	orientation	dispersion	
index	(ODI),	and	higher	NAWM	ODI.	The	best	predictors	
of	 CI	were	NAWM	FA	 (100%),	 thalamic	 volume	 (96%),	
normalized	 brain	 volume	 (84.7%),	 thalamic	 MD	 (43%),	
normal	appearing	cortex	volume	(40.6%),	WM	lesion	vol-
ume	 (23.2%)	and	WM	lesion	ODI	 (17.9%).	These	 results	
suggested	that	neuro-axonal	damage	and	loss	of	microarchi-
tecture	integrity	in	focal	WM	lesions	and	GM	contribute	to	
CI in MS (Preziosa et al. 2023).

Regional	GM	and	WM	damage	associated	with	CI	dif-
fered	according	to	sex.	In	both	sexes,	a	higher	T2-hyperin-
tense	 lesion	prevalence	 in	 cognitively-relevant	WM	 tracts	
was	 significantly	 correlated	 with	 worse	 cognitive	 perfor-
mance,	with	stronger	association	in	females	 than	males	 in	
global	 cognition.	 In	 both	 sexes,	 worse	 cognitive	 perfor-
mance	was	 associated	with	widespread	NAWM	FA,	with	

al. 2020a,	b).	Radial	diffusivity	of	WM	was	strongly	related	
to	CI,	 although	 its	 strong	 association	with	 both	 cognition	
and	whole	brain	lesion	volume	suggests	that	it	is	a	surrogate	
marker	for	general	decline	rather	than	for	specific	cognitive	
functions in MS (Baijot et al. 2022). RRMS patients show 
abnormal	 diffusion	kurtosis	 and	 susceptibility	 characteris-
tics	in	the	U-fiber	region	and	these	tissue	abnormalities	are	
correlated	with	cognitive	deficits	and	underlying	pathophys-
iological	mechanisms	(Luo	et	al.	2024).	Higher	FA	values	
in	various	WM	tracts,	e.g.,	the	left	corticothalamic	tract,	left	
arcuate	fascicle	and	superior	cerebellar	peduncle,	contribute	
to CI in RRMS (Elkhooly et al. 2023).

Longitudinal	fiber-specific	WM	damage	was	correlated	
with	cognitive	decline	in	MS.	At	baseline,	all	fiber-specific	
measures	(fiber	density,	microstructural	diffuse	axonal	dam-
age,	fiber	cross	section,	etc.)	were	significantly	worse	in	MS	
compared	to	HCs.	For	both	fiber	density	and	cross-section,	
a	similar	pattern	was	observed	in	SPMS	followed	by	PPMS	
and	RRMS.	These	lesions	were	more	pronounced	in	severe	
CI.	Microstructural	damage	was	most	pronounced	in	cingu-
lum,	macrostructural	lesions	in	the	corticospinal	tract,	cin-
gulum	and	superior	longitudinal	fasciculus.	Over	time,	WM	
alterations	 worsened	 in	 PPMS,	WM	 atrophy	 progression	
mainly	affecting	the	corticospinal	tract	and	microstructural	
axonal	damage	worsening	in	cingulum	and	superior	longitu-
dinal	fasciculus.	Longitudinal	deterioration	of	WM	damage	
was	most	marked	in	PPMS,	indicating	that	WM	degenera-
tion	is	important	to	characterize	this	phenotype	(Koubiyr	et	
al. 2024).	Patients	with	SPMS	had	higher	total,	periventricu-
lar	and	non-periventricular	WM	lesion	load	than	those	with	
PPMS,	as	well	as	greater	involvement	of	frontal,	occipital	
horns,	 trigones,	 third	ventricle,	basal	ganglia,	parietal	 and	
occipital	lobes	(Comi	et	al.	1995).

A	multiparametric	study	showed	that	the	best	predictors	
of	CI	were	WM	lesions	in	the	right	longitudinal	fasciculus	
(100%),	 left	 anterior	 thalamic	 radiation	 (93%),	 left	 poste-
rior	corona	radiata	(78%),	left	medial	lemniscus	(74%),	left	
inferior	 longitudinal	 fasciculus	 (70%),	 left	 optic	 radiation	
(69%),	 right	middle	 cerebellar	 peduncle	 (60%),	 and	 right	
optic	radiation	(53%),	decreased	FA	in	splenium	of	the	cor-
pus	callosum	(64%),	left	optic	radiation	(53%),	body	of	the	
corpus	callosum	(52%)	and	fornix	(51%),	but	also	atrophy	
of	the	left	precuneus,	right	cerebellum,	caudate	nucleus,	left	
thalamus	and	supplementary	motor	area	(Conti	et	al.	2021). 
A	17-year	longitudinal	study	confirmed	the	strong	associa-
tion	of	corpus	callosum	atrophy	with	CI	in	MS	(Granberg	et	
al. 2015),	and	a	recent	study	discussed	the	model	of	a	“callo-
sal	disconnection	syndrome”	and	its	possible	contribution	to	
social-cognitive	dysfunctions	in	MS	(Degraeve	et	al.	2023).

An	important	question	is	the	association	between	myelin	
damage	 in	 tissue	 that	appears	completely	normal	on	stan-
dard	imaging,	but	can	be	detected	by	myelin	water	imaging	
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an	association	between	the	presence	and	severity	of	chronic	
cerebrospinal	venous	insufficiency	with	CI	(and	depression)	
(Benedict	 et	 al.	 2013).	 On	 the	 other	 hand,	 recent	 studies	
suggested	that	intracerebral	venous	susceptibility	may	be	an	
indicator	of	oxygen	metabolism	and	cognitive	 function	 in	
RRMS (Sawan et al. 2024).	FC	abnormalities	in	brain	net-
works	in	MS	are	accompanied	by	altered	local	CBF	(Jandric	
et al. 2021).

Brain network disturbances

Previous	 studies	 have	 demonstrated	 extensive	 functional	
network	 disturbances	 in	MS,	 showing	 less	 efficient	 brain	
networks.	 MS	 subjects	 with	 a	 more	 randomly	 organized	
GM	network	show	worse	cognitive	functioning,	suggesting	
that	 single-subject	GM	graphs	may	capture	neuronal	dys-
function	(Rimkus	et	al.	2019).	Recent	studies	indicated	that	
the	dynamic	properties	of	the	brain	network	show	a	strong	
correlation	with	cognitive	function,	and	the	relevance	for	CI	
in	MS	of	structural	and	functional	connectivities,	reflecting	
common	pathogenic	mechanisms	in	WM	and	GM	has	been	
recently	explored	by	novel	MRI	analysis	methods	(Zhang	et	
al. 2021).	In	CI,	both	the	default	mode	network	(DMN)	and	
frontoparietal	network	(FPN)	showed	increased	FC	with	the	
rest	of	the	brain	compared	to	HCs,	with	no	change	within-	or	
between-network	connectivity	(Meijer	et	al.	2017),	whereas	
others	found	reduced	resting	state	(RS)	FC	in	sensorimotor,	
cognitive,	thalamic	and	cerebellar	networks	correlated	with	
more	 severe	CI	 (Rocca	 et	 al.	 2018).	FC	was	 significantly	
decreased	in	the	anterior	and	posterior	DMNs	and	increased	
in	 the	 bilateral	 FPNs	 (Jandric	 et	 al.	 2021).	 A	 systemic	
review	 in	 RS	 fMRI	 connectivity	 changes	 found	 patterns	
of	both	high	and	low	FC	related	 to	poor	cognitive	perfor-
mance.	There	was	no	clear	link	to	increased	FC	during	early	
stages	of	MS	and	reduced	FC	in	 later	stages,	as	predicted	
by	common	models	of	MS	pathology,	indicating	substantial	
heterogeneity	 in	 study	methodology	 (Jandric	 et	 al.	 2022). 
Patients	with	early	MS	showed	reduced	functional	network	
dynamics	at	baseline.	Longitudinal	changes	showed	longer	
time	spent	in	a	state	of	low	FC	and	more	connectivity	dis-
turbance	within-	and	between-network	FC	(Koubiyr	et	al.	
2022).	MS-CI	patients	exhibited	a	more	unstable	network	
reconfiguration	 compared	 to	 preserved	 ones,	 i.e.,	 brain	
regions	switched	between	subnetworks	more	often,	which	
was	related	to	structural	damage	(Broeders	et	al.	2022).

