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GENERAL	INTRODUCTION	

	

The	Alzheimer’s	disease	continuum	

Alzheimer's	disease	(AD)	is	a	progressive	neurodegenerative	disorder	and	

the	most	 common	 cause	 of	 dementia.	 Traditionally,	 an	 AD	 diagnosis	 has	

been	 based	 on	 the	 patient’s	 clinical	 presentation,	 namely	 a	 progressive	

impairment	 of	 multiple	 cognitive	 domains	 that	 interferes	 with	 daily	 life	

activities	(McKhann	et	al.	1984).	A	definitive	biological	diagnosis	of	AD	could	

only	 be	 established	 by	 autopsy.	 Post-mortem	 studies,	 however,	 revealed	

that	 about	 one-third	 of	 clinical	 AD	 dementia	 cases	 did	 not	 exhibit	 the	

neuropathological	changes	associated	with	AD	(Nelson	et	al.	2012;	Elobeid	

et	al.	2016).		

Over	the	past	two	decades,	the	development	of	biomarkers	that	can	

detect	AD	pathology	 in	 living	 individuals	has	 transformed	 the	 field	of	AD	

research.	 The	 key	 pathological	 features	 of	 AD,	 namely	 amyloid-β	 (Aβ)	

plaques	 and	 tau	 neurofibrillary	 tangles,	 can	 be	 measured	 in	 vivo	 using	

positron	emission	tomography	(PET),	as	well	as	in	the	cerebrospinal	fluid	

(CSF),	and	accurate	blood-based	assays	are	on	the	horizon	(Hansson	2021).	

Furthermore,	 structural	 magnetic	 resonance	 imaging	 (MRI)	 can	 provide	

estimates	 of	 regional	 neurodegeneration	 and	 patterns	 of	 brain	 atrophy.	

Consequently,	 it	 has	 become	 apparent	 that	 AD	 pathology	 begins	 to	

accumulate	 approximately	 20	 years	 prior	 to	 the	 onset	 of	 symptoms	 of	

dementia.	

The	 amyloid	 cascade	 hypothesis	 proposes	 that	 aggregation	 of	 Aβ	

plays	an	initiating	role	in	the	onset	of	the	disease	by	initiating	a	cascade	of	

events	 leading	 to	 synaptic	 dysfunction,	 the	 formation	 of	 neurofibrillary	

tangles,	 inflammation,	neuronal	 loss,	 cognitive	dysfunction,	 and	dementia	

(Jack	et	al.	2013;	Selkoe	and	Hardy	2016;	Busche	and	Hyman	2020).	As	a	
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result,	 AD	 has	 been	 conceptualized	 as	 a	 biological	 construct	 along	 a	

continuum	 of	 preclinical,	 prodromal	 and	 dementia	 stages	 rather	 than	 a	

clinical	 symptomology.	 Therefore,	 AD	 can	 now	 be	 defined	 by	 markers	

indicating	the	underlying	pathology,	regardless	of	the	clinical	presentation.	

These	insights	have	led	to	the	publication	of	the	'ATN'	research	framework	

that	 binarizes	 three	 classes	 of	 AD	 biomarkers	 (i.e.	 A	 =	 Amyloid,	 T	 =	

hyperphosphorylated	Tau,	N	=	Neurodegeneration).	A+T+	pathology	can	be	

used	to	define	AD,	while	N	biomarkers	are	not	specific	to	AD	but	can	be	used	

for	disease	severity	staging	(Jack	et	al.	2018).		

	

Imaging	correlates	of	neurodegeneration	

Synaptic	loss	and	neuronal	cell	death	are	characteristic	neurodegenerative	

features	of	AD	that	are	closely	related	to	cognitive	decline.	The	grey	matter	

of	the	brain	is	made	up	of	neuronal	cells	and	their	connections,	and	loss	of	

grey	matter	can	be	detected	in	vivo	using	structural	MRI.	Several	biomarkers	

for	grey	matter	integrity	have	been	associated	with	cognitive	impairments	

and	can	be	used	to	accurately	predict	future	deterioration	in	early	disease	

stages	(Dickerson	and	Wolk	2012;	Tondelli	et	al.	2012;	Mormino	et	al.	2014;	

Pettigrew	et	al.	2016;	ten	Kate	et	al.	2017;	Bilgel	et	al.	2018).	However,	to	

date	the	mechanism	of	cognitive	decline	in	AD	cannot	fully	be	explained	by	

grey	 matter	 integrity.	 In	 addition,	 it	 remains	 unclear	 how	

neurodegeneration	is	associated	with	AD	pathology	across	different	disease	

stages.	

In	 this	 thesis	we	 investigated	 the	 structural	brain	changes	of	 four	

neurodegeneration	 measures	 that	 occur	 during	 the	 progression	 of	

Alzheimer’s	 disease:	 hippocampal	 volume,	 cortical	 thickness,	 grey	matter	

networks,	and	cortical	myelin.	Furthermore,	we	studied	their	relationship	

with	AD	pathology	markers	and	clinical	progression.			
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Hippocampal	volume	and	cortical	thickness	

Neuronal	 loss	 in	 predominantly	 medial	 temporal	 regions,	 including	 the	

hippocampus,	entorhinal	cortex	and	surrounding	parahippocampal	cortex,	

is	a	consistent	finding	in	AD	patients	and	a	predictor	of	decline	in	memory	

functioning	 (den	 Heijer	 et	 al.	 2010;	 Verfaillie	 et	 al.	 2016).	 As	 a	 result,	

macrostructural	brain	changes	of	atrophy	and	cortical	thinning	can	typically	

be	observed	on	MRI,	which	are	widely	used	as	diagnostic	indicators	of	AD	

(Frisoni	et	 al.	2010;	McKhann	et	al.	2011).	Aside	 from	visual	assessment,	

automated	quantitative	software	can	be	used	to	calculate	structural	changes	

in	 the	 brain	 indicative	 of	 neuronal	 loss	 and/or	 a	 decrease	 in	 neuronal	

complexity	(Bobinski	et	al.	1999).		

Even	though	hippocampal	volume	loss	and	regional	cortical	thinning	

are	typical	in	individuals	with	Aβ	aggregation,	it	is	not	specific	to	AD	since	

there	are	multiple	other	pathologies	 that	 can	cause	hippocampal	atrophy	

and	cognitive	 impairments,	 including	TDP-43,	hippocampal	 sclerosis,	 and	

vascular	damage	(Wirth	et	al.	2013;	Josephs	et	al.	2017;	Flores	et	al.	2020;	

Yu	et	al.	2020).	There	is	a	significant	increase	in	the	prevalence	of	atrophy,	

Aβ-	 and	 non-Aβ	 pathologies	 with	 advancing	 age,	 with	 one	 or	 more	

pathologies	evident	in	many	individuals	over	the	age	of	60	and	in	nearly	all	

individuals	over	the	age	of	80	(Fjell	et	al.	2014;	Ossenkoppele	et	al.	2015;	

White	 et	 al.	 2016;	 Spina	 et	 al.	 2021).	 Therefore	with	 increasing	 age,	 the	

association	 between	 pathological	 changes	 and	 cognitive	 decline	 becomes	

more	complex.	Additionally,	there	are	many	different	approaches	that	are	

used	 to	 measure	 neurodegenerative	 changes	 and	 to	 define	 biomarker	

abnormalities	 (Mattsson-Carlgren	et	al.	2020).	However,	 it	 is	 still	unclear	

how	 these	 different	 measures	 are	 related	 and	 how	 they	 influence	 the	

prediction	of	clinical	progression.	
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Grey	matter	networks	

Normal	 cognitive	 functioning	 requires	 efficient	 information	 transfer	

between	neuronal	populations	(Palop	and	Mucke	2016),	and	disruptions	in	

brain	networks	have	shown	to	contribute	to	cognitive	dysfunction	in	many	

neurological	disorders,	including	AD	(Yu	et	al.	2021).	The	accumulation	of	

Aβ	plaques	and	neurofibrillary	 tangles	 can	disrupt	neuronal	 connectivity,	

resulting	 in	 a	 loss	 of	 neuronal	 network	 integrity.	 Therefore,	 AD	 can	 be	

regarded	as	a	disconnection	syndrome	(Selkoe	2002;	Delbeuck	et	al.	2003;	

Edwards	2019).		

Brain	networks	can	be	constructed	through	multiple	neuroimaging	

techniques	 (e.g.,	 sMRI,	 DTI,	 fMRI).	 The	 focus	 of	 this	 thesis	 is	 only	 on	

structural	 MRI	 networks	 whose	 nodes	 and	 edges	 (i.e.	 connections)	 are	

defined	by	structural	covariance	correlations	of	morphological	information	

such	as	cortical	thickness	and/or	volume.	The	organisation	of	connections	

in	 such	 grey	 matter	 networks	 can	 be	 quantified	 using	 graph	 theoretical	

metrics	 such	 as	 path	 length,	 clustering	 coefficient,	 and	 the	 small-world	

coefficient.	These	measures	are	indicative	of	how	efficiently	information	is	

processed	 in	 a	 network.	 As	 compared	 to	 healthy	 individuals,	 AD	 brain	

networks	 show	 a	 loss	 of	 small	 world	 organisation,	 indicative	 of	 a	 more	

random	 network	 topology	 (Pievani	 et	 al.	 2014;	 Stam	 2014).	 The	 loss	 of	

integrity	of	grey	matter	networks	has	been	associated	with	biomarkers	of	

Aβ	pathology	 in	previous	studies	 (Tijms	et	al.	2016;	 ten	Kate	et	al.	2018;	

Voevodskaya	et	al.	2018).	This	suggests	that	changes	in	grey	matter	network	

topology	 occur	 in	 the	 presence	 of	 amyloid	 already	 in	 individuals	 with	

normal	 cognition.	 How	 tau	 pathology	may	 contribute	 to	 the	 grey	matter	

network	alterations	in	AD	is	yet	unclear.	As	elevated	tau	burden	is	thought	

to	be	more	closely	related	to	synaptic	function	and	atrophy,	than	Aβ	plaques	



General	introduction	

	 13	

(la	Joie	et	al.	2020;	Coomans	et	al.	2021;	Iaccarino	et	al.	2021),	tau	pathology	

may	contribute	to	impaired	network	organisation	in	AD.		