MS-CI	patients	have	reduced	RS	FC	between	subcorti-
cal	and	default	mode	networks,	suggesting	that	slow	inter-
network	 connectivity	 contributes	 to	 cognitive	 dysfunction	
(d’Ambrosio	et	al.	2020).	Reduced	dynamics	were	demon-
strated	in	DMN,	FPN	and	visual	networks	and	loss	of	inter-
play	between	them	(Eijlers	et	al.	2019b).	Others	described	
disconnection	 in	 the	DMN	and	 attention	 networks	 due	 to	

stronger	associations	in	females	in	global	cognition	and	ver-
bal	memory.	 Furthermore,	 a	 disconnection	 syndrome	 due	
to	 focal	WM	 lesions	 and	 diffuse	 NAWM	microstructural	
abnormalities	seemed	to	be	more	relevant	in	female	MS-CI	
patients	(Tedone	et	al.	2023).

CI	in	benign	MS	is	associated	with	WM	damage	(reduced	
FA)	 of	 parietal	 regions,	 GM	 atrophy	 and	 increased	 func-
tional	connectivity	(FC)	in	fronto-temporo-parietal	regions,	
T2	lesions	of	the	corpus	callosum,	reduced	posterior	corona	
radiata,	and	caudate	nucleus	atrophy	(Riccitelli	et	al.	2020).

Chronic	 inflammation	 in	 MS,	 associated	 with	 a	 more	
severe	 disease	 course,	 has	 been	 related	 to	 paramagnetic	
rim	 lesions	 (PRL)	 and	 choroid	 plexus	 (CP)	 enlargement.	
Compared	 to	 HCs,	 patients	 with	 CI	 showed	 significantly	
higher	T2-hyperintense	WM	lesion	volume,	lower	normal-
ized	brain,	thalamic,	hippocampal,	caudate	and	cortical	vol-
umes,	and	higher	normalized	choroid	plexus	volume.	PRLs	
and	CP	enlargement,	therefore,	may	contribute	to	the	patho-
physiology	of	CI	in	MS	(Preziosa	et	al.	2024).

MS-CI and cerebral blood flow

Cognitive	 dysfunction	 in	 MS	 may	 partially	 stem	 from	
inadequate	cerebral	blood	flow	(CBF),	although	the	avail-
able	 results	 are	 controversial.	Cerebral	 vasoreactivity	was	
lower	 in	 patients	with	CI	 than	 in	 cognitively	 normal	 per-
sons,	 indicating	 that	 CI	 in	MS	may	 be	mediated	 through	
decreased	 cerebral	 vasoreactivity	 (Metzger	 et	 al.	 2018). 
RRMS	 patients	 showed	 hypoperfusion	 of	 Brodman	 areas	
and	lobes.	Reduced	CBF	was	seen	mainly	in	the	frontal	lobe	
and	related	prefrontal	areas	 in	both	hemispheres,	but	with	
left	hemisphere	predominance.	Executive	dysfunction	was	
associated	with	robust	CBF	deficits	in	frontal	and	prefron-
tal cortex in RRMS patients (Messinis et al. 2019). RRMS 
patients	 showed	 reduced	 hemodynamic	 activation	 of	 the	
executive/attention	network	 in	 the	hippocampus,	pallidum	
and	 anterior	 cingulate	 cortex	 (Wagner	 et	 al.	 2022). Other 
studies	 suggested	 significant	 association	 between	 arterial	
stiffness	and	cognitive	processing	speed	(Zheng	et	al.	2023),	
while	other	transcranial	Doppler	measures	in	patients	with	
MS	 showed	 resilience	 to	 exercise-induced	 acute	 changes	
in	 pulsatility	 index	 of	 the	 middle	 cerebral	 artery	 (MCA)	
despite	transient	carotid	stiffening,	potentially	via	reductions	
in	MCA	conductance.	This	suggests	 that	change	in	cogni-
tive	 performance	 under	 aerobic	 exercise	 are	 not	 directly	
related	to	transient	cerebrovascular	responses	(Lefferts	et	al.	
2021).	Association	 between	 lower	 cognitive	 performance	
and	lower	total	CBF	was	observed	in	MS-CI	patients	(Jaki-
movski	 et	 al.	2020).	They	exhibited	 significant	variability	
of	the	prefrontal	cerebral	metabolic	rate	of	oxygen,	which	
may	be	a	sensitive	measure	of	MS-related	cognitive	decline	
(Zuppichini et al. 2023),	whereas	 there	 is	 no	 evidence	 of	
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FA	in	the	amygdalothalamic	tracts/basolateral	limbic	circuit	
(Keser et al. 2018).	Cognitively	worsened	MS	patients	in	a	
3-year	 longitudinal	study	showed	decreased	RS	FC	in	 the	
right	hippocampus	of	the	working	memory	network	and	in	
the	right	insula	of	the	DMN	due	to	GM	atrophy	progression	
in	cognitively	relevant	brain	regions	combined	with	disor-
ders	of	the	relevant	networks	(Azzimonti	et	al.	2023).

MS-CI	 shows	 FC	 differences	 compared	 to	 HC	 that	
involve	 the	 cerebellum,	 visual	 and	 language-associated	
areas,	hippocampus	and	basal	ganglia;	SDMT	scores	were	
correlated	with	FC	between	cerebellum	and	lateral	occipi-
tal cortex (Carter et al. 2023).	Cerebellar	damage	and	con-
nectivity	changes	were	most	prominent	in	SPMS	related	to	
worse	CI	 (Schoonheim	et	al.	2021).	Abnormal	patterns	of	
neuronal	 activity	 and	 synchronization	 between	 networks	
involved	 in	 the	control	of	cognitive	macrodomains	under-
lie	cognitive	dysfunction	in	PPMS,	and	cortical	lesions	may	
play	 a	 role	 in	 variability	 and	 FC	 abnormalities	 (Petracca	
et al. 2017).	CI	patients	with	pediatric	MS	had	decreased	
recruitment	of	several	areas	located	in	parietal	and	occipi-
tal	lobes	and	cerebellum,	and	increased	deactivation	of	the	
anterior	cingulate	cortex	due	 to	structural	damage	of	WM	
tracts	connecting	these	regions	(De	Meo	et	al.	2017).

In	conclusion,	neuroimaging	findings,	in	addition	to	clas-
sical	MS	pathology,	 revealed	 structural	 changes	 (atrophy)	
of	GM	and	WM	in	fronto-temporal	lobes,	corpus	callosum,	
and	 hippocampus,	 as	 well	 as	 in	 subcortical	 regions,	 with	
extensive	 microstructural	 lesions	 in	WM	 and	 subcortical	
structures	being	correlated	with	various	changes	of	cogni-
tive	 phenotypes.	Myelin	 damage	 in	NAWM	 is	 frequently	
associated	 with	 decreased	 cognitive	 functions.	 CBF	 and	
metabolic	 rate	are	 reduced	 in	 frontal	and	prefrontal	areas.	
More	 than	 structural	 changes,	 severe	 alterations	of	 essen-
tial	 brain	 networks	 (DMN,	 SN,	 FTN)	 and	 inter-network	
disruptions	are	essential	 for	 the	development	and	 severity	
of	 cognitive	 dysfunctions.	 In	 addition,	 disruptions	 in	 the	
cortico-thalamic	and	prefronto-hippocampal	pathways	and	
disconnections	within	 neurocognitive	 networks	 induce	CI	
(and	depression).