Furthermore,	 growing	 evidence	 suggests	 that	 disruptions	 in	 grey	

matter	networks	may	be	a	 sensitive	early	marker	of	disease	progression,	

and	 have	 been	 associated	 with	 clinical	 progression	 to	 mild	 cognitive	

impairment	or	dementia	and	an	increased	risk	of	cognitive	decline	in	pre-

dementia	patients	(Pereira	et	al.	2016;	Dicks	et	al.	2018;	Tijms	et	al.	2018;	

Verfaillie	et	al.	2018).	As	a	consequence,	grey	matter	network	graph	theory	

measures	 may	 serve	 as	 an	 early	 prognostic	 biomarker	 for	 subsequent	

disease	progression.	However,	 to	 identify	 individuals	at	 risk	 for	cognitive	

decline	 in	 the	 future,	 findings	 at	 the	 group	 level	 must	 be	 translated	 to	

subject-level	applications.	

	

Cortical	myelin	

Grey	 matter	 is	 composed	 predominantly	 of	 neuronal	 cell	 bodies	 and	

dendrites,	but	also	 includes	myelinated	axons.	This	 insulating	sheath	 that	

surrounds	neuronal	axons,	is	vulnerable	to	AD	pathology	and	deteriorates	

with	neuronal	and	axonal	degeneration	(Bartzokis	2011;	Dean	et	al.	2017).	

Myelin	 integrity	 is	 considered	 essential	 for	 efficient	 neuronal	

communication	 by	 fine-tuning	 conduction	 speed	 and	 synchronization,	

thereby	affecting	brain	connectivity	(Nave	and	Werner	2014;	Timmler	and	

Simons	2019).		

According	to	Glasser	and	van	Essen	(2011),	the	ratio	of	T1-weighted	

and	T2-weighted	images	can	be	used	as	a	proxy	measure	of	myelin	content	

in	grey	matter.	The	contrast	in	T1-w	and	T2-w	images	is	to	a	large	extent	

driven	by	myelin,	 and	by	 calculating	 the	 ratio	 between	 these	 images,	 the	

shared	field	inhomogeneities	in	the	images	are	reduced	and	the	contrast	for	

myelin	 content	 is	 enhanced.	 Ongoing	 research	 has	 shown	 close	 spatial	
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correspondence	 of	 the	T1w/T2w	 ratio	with	 cyto-	 and	myeloarchitecture,	

regional	gene	expression,	synaptic	density,	and	other	connectivity	measures	

such	as	DTI	(Ganzetti	et	al.	2015;	Shafee	et	al.	2015;	Huntenburg	et	al.	2017;	

Nieuwenhuys	and	Broere	2017;	Burt	et	al.	2018;	Ritchie	et	al.	2018;	Fulcher	

et	 al.	2019).	More	advanced	sequences	 such	as	 the	myelin	water	 fraction	

(MWF)	 or	 quantitative	 magnetization	 transfer	 (qMT)	 can	 be	 considered	

more	direct	measures	of	myelin	(Heath	et	al.	2018),	but	the	T1w/T2w	ratio	

has	the	advantage	that	it	relies	on	standard	sequences	with	short	scan	times,	

and	might	therefore	be	more	suitable	for	clinical	practice.	To	date,	the	ratio	

of	T1-w/T2w	 images	has	not	 been	 investigated	 in	AD	patients	 and	 could	

serve	as	a	promising	measure	of	brain	connectivity	disruptions	in	AD.	

	

Conclusion	

With	the	rapid	development	of	biomarkers	for	neurodegenerative	diseases,	

we	 are	 now	 able	 to	 ask	 questions	 and	 provide	 answers	 about	 the	

interrelationships	between	specific	biomarkers	and	their	association	with	

cognitive	decline	and	progression	to	dementia.	Such	knowledge	is	essential	

for	 the	 development	 of	 effective	 treatment	 strategies	 for	 Alzheimer's	

disease.	 Furthermore,	 it	 is	 crucial	 for	 identifying	 individuals	 at	 an	 early	

disease	stage	at	high	risk	of	progression,	which	could	assist	in	the	selection	

of	the	right	participants	for	disease-modifying	clinical	trials.	

	

Thesis	aims	

The	 aim	 of	 this	 thesis	 is	 to	 improve	 understanding	 of	 the	 complex	

interrelationships	between	markers	of	AD	pathology	(i.e.	amyloid	and	tau	

markers),	structural	brain	changes	(including	measures	of	neuronal	injury	

and	brain	network	alterations),	and	their	association	with	cognitive	decline	

and	clinical	progression	across	different	stages	of	AD.	
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Three	specific	objectives	are	addressed	in	this	thesis:	

1. Improve	understanding	of	the	direct	and	indirect	effects	of	amyloid	
pathology	and	different	measures	of	neurodegeneration	on	 future	

cognitive	decline	in	individuals	with	normal	cognition	(Ch.	2,	3).	

2. Understand	how	grey	matter	networks	and	myelin	proxy	measures	
change	 in	 relation	 to	 key	 pathological	 proteins	 in	 Alzheimer’s	

disease	(Ch.	4,	5).		

3. Test	 whether	 grey	matter	 network	measures,	 alone	 or	 combined	
with	 other	 prognostic	 biomarkers,	 can	 identify	 individuals	 with	

prodromal	Alzheimer’s	disease	that	will	show	rapid	clinical	decline	

(Ch.	6).	

	

Thesis	outline	

In	 chapter	 2	 we	 examined	 the	 relationship	 between	 abnormal	 Ab	 and	

cognitive	decline	in	cognitively	normal	 individuals	over	the	age	of	90	and	

the	extent	to	which	such	effects	are	mediated	by	cortical	atrophy.	

In	 chapter	 3	 we	 compared	 different	 neurodegeneration	 markers	 and	

determined	their	predictive	value	for	clinical	progression	in	individuals	with	

subjective	cognitive	decline.	

In	 chapter	 4	 we	 examined	 the	 relationship	 between	 tau	 deposition	 and	

alterations	in	whole-brain	and	regional	grey	matter	networks	in	individuals	

across	the	AD	spectrum.	

In	 chapter	 5	we	 compared	 T1-w/T2-w	 ratio	 values	 between	 individuals	

with	normal	cognition	and	patients	with	AD	dementia,	and	assessed	to	what	

extent	 neuronal	 injury,	 white	 matter	 hyperintensities,	 and	 cognitive	

functioning	contributed	to	alterations	in	T1-w/T2-w	values.	

In	chapter	6	we	explored	whether	 grey	matter	networks	 can	be	used	 to	

identify	individuals	with	prodromal	AD	who	will	progress	rapidly.	
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Abstract		

Objective:	 To	 investigate	 the	 relationship	 between	 amyloid-β	 (Aβ)	

deposition	and	markers	of	brain	structure	on	cognitive	decline	in	oldest-old	

individuals	with	initial	normal	cognition.	

Methods:	We	studied	cognitive	functioning	in	four	domains	at	baseline	and	

change	over	time	in	fifty-seven	cognitively	intact	individuals	from	the	EMIF-

AD	90+	study.	Predictors	were	Aβ	status	determined	by	[18F]-flutemetamol	

PET	(normal	=	Aβ-	vs.	abnormal	=	Aβ+),	cortical	thickness	in	34	regions	and	

hippocampal	volume.	Mediation	analyses	were	performed	to	test	whether	

effects	 of	 Aβ	 on	 cognitive	 decline	 were	 mediated	 by	 atrophy	 of	 specific	

anatomical	brain	areas.	

Results:	Subjects	had	a	mean	age	of	92.7	±	2.9	years,	of	whom	19	(33%)	

were	 Aβ+.	 Compared	 to	 Aβ-,	 Aβ+	 individuals	 showed	 steeper	 decline	 on	

memory	(β	±	SE	=	-0.26	±	0.09),	and	processing	speed	(β	±	SE	=	-0.18	±	0.08)	

performance	 over	 1.5	 years	 (p	 <	 .05).	 Furthermore,	 medial	 and	 lateral	

temporal	lobe	atrophy	was	associated	with	steeper	decline	in	memory	and	

language	 across	 individuals.	Mediation	 analyses	 revealed	 that	 part	 of	 the	

memory	 decline	 observed	 in	 Aβ+	 individuals	 was	 mediated	 through	

parahippocampal	atrophy.	

Interpretation:	These	results	show	that	Aβ	abnormality	even	in	the	oldest	

old	 with	 initially	 normal	 cognition	 is	 not	 part	 of	 normal	 aging,	 but	 is	

associated	with	a	decline	 in	 cognitive	 functioning.	Other	pathologies	may	

also	contribute	to	decline	 in	the	oldest	old	as	cortical	 thickness	predicted	

cognitive	decline	similarly	in	individuals	with	and	without	Aβ	pathology.	
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Introduction	

Even	 tough	 amyloid-β	 (Aβ)	 plaques	 are	 considered	 the	 pathological	

hallmark	of	Alzheimer’s	disease	(AD;	Montine	et	al.	2012;	Jack	et	al.	2018),	

Aβ	 pathology	 is	 observed	 frequently	 in	 cognitively	 normal	 (CN)	 adults.	

Furthermore,	 post-mortem	 and	 in	 vivo	 studies	 have	 shown	 that	 the	

prevalence	of	abnormal	Aβ	in	CN	individuals	increases	with	age	from	16%	

at	the	age	of	60,	up	to	44%	of	CNs	in	their	90’s	(Jansen	et	al.	2015;	Elobeid	et	

al.	 2016),	 illustrative	 of	 the	 complex	 relationship	 of	 Aβ	 deposition	 with	

cognitive	 functioning.	 While	 previous	 studies	 have	 reported	 that	 Aβ	

pathology	in	CN	individuals	is	related	to	subtle	cognitive	deficits	(Visser	et	

al.	2009;	Hedden	et	al.	2013;	Jansen	et	al.	2018),	and	an	increased	risk	for	

cognitive	 decline	 and	 dementia	 (Vos	 et	 al.	 2013;	 Donohue	 et	 al.	 2017;	

Ebenau	et	al.	2020).	The	relationship	of	Aβ	pathology	and	cognitive	decline	

in	the	oldest-old,	i.e.	individuals	of	90	years	and	older,	is	however	less	clear.	