Neurophysiological analysis

EEG	can	be	used	 as	 a	 tool	 for	detecting	 cortical	 involve-
ment	 during	MS	 and	 its	 correlation	with	CI	 (Jamoussi	 et	
al. 2023).	 In	 early	 MS,	 nodal	 centrality	 was	 higher	 bi-
parietally	 (theta-band)	but	markedly	 lower	 left	 temporally	
(upper	alpha-	and	beta-band).	Lower	cognitive	performance	
correlated	to	decreased	centrality	over	left	temporal	(lower	
alpha-band)	 and	 right	 temporal	 (beta-band),	 indicating	
functional	 disconnection	 of	 the	 temporal	 region	 associ-
ated	with	CI	 in	MS	(Hardmeier	et	al.	2012).	Comparative	
MRI	 and	 event-related	 potential	 (ERP)	 studies	 showed	 a	

extensive WM lesion (Louapre et al. 2014),	structural	brain	
connectivity	being	disturbed	due	to	widespread	impairment	
of	WM	connections	and	GM	structures	(Llufriu	et	al.	2016). 
Others	found	significant	deficit	in	each	of	the	five	cognitive	
networks:	 DMN,	 attention,	 verbal	 memory,	 memory,	 and	
visuospatial	working	memory	due	 to	 significant	 reduction	
of	GM	and	thalamus	volumes	(Nejad-Davarani	et	al.	2016). 
MS	 patients	 recruit	 the	 ventral	 striatum,	 caudate	 nucleus	
and	ventromedial	prefrontal	cortex	in	response	to	task	per-
formance,	 suggesting	 that	 they	 also	 recruit	 cortico-striatal	
regions	 during	 feedback-based	 learning.	 Decreased	 local	
FC	within	the	basal	ganglia	plays	a	role	in	cognitive	fatigue	
in	MS,	while	 increased	global	FC	between	 the	basal	gan-
glia	and	the	cortex	may	serve	as	compensatory	mechanism	
(Langley	et	al.	2023).	People	with	MS	also	recruit	cortico-
striatal	regions	and	alternative	connections	within	the	stria-
tum	to	assist	with	learning	(Cagna	et	al.	2023).

In	RRMS	patients	with	mild	 disease,	 thalamic	 atrophy	
and	thalamo-cortical	connection	damage	lead	to	slower	cog-
nitive	 processes,	 and	WM	damage	 at	 specific	 fasciculi	 to	
episodic	memory	impairment	(Bernabéu-Sanz	et	al.	2021). 
Thalamic	 involvement	 was	 correlated	 with	 abnormalities	
of	cortico-thalamic	connections	at	various	 levels	 (Bisecco	
et al. 2015).	 Hippocampal-thalamic-prefrontal	 disruption	
affects	cognitive	performance	 in	early	RRMS	due	 to	both	
WM	and	GM	 involvement,	 affecting	 functional	 pathways	
related	to	cognition	(Kern	et	al.	2014).	Poor	cognitive	per-
formance	 in	patients	with	RRMS	and	very	mild	disability	
were	connected	with	increased	FC	but	decreased	structural	
connectivity	 in	 the	 DMN	 that	 was	 correlated	 with	 more	
than	one	cognitive	domain	rather	than	one	specific	network	
for	each	domain	(Has	Silemek	et	al.	2020).	RRMS	showed	
altered	FC	 lateralisation	 patterns	 of	 the	DMN	with	 a	 sig-
nificant	 leftward	 shift,	 while	 diminished	 dorsal	 attention	
network	laterality	was	associated	with	increased	FA	asym-
metry	 in	 the	 superior	 longitudinal	 fasciculus	 (Veréb	 et	 al.	
2022).	FC	 and	presence	of	 structural	 abnormalities	 in	 the	
hippocampus	in	RRMS	were	correlated	with	the	degree	of	
CI	and	extent	of	disability	(Gu	et	al.	2022).	Damage	to	the	
memory	 circuit	 associated	with	 lesion	volume	of	 the	hip-
pocampus,	parahippocampus,	fornix	and	cingulate	causing	
disruption	 of	 multiple	 connections	 were	 associated	 with	
memory	dysfunction	in	MS	(Kletenik	et	al.	2023). RRMS 
patients	 showed	 an	 association	 between	 the	 inter-network	
connectivity	 in	 various	 components	 of	 DMN	 and	 verbal	
memory	deficits	(Zhang	et	al.	2024).

Microstructural	 abnormalities	 and	 extensive	 atrophy	 of	
the	fornix	and	interconnected	GM	are	associated	with	CI	in	
MS	(Valdés	Cabrera	et	al.	2022).	The	extent	of	disruption	of	
microstructural	disorganization	in	the	main	limbic	pathways	
impacts	the	extent	of	CI	(Keser	et	al.	2017),	and	there	is	a	
consistent	trend	between	CI	index	and	mean	diffusivity	and	
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quality,	cognitive	enrichment	was	strongly	associated	with	
cognitive	performance,	suggesting	that	higher	engagement	
in	cognitively	enriching	activities	provided	protection	sim-
ilar	 to	 high	 educational	 level.	Thus,	 persons	 can	 success-
fully	 build	 CR	 through	multiple	 routes,	 including	 formal	
education	 or	 informal	 cognitive	 enrichment	 (Grant	 et	 al.	
2023).	On	the	other	hand,	cognitively	resilient	MS	patients	
showed	higher	estimated	intellectual	ability	and	reportedly	
less	 anxiety	 and	 subclinical	 depressive	 symptoms.	 They	
also	 showed	 a	 trend	 toward	more	 reported	 compensatory	
strategy	 than	 the	 not	 cognitively	 resilient	 ones	 (Randolph	
et al. 2022).	 A	 meta-analysis	 reported	 effect	 sizes	 (ES)	
of	CR	 being	 associated	with	 better	 cognitive	 task	 perfor-
mance	in	verbal	and	spatial	memory,	attention,	processing	
speed,	verbal	fluency	and	inhibitory	control.	These	relations	
were	significant	except	 for	verbal	fluency.	Metaregression	
analysis	 revealed	 older	 age	 and	 female	 sex	 increased	 the	
ES	for	attention	and	verbal	memory	outcome	(Santangelo	
et al. 2019a).	CR	 significantly	moderated	 the	 relationship	
between	brain	damage	and	verbal	fluency,	but	did	not	influ-
ence	the	relationship	between	EDSS	and	cognitive	perfor-
mance	(Santangelo	et	al.	2019b).	A	moderating	effect	of	CR	
was	observed	in	the	relationship	between	EDSS	score	and	
specific	 cognitive	 domains	 (processing	 efficacy,	 visuospa-
tial	learning,	and	memory),	while	in	persons	with	high	level	
of	CR,	there	was	no	relationship	between	cognitive	domains	
and	EDSS,	which	supports	the	protective	role	of	CR	in	MS-
related	cognitive	dysfunction	(Alexandra	et	al.	2023; Arte-
miadis	 et	 al.	 2020;	Maffezzini	 et	 al.	 2023). The fact that 
at	 least	one-third	of	MS	patients	 are	not	overtly	 impaired	
despite	significant	radiographic	brain	tissue	damage	argues	
for	protective	factors	(brain	reserve,	CR)	that	requires	fur-
ther	clarification.	It	was	suggested	that	the	reported	correla-
tions	between	neuroimaging	findings	and	cognitive	function	
do	not	imply	causality	(Paul	2016).	On	the	other	hand,	CR	
seems	to	have	a	marginally	significant	effect	on	brain	struc-
tural	 connectivity,	 observed	 in	 patients	 with	 more	 severe	
CI.	It	protects	them	from	cognitive	decline	regardless	of	the	
cognitive	 status	yet	once	CI	has	 set	 in;	brain	damage	and	
aging	 are	 also	 influencing	 cognitive	 performance	 (Lopez-
Soley et al. 2020).	Higher	 education	moderates	 the	 nega-
tive	effects	of	WM	lesion	burden	and	third	ventricle	width	
(suggestive	of	thalamic	atrophy)	on	cognitive	performance	
(Pinter et al. 2014).