Recent	 longitudinal	 studies	 in	 the	 oldest-old	 suggest	 a	 steeper	 cognitive	

decline	in	non-demented	Aβ+	compared	to	Aβ-	individuals	aged	older	than	

90	 (Kawas	et	al.	2013;	Lopez	et	al.	2014;	Zhao	et	al.	2018),	although	one	

study	 did	 not	 find	 such	 an	 association	 (Balasubramanian	 et	 al.	 2012).	

Another	driver	of	cognitive	decline	is	cortical	atrophy,	in	particular	medial	

temporal	lobe	atrophy,	which	has	been	observed	frequently	in	the	oldest-

old	 as	 well	 (Lopez	 et	 al.	 2014;	 Zhao	 et	 al.	 2018).	 Medial	 temporal	 lobe	

atrophy	is	considered	a	key	feature	of	Aβ	pathology,	but	 in	the	oldest-old	

other	 causes	 of	 medial	 temporal	 lobe	 atrophy	 are	 common,	 such	 as	

hippocampal	 sclerosis,	 cerebrovascular	 disease,	 TDP-43	 pathology,	 and	

aging-related	tau	astrogliopathy	(ARTAG;	Kawas	et	al.	2015;	Robinson	et	al.	

2018).	 It	 still	 remains	 unclear	 how	 abnormal	 Ab	 is	 related	 to	 cognitive	

decline	 in	 cognitively	normal	 individuals	 over	 age	90	 and	 to	what	 extent	

such	effects	are	mediated	by	cortical	atrophy.	In	this	study	we	investigated	
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if	 Aβ	 pathology	 is	 associated	 with	 cognitive	 decline	 in	 CN	 oldest-old.	

Additionally,	where	 this	 association	was	present,	we	 further	 investigated	

whether	the	effect	of	Ab	on	cognitive	decline	was	independent	or	mediated	

by	cortical	thickness.	

	

Methods	

Participants		

Individuals	 with	 normal	 cognition	 who	 underwent	 an	 amyloid	 positron	

emission	 tomography	 (PET)	were	 selected	 from	 the	 Innovative	Medicine	

Initiative	European	Medical	Information	Framework	for	AD	(EMIF-AD)	90+	

Study	 conducted	 at	 the	 Amsterdam	 University	 Medical	 Center	 (UMC).	

Individuals	 were	 recruited	 through	 general	 practitioners	 or	 via	

advertisements,	 see	 Legdeur	 et	 al.	 (2018)	 for	 detailed	 description	 of	 this	

cohort	and	overall	study	design.	Normal	cognition	was	defined	as	a	Clinical	

Dementia	Rating	(CDR)	score	of	zero,	and	a	Mini-Mental	State	Examination	

(MMSE)	score	of	≥	26.		

		

MRI	acquisition	and	processing		

3D-T1	weighted	and	3D	sagittal	fluid-attenuated	inversion	recovery	(FLAIR)	

images	were	acquired	on	a	Philips	3T	Achieva	scanner	using	an	8-channel	

head	 coil	 and	 a	 sagittal	 turbo	 gradient-echo	 sequence	 (T1:	 1.00	 mm3	

isotropic	voxels,	repetition	time	(TR)	=	7.9	ms,	echo	time	(TE)	=	4.5	ms,	flip	

angle	(FA)	=	8	degrees;	FLAIR:	1.12	mm3	isotropic	voxels,	TR	=	4800	ms,	TE	

=	279	ms,	and	inversion	time	=	1650	ms).	Cortical	thickness	was	estimated	

from	 3D	 T1	 MRI	 using	 FreeSurfer	

(v5.3;	https://surfer.nmr.mgh.harvard.edu).	Non-brain	tissue	was	removed,	

followed	 by	 transformation	 to	 MNI	 space,	 segmentation	 and	 creation	 of	

cortical	 surface	meshes	 (Fischl	2012).	The	 cortical	 thickness	 values	were	
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summarized	in	anatomical	regions	according	to	the	Desikan–Killiany	atlas	

implemented	 in	 FreeSurfer.	 To	 reduce	 dimensionality	 of	 the	 data	 we	

averaged	cortical	thickness	values	for	each	brain	region	across	hemispheres,	

resulting	in	34	cortical	regions	of	interest	(ROIs).	Hippocampal	volume	was	

obtained	with	FMRIB’s	Software	Library	(FSL)	FIRST	(v5.0.1),	as	reported	

previously	in	Patenaude	et	al.	(2011).	White	matter	hyperintensities	(WMH)	

segmentation	 was	 performed	 using	 a	 previously	 established	 algorithm	

based	on	a	three-level	Gaussian	mixture	model	to	model	healthy	tissues	and	

lesions	(Sudre	et	al.	2015).	Because	of	a	skewed	distribution,	WMH	volume	

was	 log	 transformed.	Resulting	 images	were	 visually	 checked	 for	quality,	

and	data	from	four	subjects	had	to	be	excluded	due	to	gross	registration	or	

segmentation	errors.	