Regression	analysis	showed	that	MS	patients	with	higher	
CR	index	have	a	significantly	reduced	FC	within	the	salient	
network	 (SN),	 the	 dorsal	 anterior	 insula	 and	 occipital	
regions.	This	can	have	implications	for	how	CR	may	modu-
late	the	susceptibility	to	cognitive	dysfunction	in	MS	(Bizzo	
et al. 2021).	A	study	aimed	to	explore	longitudinal	reorga-
nization	of	brain	networks	over	2	years	by	combining	DTI,	
rsfMRI,	 MEG	 and	 a	 comprehensive	 neuropsychological	

relationship	between	P300	latency	and	lower	hippocampal	
and	amygdala	volumes,	while	 the	 amplitude	of	P300	was	
associated	with	lower	cortical	volume	(Lorefice	et	al.	2021). 
The	degree	of	 cortical	 plasticity	 correlated	with	 cognitive	
performance	in	RRMS,	synaptic	plasticity	was	significantly	
reduced	in	patients	with	CI	(Balloff	et	al.	2022).

Magnetoencephalography	(MEG)	showed	different	cor-
relation	 patterns	 between	 RS	 FC	 and	 verbal	 fluency	 and	
cognitive	fatigue,	both	of	which	 involved	a	shift	 from	the	
posterior	DMN	 to	 the	 language	 network.	 It	 demonstrated	
that	MS	induces	distinct	changes	in	the	RS	functional	brain	
architecture	 that	 relate	 to	 specific	 cognitive	 alterations	
(Sjøgård	et	al.	2021).	At	5-year	follow-up,	a	more	integrated	
beta-band	network	and	a	less	integrated	delta-band	network	
predicted	cognitive	decline	independent	of	structural	dam-
age	(Nauta	et	al.	2021).	Lower	global	integration	was	found	
in	the	alpha-	and	beta-bands,	but	higher	global	integration	
in	the	theta-band,	indicating	that	the	network	analysis	was	
able	to	detect	changes	in	MS	patients	with	CI	(Tewarie	et	
al. 2014).	Increased	alpha	1	and	theta	power	was	associated	
with	impaired	cognition	and	differed	from	HC,	slowing	of	
neuronal	activity	in	bilateral	parietotemporal	cortical	areas	
and	 thalamus	 being	 strongly	 related	 to	 CI	 (Schoonhoven	
et al. 2019).	CI	had	higher	power	 in	 low-frequency	bands	
and	lower	power	in	high	bands	compared	to	HC,	indicating	
neuronal	slowing	(Simon	et	al.	2023).	Furthermore,	a	corre-
lation	between	1/f	spectral	slope	and	working	memory	func-
tioning	 in	 the	prefrontal	 and	parietal	 cortex	was	observed	
(Akbarian	et	al.	2023).	Long-range	structure-function	cou-
pling	was	 stronger	 in	MS-CI	 compared	 to	 HC,	 but	more	
research	is	needed	to	explore	this	measure	as	a	biomarker	in	
MS (Kulik et al. 2022).

Cognitive reserve and resilience in MS

Higher	 education,	 occupational	 attainment,	 leisure	 activi-
ties,	modifications	 in	 lifestyle,	physical	activity,	etc.,	have	
been	considered	proxies	of	cognitive	 reserve	 (CR),	which	
is	considered	as	a	modulator	of	a	more	favorable	trajectory,	
less	CI	and	disability	and	a	better	QoL,	intellectual	enrich-
ment	protecting	MS	patients	from	CI,	thereby	extending	the	
CR	hypothesis	to	the	MS	course	(Sumowski	et	al.	2012). On 
the	other	hand,	the	protective	influence	of	higher	CR	against	
disease	related	cognitive	deficits	was	discussed	(Sumowski	
et al. 2009a,	b).

Patients	 with	 MS	 can	 successfully	 build	 CR	 through	
multiple	 routes,	 including	 formal	 education	 and	 cogni-
tive	enrichment,	which	 in	a	US	study	were	more	strongly	
associated	with	cognitive	performance	 than	were	years	of	
education.	 Cognitive	 enrichment	 was	 not	 associated	 with	
cognitive	 performance	 among	 participants	with	 high	 edu-
cation	 level.	 In	 contrast,	 among	 those	with	 low	education	
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The	 neuropsychological	 status	 depends	 on	 the	 thala-
mus	 and	 hippocampus	metabolic	 processes	 related	 to	 the	
γ-aminobutyric	 (GABA)	 system.	 In	 the	 thalamus,	 GABA	
ratios	 (GABA/total	 choline	 and	 creatine,	GABA/n-acetyl-
aspartate)	were	significantly	lower	in	RRMS	than	in	HCs.	
Both	 total	 choline	 and	 myoinositol-ratios	 correlated	 with	
lower	ADM	test	scores,	indicating	that	neurocognitive	per-
formance	in	RRMS	is	associated	with	metabolic	abnormali-
ties	of	the	thalamus	(Kantorová	et	al.	2022).	Other	studies	
showed	 increased	 GABA	 receptor	 density	 in	 deep	 GM,	
while	 the	 concentrations	of	GABA	and	glutamate	did	not	
differ	between	cognitively	impaired,	preserved	and	control	
groups	(Huiskamp	et	al.	2023).	Furthermore,	RRMS	patients	
exhibited	 reduced	 hippocampal	 glutathione	 (GSH)	 and	
glutamate	 (Glu)	 levels,	 significantly	 related	 to	worse	 ver-
bal	and	visuospatial	memory.	Hippocampal	Glu/GSH	ratio	
significantly	correlated	with	processing	speed,	thus	being	a	
potential	marker	for	CI	 in	RRMS	(Li	et	al.	2024). RRMS 
patients	demonstrated	significantly	reduced	GABA	and	Glu	
concentrations	and	aberrant	FC	involving	cognitive-related	
networks	 compared	with	HCs.	Decremented	 hippocampal	
GABA	 levels	mediated	 the	 association	 between	 inter-net-
work	FC	in	components	of	DMN	and	verbal	memory	defi-
cits.	These	findings	are	in	favor	of	the	essential	function	of	
GABAergic	system	abnormalities	in	reducing	network	con-
nectivities	related	to	CI	in	MS	(Zhang	et	al.	2024).

These	 and	 other	 findings	 suggest	 (neuro)immune	 and	
metabolic	mechanisms	linked	to	cognitive	disorders	in	MS.	
However,	 its	 pathogenesis	 remains	 partially	 unclear,	 even	
though	genetic,	immune-inflammatory	and	neuroendocrine	
factors	might	be	seen	to	play	an	essential	role	in	addition	to	
brain	structural	and	connectivity	alterations.

Biomarkers for CI in MS

Biomarkers	for	CI	in	MS	could	aid	in	both	diagnostic	and	
prognostic	evaluation	and	in	the	development	of	new	cogni-
tive	enhancing	treatments.	Promising	biomarkers	for	CI	in	
the	preclinical	stage	of	MS	are:	(1)	description	of	the	cog-
nitive	 profile	 in	 several	 subdomains	 applying	 the	 SDMT	
criteria	or	comparable	validated	test	(at	least	once	a	year);	
(2)	EEG	markers,	 e.g.,	 increased	alpha1-	and	delta-power	
and	 slowing	 of	 neuronal	 activity	 in	 parietotemporal	 cor-
tex;	 (3)	 prolonged	 visual	 evoked	 potential	 (VEP)	 (Covey	
et al. 2021);	 (4)	measurement	of	CSF	and/or	plasma	neu-
rofilament	 light-chain	 (NfL),	GFAP	and	Aβ-42	 levels;	 (5)	
assessment	 of	 serum	 glial	 cell	 line-derived	 neurotrophic	
factor	(GDNF),	(6)	assessment	of	levels	of	CD8+,	TNF-α,	
IL-6,	Treg,	IFN-γ,	and	other	inflammatory-related	markers,	
and	BACE1	or	BC200	levels	in	CSF	or	plasma;	(7)	blood	
concentrations	 of	 metallic	 nanoparticles	 (iron	 and	 zinc);	
(8)	plasma	levels	of	sirtuin	1	and	3	(metabolism	modifying	

battery,	 despite	 a	 general	 loss	 in	 structural	 connectivity	
in	 RRMS	 showed	 preserved	 hub	 connectivity	 over	 time	
in	 DMN.	 These	 results	 indicated	 that	 cognitive	 stability	
despite	 ongoing	neurodegeneration	might	 indicate	 a	 resil-
ience	mechanism	of	DMN	mimicking	a	physiological	reor-
ganization	 observed	 in	 healthy	 aging	 (Has	 Silemek	 et	 al.	
2023).

A	recent	systematic	review	of	studies	which	investigated	
CR	for	MS	indicated	that	accounting	for	MS	symptoms	may	
impact	 findings	 concerning	 the	 protective	 nature	 of	 CR.	
Therefore,	establishing	greater	consistency	and	rigor	across	
CR	research	in	MS	will	be	crucial	to	achieve	a	more	accu-
rate	understanding	of	CR	in	MS	(Stein	et	al.	2023).

In	conclusion,	CR	is	suggested	to	play	a	role	in	the	pre-
sentation	of	CI,	but	it	is	not	protective	against	general	cog-
nitive	decline,	 although	 there	 is	 evidence	 that	 it	protected	
several	 cognitive	 domains	 from	 further	 decline.	 CR	 has	
been	documented	by	changes	in	some	specific	connectivi-
ties,	but	more	exact	studies	concerning	the	protective	nature	
of	CR	are	warranted.

Pathogenic mechanisms

Many	 pathogenic	 mechanisms	 including	 chronic	 oxida-
tive	 and	 nitrosative	 stress,	 neuroinflammation,	 peripheral	
inflammation,	neuroendocrine	and	mitochondrial	dysfunc-
tion,	immune	cell	activation	that	involve	novel	pathways	of	
programmed	 cell	 death,	 and	 neurodegenerative	 processes,	
leading	 to	 demyelination,	 axonal	 damage	 and	 both	 struc-
tural	 and	 connectivity	 brain	 alterations	 have	 been	 consid-
ered	 to	contribute	 to	 the	comorbidity	between	MS	and	CI	
(Maiese 2023).	 Neuroinflammation	 is	 an	 important	 fac-
tor	 contributing	 to	CI	 in	MS	 patients	 (Bruno	 et	 al.	 2023; 
de	Araújo	 Boleti	 et	 al.	 2020).	 The	 presence	 of	 activated	
T-	and	B-cells	and	the	subsequent	bidirectional	interaction	
leading	 to	 activated	 microglia	 is	 considered	 to	 be	 essen-
tial	 for	MS-specific	 pathology.	 The	 presence	 of	 activated	
microglia	is	important	for	the	interplay	between	MS-related	
cognitive	 structures	 and	 neuroinflammation	 (Barros	 and	
Fernandes	2021).	Upregulation	of	miRNAs	also	appears	to	
be	involved	in	microglial	toxicity	and	T-cell	pathology.	The	
pro-inflammatory	activity	of	effector	cytokines	of	the	NLR	
family	pyrin	domain	containing	3	(NLRP3)	inflammasome	
supports	 the	 hypothesis	 that	 it	 is	 actively	 involved	 in	 the	
development	of	inflammatory	and	autoimmune	mechanisms	
(Maciak et al. 2023).

Molecular	mechanisms	related	to	the	gut-brain	axis	that	
mediate	dysbiosis,	intestinal	barrier	dysfunction	and	disrup-
tion	of	the	blood-brain	barrier	integrity,	neuroinflammation,	
suggested	that	the	gut	microbiota	is	part	of	the	pathogenesis	
of	MS-related	CI	(Ghadiri	et	al.	2022; Thirion et al. 2023).
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clinical	utility	of	cross-modal	biomarkers	(Brummer	et	al.	
2022;	Williams	et	al.	2022).

Other	biomarkers	correlated	with	CI	in	RRMS	and	SPMS	
are	increased	plasma	levels	of	sirtuins	1	and	3,	as	metabolic	
and	epigenetic	modifying	factors	 indicating	mitochondrial	
dysfunction,	correlated	with	disability	and	CI	(Foolad	et	al.	
2023).	Recent	studies	showed	that	the	blood	concentration	
of	metallic	 nanoparticles,	 particularly	 iron	 (and	 zinc)	 is	 a	
promising	biomarker	for	monitoring	CI	in	MS	(de	Oliveira	
et al. 2023).	Furthermore,	CSF	mediators	related	to	B-	and	
T-cell	 immunity	 and	 chemotaxis	 differentiate	 cognitively	
normal	and	MCI	from	those	with	severe	CI.	CXCL13	was	
the	only	molecule	 that	differentiated	 severe	CI	 from	MCI	
(Pitteri et al. 2022).	Other	studies	indicated	that	axonal	dam-
age	 biomarkers	 (NfL),	 and	 in	 particular	 tau	 protein	 seem	
to	reflect	CI	in	early	stages	of	MS,	although	CSF	tau	was	
a	week	 predictor	 of	 slowed	 information	 processing	 speed	
(IPS)	and	CI	(Virgilio	et	al.	2022).

CSF	levels	of	β-site	amyloid	precursor	protein	cleaving	
enzyme	1	(BACE1)	and	a	group	of	pro-and	anti-inflamma-
tory	molecules,	 including	 interleukin	 (IL-4,	 IL-17,	 IL-13,	
IL-9)	and	interferon-γ	have	a	role	 in	different	key	mecha-
nisms	such	as	oxidative	stress	and	inflammation,	influenc-
ing	 cognitive	 disorders	 and	 disability	 progression	 in	 MS	
(Bruno et al. 2023),	suggesting	that	the	two	long	non-coding	
RNAs,	BACE1	and	BC200,	have	a	significant	impact	on	the	
cognitive	function	in	MS	(Kamal	et	al.	2023).

Management of CI in MS

No	specific	treatment	seems	to	be	effective	in	CI	related	to	
MS,	but	given	its	devastating	effects,	appropriate	strategies	
to	ameliorate	cognitive	deficits	in	MS	may	reduce	the	nega-
tive	impact	of	the	disease	on	their	lives,	such	as	disability,	
loss	 of	 employment	 and	 poor	QoL	 (O’Brien	 et	 al.	 2008). 
The	impact	of	disease-modifying	therapies	(DMTs)	is	still	
a	matter	 of	 debate.	Theoretically,	 they	 could	 exert	 a	 ben-
eficial	effect	by	means	of	reducing	neuroinflammation	and	
neurodegeneration/brain	atrophy,	which	are	established	cor-
relates	of	cognitive	dysfunction,	but	a	recent	meta-analysis	
of	clinical	trials	pointed	out	the	difficulties	associated	with	
assessing	 of	 DMTs’	 effects	 on	 cognitive	 dysfunctions	 in	
MS (Kania et al. 2023).	Different	hight-efficacy	DMTs	of	
RRMS	have	varying	effects	on	disability	and	whole	brain	
volume	(Koudriavtseva	and	Mainero	2016),	but	the	associa-
tion	between	regional	brain	volume	and	treatment	efficacy	is	
currently	unclear.	A	2-year	cohort	study	in	Japanese	patients	
showed	 improvement	 of	 mid-term	 prognosis	 by	 reducing	
disease	activity	and	regional	brain	volume	loss	(Yokote	et	al.	
2022).	The	commonly	reported	rate	of	adverse	events	was	
generally	similar	among	DMTs,	although	natalizumab	and	
ocrelizumab	were	shown	to	be	the	safest	ones	(Sladowska	

factor);	(9)	MRI	findings	detecting	local	brain	atrophy	using	
VBM	and	other	technologies,	WMH	burden	and	functional	
brain	 network	 changes;	 (10)	 combined	MRI	 imaging	 and	
EEG	examination	detecting	widespread	structural	and	EEG	
abnormalities;	(11)	combination	of	serum	NfL,	MRI	lesion	
volume	and	GM	volume	(88.7–90.8%	accuracy)	(Brummer	
et al. 2022);	(12)	detection	of	olfactory	deficits	and	micro-
structural	 changes	 in	 the	 anterior	 olfactory	 structure;	 (13)	
detection	of	retinal	thinning	and	quantifying	the	peripapil-
lary	 retinal	 nerve	fibers	 by	 optical	 coherence	 tomography	
(OCT),	a	sensitive	method	for	quantifying	retinal	neurons	
and	 axonal	 structures	 (Alba-Arbalat	 et	 al.	 2023;	 Dreyer-
Alster et al. 2022).	The	use	of	a	multimodal	marker,	e.g.,	
the	combination	of	GM	volume	and	serum	NfL,	could	be	
valuable	as	indicator	for	cognitive	changes	in	early	stages	of	
MS	or	prognostic	indicators	at	follow-up	as	well	as	predic-
tors	for	treatment	results.	However,	fluid	and	imaging	(bio)
markers	 reflect	different	aspects	of	neurodegeneration	and	
cannot	 be	 used	 interchangeable	 as	 markers	 for	 cognitive	
functioning	in	MS	(van	Dam	et	al.	2023).	Central	vestibular	
dysfunctions	also	correlate	with	 cognitive	dysfunctions	 in	
MS (Cochrane et al. 2021).