	

Amyloid	PET	

Dynamic	[18F]	flutemetamol	amyloid-PET	scans	were	performed	on	a	Philips	

Ingenuity	TF	PET-MRI	 scanner	 (Philips	Medical	 Systems,	Cleveland,	Ohio,	

USA).	The	tracer	was	produced	by	General	Electric	(GE)	Healthcare	at	the	

Cyclotron	Research	Center	of	the	University	of	Liège	(Liège,	Belgium).	First,	

a	30	min	dynamic	emission	scan	was	started	simultaneously	with	a	bolus	

intravenous	injection	of	185	MBq	[18F]	flutemetamol.	The	second	part	of	the	

scan	was	performed	from	90	to	110	min	post	injection.	Immediately	prior	to	

each	 part	 of	 the	 PET	 scan	 a	 dedicated	 MR	 sequence	 was	 performed	 for	

attenuation	 correction.	 During	 scanning,	 the	 head	 was	 immobilized	 to	

reduce	movement	artifacts.	Data	from	the	two	scan	parts	were	coregistered	

and	 combined	 into	 a	 single	 4D	 image	 using	 VINCI	 Software	 2.56	

(https://vinci.sf.mpg.de)	and	in-house	built	software	for	decay	correction	of	

the	 second	 part.	 Parametric	 nondisplaceable	 binding	 potential	 (BPND)	

images	 were	 generated	 from	 the	 entire	 image	 set	 using	 the	 receptor	
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parametric	mapping	and	cerebellar	grey	matter	as	reference	tissue	(Gunn	et	

al.	1997;	Wu	and	Carson	2002).	Global	cortical	BPND	was	calculated	as	the	

volume	weighted	average	BPND	of	22	regions	located	within	frontal,	parietal,	

temporal,	 posterior	 cingulate,	 and	medial	 temporal	 lobes	 (Tolboom	et	 al.	

2009).	 Dynamic	 BPND	 images	 were	 used	 for	 visual	 assessment	 of	 [18F]	

flutemetamol	as	negative	(Ab-)	or	positive	(Ab+)	by	the	consensus	of	three	

readers,	 who	 had	 been	 trained	 according	 to	 the	 manufacturers	 image	

interpretation	 methodology	 and	 were	 blinded	 to	 the	 clinical	 and	

demographic	data	(Collij	et	al.	2019).	

	

Neuropsychological	assessment		

A	 trained	 neuropsychologist	 administered	 cognitive	 tests	 within	 the	

following	 cognitive	 domains:	 memory,	 language,	 processing	 speed,	 and	

executive	functioning.	For	each	cognitive	domain,	tests	were	combined	into	

a	 composite	 score.	 For	 memory	 we	 included	 the	 CERAD	 10	 words	 test	

(delayed	 recall;	 Morris	 et	 al.	 1989),	 the	 Wechsler	 Logical	 Memory	 Test	

(delayed	recall;	Wechsler	et	al.	2009),	the	Rey	Complex	Figure	Test	(delayed	

copy;	Meyers	et	al.	1996),	and	the	Visual	Association	Test	A	(Lindeboom	et	

al.	2002).	For	language,	we	used	the	2-minute	Animal	Fluency	score	(Zhao	

et	al.	2013),	and	the	Graded	Naming	Test	(McKenna	and	Warrington	1980).	

For	processing	speed,	we	included	the	Digit	Symbol	Substitution	Test	from	

the	Wechsler	Adult	Intelligence	Scale-Revised	(WAIS-R;	Wechsler	1981),	the	

Trail	 Making	 Test	 A	 (Reitan	 1958),	 and	 the	WAIS-III	 Digit	 span	 forward	

(Wilde	and	Strauss	2002).	For	executive	functioning	we	included	the	Trail	

Making	Test	B	(Reitan	1958),	the	WAIS-III	Digit	span	backward	(Wilde	and	

Strauss	2002),	Letter	Fluency	(one	minute	per	letter,	three	letters;	Zhao	et	

al.	2013),	and	the	Clock	drawing	test	(Teunisse	et	al.	1991).	For	a	subset	(n	

=	43;	75.4%),	neuropsychological	tests	were	repeated	once	circa	1.5	years	
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(1.0y	–	2.8y)	after	baseline	assessment.	For	each	test	we	calculated	Z-scores	

using	 the	 baseline	 mean	 and	 standard	 deviation	 of	 the	 total	 group.	 We	

created	 composite	 scores	 by	 averaging	 test	 Z-scores	 for	 each	 cognitive	

domain.	Trail	Making	Test	A	&	B	scores	were	inverted	so	that	for	all	cognitive	

tests	lower	scores	indicated	worse	performance.		

	

APOE	genotyping	

For	 all	 participants,	 blood	 samples	were	 collected	 for	DNA	analysis.	DNA	

was	 extracted	 using	 the	 QIAamp®	 DNA	 Blood	 Mini	 Kit	 (QIAGEN	 GmbH,	

Hilden,	Germany).	Apolipoprotein	e	(APOE)	genotype	was	determined	using	

TaqMan	 assays	 (ThermoFisher	 Scientific,	 Foster	 City,	 CA,	 USA)	 on	 a	

QuantStudio-12	K-Flex	system.	We	classified	individuals	as	APOE	ε4	carriers	

or	non-carriers	according	to	 their	genotype	status	at	rs429358.	For	three	

participants,	APOE	data	was	missing.		

	

Statistical	analysis	

We	 compared	 demographical	 characteristics	 of	 the	 Ab-	 and	 Ab+	 groups	

using	X2	tests	for	categorical	variables	and	ANOVA	for	continuous	variables.	

We	ran	four	linear	mixed	models	(LMM)	with	subject	specific	intercepts,	and	

fixed	 slopes:	Model	 1	 tested	 the	 effect	 of	 baseline	Ab	 status	 on	 cognitive	

decline	with	cognitive	domain	score	as	the	outcome	(Model	1:	Cognition	~	

Time	*	Ab).	Model	2	tested	the	effect	of	Ab	status	on	cortical	thickness	of	all	

FreeSurfer	ROIs	and	on	hippocampal	volume	(Model	2:	ROI	~	Ab).	Model	3	

tested	the	effect	of	cortical	thickness	and	hippocampal	volume	on	cognitive	

decline	(Model	3:	Cognition	~	Time	*	ROI).	Model	4	tested	the	combined	the	

effects	of	Ab	pathology,	cortical	thickness,	and	their	interactions	with	each	

other	on	cognitive	decline	(Model	4:	Cognition	~	Time	*	ROI	*	Ab).	Interaction	

terms	were	removed	when	not	significant	(p	>	.05).	All	models	included	sex,	
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education,	WMH,	and	age	as	covariates,	and	for	hippocampal	volume,	total	

intracranial	 volume	 was	 added	 as	 a	 covariate.	 LMM	 were	 corrected	 for	

multiple	 testing	 using	 a	 false	 discovery	 rate	 (FDR)	procedure	 (Benjamini	

and	Yekutieli	2001).	Effects	that	did	not	survive	FDR	correction	are	shown	

as	puncorrected.		

When	 Aβ	 status	 was	 significantly	 associated	 with	 both	 cognitive	

decline	and	thickness	and/or	volume	in	certain	ROIs,	we	performed	causal	

mediation	analyses	to	assess	whether	the	association	between	Aβ	status	and	

cognitive	 decline	was	mediated	 by	 grey	matter	 brain	 atrophy.	Mediation	

analyses	provides	us	with	a	better	understanding	of	the	complex	pathways	

of	Ab	deposition	towards	cognitive	decline.	To	estimate	the	average	causal	

mediation	 effect	 three	 linear	 models	 were	 fitted:	 the	 first	 model	 has	

cognitive	decline	as	the	outcome	of	interest	as	the	dependent	variable	and	

thickness/volume	as	predictor,	while	controlling	for	Aβ;	the	second	model	

that	has	the	mediator	variable	thickness/volume	as	the	dependent	variable	

and	 Aβ	 status	 as	 predictor;	 the	 third	model	 averages	 direct	 and	 indirect	

effects	 of	 Aβ	 status	 on	 cognitive	 decline	 and	 are	 estimated	 based	 on	 the	

quasi-Bayesian	Monte	Carlo	approximation	(1000	simulations).	Mediation	

analyses	was	performed	only	in	individuals	who	had	repeated	assessment	

of	cognitive	function	(n	=	43).	Finally,	we	further	investigated	the	effect	of	

other	factors	known	to	be	associated	with	cognitive	decline,	including	APOE	

ε4	 genotype,	 education,	 and	 vascular	 damage.	 Statistical	 analyses	 were	

performed	 in	 R	 (v4.0.2)	 using	 the	 “lme4”	 package	 (v1.1),	 “mediation”	

package	(v4.5;	Tingley	et	al.	2014),	and	group	estimates	were	obtained	using	

the	“emmeans”	package	(v1.5).		
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Results	

Demographics	

Participants	(n	=	57)	had	an	average	age	of	92.7	years,	ranging	from	88-102	

years,	 were	 more	 often	 female	 (63%),	 and	 33%	 had	 a	 visually	 rated	

abnormal	 amyloid	 PET	 scan	 (Table	 1).	 The	 Aβ+	 (n=19)	 and	 Aβ-	 (n=38)	

groups	did	not	differ	in	age,	sex,	APOE	ε4	carriership,	vascular	burden,	or	

years	of	education.	Moreover,	the	two	groups	did	not	differ	in	availability	of	

follow-up	 data,	 nor	 the	 time	 between	 test	 assessments.	 More	 years	 of	

education	 was	 associated	 with	 better	 performance	 on	 tests	 related	 to	

processing	speed,	executive	functioning,	and	less	steep	decline	in	memory	

and	 executive	 functioning	 over	 time	 (pFDR<.05;	 Supplementary	 Table	 3).	

Higher	 WMH	 volumes	 were	 associated	 with	 worse	 performance	 on	

language,	 processing	 speed,	 and	 faster	 decline	 on	memory	 (pFDR<.05).	No	

association	 between	 age,	 sex,	 or	 APOE	 ε4	 carriership	 and	 cognitive	

performance	or	cognitive	decline	was	observed.	

	
Table	1.	Subject	characteristics	according	to	Aβ	status.	 	