Fluid biomarkers

Serum	and	CSF	biomarkers	predict	early	cognitive	decline.	
Adjusted	NfL	 scores	 at	 baseline	 and	 3	months,	CSF	NfL	
baseline	 values	 and	 CSF	Aβ-42,	 combined	 with	 a	 clini-
cal	 score	 (BREMSO)	 can	 acutely	 predict	 early	 cognitive	
decline	 in	RRMS	patients	at	 the	 time	of	diagnosis	 (Tiu	et	
al. 2022).	CSF	NfL	 is	higher	 in	MS	patients	with	CI	 and	
impaired	 information	processing	speed	and	verbal	fluency	
(Gaetani et al. 2019).	High	levels	of	serum	NfL	but	not	glial	
fibrillary	acidic	protein	(GFAP)	are	associated	with	CI	and	
predict	 cognitive	 decline	 in	 MS	 patients	 at	 high	 risk	 for	
developing	an	underlying	progressive	pathology	 (Barro	et	
al. 2023).	Another	study	confirmed	that	NfL	levels	in	serum	
and	third	ventricle	width	are	associated	with	an	impairment	
of	cognitive	function	(Oset	et	al.	2023).	Others	stated	that	
NfL,	chitinases	and	vitamin	D	in	serum	and	CSF	are	promis-
ing	biomarkers	to	monitor	cognitive	decline	(Rademacher	et	
al. 2023).	In	a	real-world	setting	of	early	RRMS,	kappa	free	
light	chain	(KFLC)	predicted	cognitive	decline	(Rosenstein	
et al. 2023).	Brain-derived	neurotrophic	factor	(BDNF)	and	
NfL	levels	measured	at	the	time	of	diagnosis	are	inversely	
correlated	 with	 cognitive	 performance	 in	MS,	 suggesting	
that	CSF	biomarkers	linked	to	different	pathophysiological	
processes	reflect	neuropsychological	impairment	in	the	ear-
liest	stages	of	the	disease.	Combining	different	CSF	markers	
can	facilitate	recognition	of	cognition	in	MS	(Yalachkov	et	
al. 2022),	and	combining	blood	NfL	and	imaging	measure	
improved	 the	 accuracy	 of	 predicting	 CI,	 highlighting	 the	
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et al. 2022).	 Internet-delivered	 lifestyle	 physical	 activity	
intervention	 provided	 evidence	 for	 improving	 cognitive	
processing	 speed	 and	 mitigating	 its	 negative	 impact	 on	
other	outcomes	(Motl	et	al.	2024).

Pharmacological therapy

Recent	data	on	the	latest	advances	in	pharmacological	man-
agement	 of	 CI	 in	 MS,	 including	 DMTs	 which	 indirectly	
may	or	may	not	influence	it,	are	encouraging	and	inspiring	
for	future	studies.	Overall,	there	is	preliminary	evidence	of	
a	 beneficial	 effect	 of	DMTs	 on	 cognition,	 particularly	 for	
high-efficacy	 DMTs.	 For	 symptomatic	 treatment,	 dalfam-
pridine	 appears	 to	 be	 the	 only	 drug	with	 robust	 evidence	
of	a	positive	effect	on	cognition,	but	further	studies	should	
investigate	the	possible	positive	effects	of	multimodal	inter-
ventions	on	cognition	(Bellinvia	et	al.	2023).	A	metaanaly-
sis	of	41	studies	in	more	than	7,000	MS	patients	revealed	
a	small	to	moderately	positive	effect	on	cognitive	test	per-
formance	of	DMTs	in	general,	but	no	statistical	differences	
between	 any	 single	DMT	and	β-interferon	 (Landmeyer	 et	
al. 2020),	although	another	study	showed	that	early	admin-
istration	of	high-efficacy	DMTs	 is	 associated	with	greater	
cognitive	 improvements	 than	 delayed	 commencement	
(Labiano-Fontcuberta	et	al.	2022).

A	 prospective	 4-year,	 multicenter	 observational,	 open-
label,	single-arm	study	of	natalizumab	treatment	in	patients	
with	 early	RRMS	 showed	 improvement	 in	 cognitive	 pro-
cessing	 speed,	 disability	 and	 patient-reported	 outcome	
(Perumal	et	al.	2023).	Extended	interval	dosing	natalizumab	
showed	 improvement	 of	 CI	 in	 RRMS,	 but	 a	 prospective	
observational	 study	 is	 warranted	 (McManus	 et	 al.	 2022). 
For	 patients	 with	 SPMS,	 rituximab,	 a	 genetically	 engi-
neered	chimeric	mouse/human	monoclonal	antibody	repre-
senting	a	glycosylated	 immunoglobulin	with	human	 IgG1	
content	 regions,	 showed	 a	 significant	 effect	 on	 a	 number	
of	subgroups	of	minimal	assessment	of	cognitive	function	
in	multiple	 sclerosis	 (MACFIMS)	 test	 (Salehizadeh	 et	 al.	
2022).	A	meta-analysis	of	the	frequently	reported	drugs	for	
MS-induced	CI,	classified	into	five	main	groups	-	acetylcho-
line	esterase	inhibitors,	CNS	stimulants,	fampridine,	herbal	
remedies,	and	miscellaneous	-	did	not	affect	cognitive	func-
tion	 in	 any	 of	 the	 tasks	 (SDMT,	 PASAT,	 controlled	 oral	
word	 association	 test	 (COWAT),	 California	 verbal	 learn-
ing	 test	 (CVLT),	 etc.)	 (p >	0.05).	However,	 in	 a	 subgroup	
analysis,	significant	improvement	was	seen	after	treatment	
with	fampridine,	whereas	the	majority	of	currently	proposed	
therapeutic	agents	had	no	beneficial	effects	in	MS-induced	
CI (Motavalli et al. 2020).

Existing	literature	on	co-occurrence	of	cannabis	use	and	
MS	lacks	high	quality	evidence	to	recommend	for	or	against	
cannabis	and	cannabinoid	therapies	for	patients	with	MS	on	

et al. 2022).	Brain	volume	loss,	one	of	the	components	of	
disability	worsening,	has	been	reduced	by	several	forms	of	
DMT	and	was	associated	with	marked	impact	on	disability	
worsening	 (Chylinska	 et	 al.	 2023).	Brain	 volume	 atrophy	
after	 initiation	 of	 immunotherapy	 was	 comparable	 to	 the	
results	of	other	studies,	suggesting	that	it	is	associated	with	
disease	deterioration	in	MS	(Nold	et	al.	2023).

The	possibilities	for	treatment	and	management	of	CI	in	
MS	are	summarized	in	Table	2.

Prevention

It	has	been	suggested	that	cognitive	disease-induced	CI	can	
be	compensated	the	more	the	higher	CR	has	been	increased	
by	mental	activity	(Stein	et	al.	2023).	It	has	been	shown	that	
negative	effect	of	structural	brain	damage	and	brain	atrophy,	
a	well-established	MRI	marker	in	MS	clinical	trials,	could	
be	reduced	through	higher	CR	(Pinter	et	al.	2014;	Sumowski	
et al. 2009b).	Therefore,	it	is	important	to	motivate	people	
to	 remain	 at	 work,	 activate	 social	 contacts,	 change	 their	
lifestyle	physical	 activity	 (PA)	 for	 yielding	 improvements	
in	cognitive	processing,	 learning	and	memory	(Motl	et	al.	
2024).	PA	represents	a	promising	behavioral	approach	 for	
managing	cognitive	dysfunction	in	MS.	Higher	peak	30-min	
steps-based	metrics	was	associated	with	better	performance	
in	cognitive	processing	speed,	verbal	learning	and	memory,	
daily	 steps	 only	 with	 processing	 speed,	 highlighting	 the	
importance	of	PA	intensity	for	cognition	in	MS	(Zheng	et	al.	
2024).	Home-based	neurofunctional	exercise	 is	a	safe	and	
feasible	 approach	 for	 improving	 some	aspects	of	 ambula-
tion	in	persons	with	MS	and	CI	(Mardaniyan	Ghahfarrokhi	

Table 2	 Management	 options	 for	 cognitive	 impairment	 in	 multiple	
sclerosis
The	possibilities	for	treatment	and	management	of	CI	in	MS	
include:
•	Prevention	through	mental	and	physical	activities	(Pinter	et	al.	
2014; Stern 2002; Stern et al. 2005;	Sumowski	et	al.	2009a,	b).
•	Pharmacological	treatment	(Kalb	et	al.	2018;	Labiano-Fontcuberta	
et al. 2022;	Landmeyer	et	al.	2020).
•	Transcranial	current	stimulation	(Hiew	et	al.	2022; Hsu et al. 
2023;	Simani	et	al.	2022).
•	Cognition	promoting	strategies	(Charvet	et	al.	2017; Chiaraval-
loti	and	Deluca	2002; DeLuca et al. 2020; Genova et al. 2022; 
Pérez-Martín	et	al.	2017;	Sandroff	and	DeLuca	2020;	Sumowski	et	
al. 2010).
•	Cognitive	restitution	and	evidenced-based	rehabilitation	(Argento	
et al. 2023; Bonavita et al. 2015;	Campbell	et	al.	2016; DeLuca 
et al. 2020; Gich et al. 2015; Klein et al. 2019; Nauta et al. 2023; 
O’Brien	et	al.	2008; Pinkston et al. 2007;	Pusswald	et	al.	2014; 
Taylor et al. 2021).
•	Neurofeedback	training	(Pinter	et	al.	2021).
•	Mindfulness-based	interventions	(Simpson	et	al.	2017).
•	Physical	activity	and	training	(DeLuca	et	al.	2020; Feys et al. 
2019;	Kalb	et	al.	2020; Leavitt et al. 2014; Ozkul et al. 2020; San-
droff	et	al.	2017;	Zhang	et	al.	2024).
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activation	 and	 the	multiple-path	 involved	 in	memory	 and	
other	cognitive	processes	(Sherman	et	al.	2017).	Cognitive	
therapy	with	Cogmed	Working	Memory	Training	(CWMT)	
has	 improved	 attention/working	 memory	 in	 MS	 patients	
in	Canada	 (Blair	 et	 al.	 2021),	 as	has	 restorative	 cognitive	
training	in	Spain	(Esbrí	et	al.	2023),	while,	despite	the	high	
importance	of	cognitive	care,	 there	 is	 little	consistency	 in	
training/assessment	 of	 CI	 across	 services	 for	 people	with	
MS	 in	 Ireland	 (Hynes	et	al.	2022).	Specific	differences	 in	
the	management	of	CI	in	MS	among	local	health	care	sys-
tems	 (e.g.,	Europe	vs.	North	America)	 could	not	be	 iden-
tified	according	 to	 the	available	 sources.	Aerobic	exercise	
represents	 a	 cost-effective,	 widely	 available,	 natural	 and	
self-administered	treatment	with	no	adverse	side	effects	that	
may	be	effective	for	memory	impairment	in	MS	(Leavitt	et	
al. 2014).

Cognitive rehabilitation

Cognitive	 rehabilitation	 and	 exercise	 training	 have	 been	
identified	as	possible	candidates	for	treating	MS-related	CI	
(DeLuca et al. 2020).	A	Cochrane	database	review	demon-
strated	improvement	of	verbal	and	visual	memory,	informa-
tion	processing	speed	and	QoL	by	cognitive	rehabilitation	
(Taylor et al. 2021).	Home-based	integral	cognitive	rehabil-
itation	program	(ICRP)	aimed	at	potentiation	of	restorative	
and	 compensatory	 mechanisms,	 can	 improve	 cognitive	
function	and	prevent	the	deterioration	of	cognitive	deficits	
by	limiting	the	progression	of	cognitive	dysfunction	in	MS	
(Sharbafshaaer	et	al.	2022).	Rehabilitation	programs	of	the	
National	Health	System	increased	either	cognitive	or	motor	
performance	or	both	performances.	Persons	with	MS	seem	
to	benefit	from	a	combined	approach	more	than	from	cog-
nitive	or	motor	 rehabilitation	alone	 (Argento	et	 al.	 2023). 
Cognition	 rehabilitation	 therapy	 offers	 cognitive	 function	
and	 memory	 benefits,	 for	 which	 a	 multidisciplinary	 care	
team	and	regular	reassessment	are	recommended	to	manage	
changing	 symptoms	and	ensure	 continuity	of	 care	 (Iodice	
et al. 2023).	 Both	 cognitive	 rehabilitation	 therapy	 (RT)	
and	mindfulness-based	 cognitive	 therapy	 (MBCT)	 allevi-
ated	cognitive	complaints	in	MS	patients	immediately	after	
treatment	completion,	but	 these	benefits	do	not	persist.	 In	
the	 long	 term,	 RT	 showed	 benefits	 on	 personal	 cognitive	
goals	and	MBCT	on	processing	speed,	indicating	a	specific	
contribution	of	available	cognitive	treatments	(Nauta	et	al.	
2023).	 Patients	 who	 most	 likely	 benefit	 from	 restorative	
cognitive	rehabilitation	may	exhibit	impairment	within	the	
domain	of	interest	as	well	as	having	lower	cognitive	burden	
overall	(Ziccardi	et	al.	2024).	The	availability	of	advanced	
home-based	 cognitive	 rehabilitation	 mechanisms	 is	 fun-
damental	 for	 supporting	 standardized	cognitive	 rehabilita-
tion	protocols.	A	computerized	MS-specific	CR	system	has	

cognitive	effects.	Existing	data	suggest	that	cognition	may	
be	differently	 impacted	depending	on	 the	 type	of	product,	
the	 duration	 of	 use,	 and	 the	 indication	 (Landrigan	 et	 al.	
2022).

Transcranial current stimulation

Over	the	last	two	decades,	non-invasive	brain	stimulation,	
especially	 transcranial	 direct	 current	 stimulation	 (tDCS)	
has	 increasingly	been	used	 to	modulate	brain	 functions	 in	
various	 pathological	 conditions.	 Since	 the	 efficacy	 in	MS	
patients	remained	questionable	with	the	results	of	existing	
studies	being	conflicting,	 a	meta-analysis	 showed	promis-
ing	benefits	in	ameliorating	fatigue	and	cognitive	symptoms	
in	patients	where	other	 treatment	 results	 remained	 limited	
(Hiew et al. 2022).	A	 few	studies	examined	 the	effects	of	
anodal	tDCS	along	with	cognitive	training	on	cognitive	per-
formance	 in	MS	patients.	A	 study	 comparing	 tDCS	alone	
and	paired	with	or	without	cognitive	training	as	compared	
to	sham	appeared	to	be	promising.	Although	the	cognitive	
training	group	 experienced	 an	 immediate	 improvement	 in	
attention	and	inhibitory	control,	the	difference	however	was	
not	significant	at	follow-up	(Simani	et	al.	2022).	A	random-
ized	 controlled	 trial	 showed	 that	 transcranial	 alternating	
current	stimulation	(tACS)	is	a	well-tolerated,	non-pharma-
cological	intervention,	with	a	single	session	showing	mar-
ginally	significant	improvement	of	SDMT	score,	while	the	
effects	of	repeated	tACS	on	cognitive	function	merit	further	
research (Hsu et al. 2023).

Cognition enhancing strategies

Since	improvement	of	cognition	is	important	for	many	per-
sons	with	MS	(Langdon	2011),	strategies	are	accepted	only	
when	improvement	can	be	proved.	Cognitive	training	in	MS	
may	stimulate	preexisting	neural	reserves	or	recruit	neural	
activity	 as	 “compensatory	 scaffolding”,	 prompting	 neu-
roplastic	 reorganization	 to	meet	 everyday	 demands.	 Such	
strategies	may	include	playing	an	instrument,	reading	music	
training	and	other	cognitive	interventions.	An	updated	eval-
uation	 regarding	 the	 efficacy	of	 cognitive	 interventions	 in	
MCI	 is	 needed	given	 improvements	 in	 adherence	 to	MCI	
diagnostic	criteria	in	subject	selection,	better	defined	inter-
ventions,	 as	 well	 as	 identification	 of	 moderator	 variables	
which	may	influence	treatment.	A	meta-analytic	review	on	
the	 efficacy	 of	 cognitive	 interventions	 in	 individuals	with	
MCI	versus	randomized	controls	showed	that	interventions	
with	memory	and	multi-domain	forms	of	content	appear	to	
be	 particularly	 helpful;	 they	may	 facilitate	 partial	 activa-
tion	of	compensatory	 scaffolding	and	neuroplastic	 reorga-
nization.	The	positive	benefit	of	 these	 strategies	may	also	
reflect	transfer	effects	indicative	of	compensatory	network	
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feature	affecting	the	patients’	QoL.	Major	risk	factors	of	CI	
are	 genetic	 and	 premorbid	 burden,	 lifestyle	 and	 co-mor-
bidities.	Involving	different	cognitive	domains,	CI	is	often	
associated	with	depression	and	other	neurosychiatric	symp-
toms,	 but	 usually	 not	 correlated	with	 sensorimotor	 symp-
toms,	suggesting	different	pathogenesis.	The	phenotypes	of	
MS	show	different	prevalence	and	severity	of	CI	that	show	
higher	frequency	and	severity	in	PPMS	compared	to	RRMS.	
While	 specific	neuropathological	findings	 related	 to	CI	 in	
MS	are	missing,	neuroimaging	studies	have	shown	general	
brain	 atrophy	 with	 predominant	 affection	 of	 (pre)fronto-
temporal	cortices,	 corpus	callosum	and	 limbic	areas,	with	
microstructural	changes	of	NAWM	and	extensive	damage	
to	specific	WM	areas.	These	and	other	GM	and	WM	lesions	
are	 associated	with	 cortico-subcortical	 (fronto-striatal	 and	
thalamo-cortical)	disconnections	and	disruption	of	essential	
neuromodulatory	networks	(DMN,	salience,	FPN,	and	oth-
ers),	all	of	which	are	involved	in	the	pathogenesis	of	CI	and	
related	symptoms.	Cognitive	reserve	is	suggested	to	play	a	
modifying	role	in	the	presentation	of	CI,	protecting	several	
cognitive	domains	from	further	decline	without	definite	pro-
hibition	of	general	cognitive	decline,

The	pathogenesis	of	CI	in	MS	is	related	to	shared	mecha-
nisms	 including	 oxidative	 and	 nitrosative	 stress,	 neuro-
inflammation,	 peripheral	 immune	 processes,	 micro-RNA	
lesions,	 neuroendocrine	 dysfunctions	 (HPA	 and	 GABA	
system),	 and	 other	 mechanisms,	 such	 as	 disorders	 of	 the	
gut-brain	dysbiosis,	that	may	occur	prior	to	development	of	
structural	brain	lesions.

Biomarkers	for	CI	in	MS	are	neuropsychological	valida-
tion,	plasma	and	CSF	NfL,	GDNF	and	GFAP,	inflammatory	
markers,	neuroimaging	and	EEG	abnormalities,	with	focus	
on	multimodal	markers	as	indicators	for	CI	already	in	early	
stages	of	MS.

Since	CI	 and	 other	 neuropsychiatric	 symptoms	 includ-
ing	depression	show	an	excessive	variability	between	MS	
patients,	 they	 are	 still	 under-assessed	 and	 under-treated,	
although	 there	 are	multiple	 possibilities	 for	 effective	 pre-
vention	and	management	of	CI	(and	other	neuropsychiatric	
symptoms).	In	addition	to	DMT	of	MS,	they	include	phar-
macotherapy	 with	 natalizumab	 or	 rituximab,	 transcranial	
current	 stimulation,	 cognitive	enhancing	 strategies,	 cogni-
tive	rehabilitation,	mindfulness-based	interventions,	neuro-
feedback	training	and	physical	activity	as	well	as	changes	in	
lifestyle.	Although	some	of	these	treatment	modalities	await	
validation	and	statistical	confirmation,	for	every	single	MS	
patient,	an	individual	combination	of	these	and	other	treat-
ment	modalities	is	recommended	in	order	to	improve	their	
quality	of	life.

Supplementary Information The online version contains 
supplementary	 material	 available	 at	 https://doi.org/10.1007/s00702-
024-02786-y.

given	promising	results	in	cognitive	rehabilitation	(Gaspari	
et al. 2023).	A	combined	cognitive	rehabilitation	plus	aero-
bic	exercise,	however,	did	not	seem	to	improve	processing	
speed	 in	 people	with	 progressive	MS,	 although	 the	 sham	
interventions were not inactive (Feinstein et al. 2023).	Cog-
nitive	rehabilitation	increases	the	knowledge	of	the	disease,	
confidence	 and	 strength	 in	 everyday	 life,	 which	 leads	 to	
emotional	and	social	 improvement	and	positive	effects	on	
QoL (Klein et al. 2019).

Neuroimaging of effects of treatment strategies

Treatment	effect	on	cognition	was	strongly	associated	with	
effects	on	brain	atrophy	but	not	with	effects	on	active	MRI	
lesions	(Sormani	et	al.	2023).	A	study	comparing	feedback-
based	 learning	ability	 in	MS	with	cortico-striatal	 function	
and	 connectivity	 showed	 recruitment	 of	 cortico-striatal	
regions	and	displayed	stronger	FC	between	the	ventral	stria-
tum	and	task-relevant	regions	(left	angular	and	right	supe-
rior	 temporal	gyrus),	 indicating	 that	people	with	MS	may	
recruit	 alternative	 connections	 with	 the	 striatum	 (Cagna	
et al. 2023).	 Neurofeedback	 training	was	 associated	with	
increased	FA	and	FC	within	the	sensorimotor	and	salience	
networks (Pinter et al. 2021),	and	computer-aided	cognitive	
rehabilitation	with	increased	FC	in	posterior	cingulate	and	
inferior parietal cortex of the DMN (Bonavita et al. 2015). 
Brain	network	function	predicted	connectivity	goal	achieve-
ment	after	MBCT	and	CRT,	and	processing	speed	improve-
ments	 after	 these	 methods.	 Aerobic	 exercise	 resulted	 in	
16.5%	increase	in	hippocampal	volume	and	53.7%	increase	
in	memory,	as	well	as	increased	hippocampal	resting-state	
FC.	 Improvements	 were	 specific,	 with	 no	 comparable	
changes	 in	 overall	 cerebral	GM	or	 non-hippocampal	 sub-
cortical	GM	structures	(thalamus,	caudate	nucleus)	(Leavitt	
et al. 2014).	 Lower	WM	 tract	 disruption	 in	 a	 network	 of	
region-pairs	centered	on	precuneus	and	posterior	cingulate	
(DNM	 regions)	 predicted	 greater	 response	 to	 restorative	
cognitive	rehabilitation	from	the	interaction	between	struc-
tural	network	disruption	and	FC	in	the	DMN	(Fuchs	et	al.	
2020).	Persons	with	MS	with	neuronal	slowing	and	hyper-
connectivity	were	most	prone	to	show	treatment	response,	
making	 network	 function	 a	 promising	 tool	 for	 personal	
treatment	recommendations	(Nauta	et	al.	2024).

Conclusions and outlook

MS,	 an	 autoimmune-mediated	 disease,	 causing	 central	
nervous	 system	 demyelination	 and	 neurodegeneration,	
is	 commonly	 associated	 with	 cognitive	 deterioration,	 the	
prevalence	of	which	 is	highly	variable.	Manifesting	early,	
with	insidious	onset,	it	develops	progressively	as	a	disabling	
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