		 Aβ-	 Aβ+	 Total	 p-value	
		 (n	=	38)	 (n	=	19)	 (n	=	57)	 		
Sex,	f	(%)	 23	(60.5)	 13	(68.4)	 36	(63.2)	 	.771	
Age,	(y)	 92.51	(3.13)	 93.00	(2.56)	 92.67	(2.94)	 	.554	
Education,	(y)		 12.78	(4.53)	 11.50	(4.30)	 12.35	(4.46)	 	.312	
Aβ	load	(BPND)	 0.15	(0.12)	 0.56	(0.28)	 0.29	(0.27)	 <.001*	
APOEε4	carrier	(%)	 2	(5.7)	 3	(16.7)	 5	(9.4)	 	.426	
WMH	volume	 9.59	(0.89)	 9.71	(0.94)	 9.63	(0.90)	 	.635	
T0	–	T1	difference,	(y)	 1.57	(0.57)	 1.82	(0.64)	 1.66	(0.60)	 	.191	
T1	availability	(%)	 27	(71.1)	 16	(84.2)	 43	(75.4)	 	.446	
Deceased	at	T1	(%)	 10	(26.3)	 	2	(10.5)	 12	(21.1)	 	.301	
Data	are	presented	as	mean	(SD),	or	n	(%).	Aβ	=	amyloid-β;	BPND	=nondisplaceable	
binding	potential;	APOE	=	apolipoprotein	e;	WMH	=	White	matter	hyperintensities	
(log);	T0	=	baseline;	T1	=	follow-up;	p<0.05.	 	
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Associations	of	amyloid	status	and	cortical	thickness	with	cognitive	decline	

First,	we	tested	the	effects	of	Aβ	status	on	cognitive	decline	over	time	(Model	

1).	 At	 baseline,	 Aβ+	 individuals	 tended	 to	 show	 worse	 performance	 on	

memory	and	language,	although	this	did	not	reach	significance	(Fig.	1).	Over	

time,	Aβ+	individuals	showed	steeper	decline	in	memory	(β	±	SE	=	-0.26	±	

0.09),	 and	 processing	 speed	 (β	 ±	 SE	 =	 -0.18	 ±	 0.08)	 than	 Aβ-	

individuals(puncorrected<	 .05;	 Fig.	 1).	 Also,	 a	 steeper	 decline	 in	 language	

performance	 (β	 ±	 SE	 =	 -0.15	 ±	 0.08)	 was	 observed	 at	 trend	 level	

(Supplementary	Table	1a).	
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Figure	1.	Cognitive	performance	over	time	in	relation	to	Aβ	status.		

Spaghetti	 plots	 showing	 individual	 longitudinal	 change	 on	memory,	 language,	 processing	
speed,	and	executive	performance	according	to	Aβ	status	(Amyloid-	is	normal	Aβ;	Amyloid+	is	
abnormal	Aβ).	All	scores	were	z-scored	and	for	processing	speed	and	executive	functioning	
inversed	such	that	lower	scores	indicate	worse	impairment.	
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Next,	we	tested	effects	of	Aβ	status	on	cortical	thickness	(Model	2).	

Individuals	with	Aβ+	showed	thinner	parahippocampal	cortex	and	a	thinner	

medial	orbitofrontal	cortex	compared	to	Aβ-	individuals	(puncorrected<	.05;	Fig.	

2).	 Hippocampal	 volume	 did	 not	 differ	 between	Aβ-	 and	Aβ+	 individuals	

(Supplementary	Table	1c).	Then	we	studied	effects	of	cortical	thickness	on	

cognitive	decline	over	 time	 (Model	3).	A	 thinner	cortex	 in	predominantly	

anterior	 cingulate	 and	 multiple	 lateral	 temporal	 regions,	 including	 the	

entorhinal,	parahippocampal,	fusiform,	and	superior	temporal	cortex,	was	

associated	 with	 a	 steeper	 decline	 in	 memory	 (pFDR<.05;	 Fig.	 3),	 with	 no	

interaction	 effects	 of	 Aβ	 status.	 In	 addition,	 smaller	 hippocampal	 volume	

was	associated	with	worse	memory	and	processing	speed	performance	at	

baseline	 and	 a	 faster	 decline	 in	 memory	 over	 time	 (puncorrected<.05),	

independent	 of	 Aβ	 status.	Moreover,	 thinner	 superior	 frontal	 and	 lateral	

temporal	 regions,	 including	 the	 fusiform,	 inferior	 and	 superior	 temporal,	

posterior	 cingulate,	 and	 supramarginal	 cortex,	 were	 associated	 with	 a	

steeper	decline	in	language	performance	(puncorrected	<.05),	of	which	only	the	

posterior	cingulate	cortex	survived	the	correction	for	multiple	comparisons.	

Additionally,	 a	 few	 cortical	 regions	 showed	 that	 thicker	 cortex	 was	

associated	with	 a	 steeper	decline	 in	 executive	 functioning	 (puncorrected<.05;	

Fig.	3).		

	

	
Figure	2.	Amyloid	associations	
with	 regional	 cortical	
thickness.	 Betas	 are	 provided	
for	regions	with	thinner	cortex	in	
abnormal	 Aβ	 individuals	
compared	 to	 normal	 Aβ	
individuals	at	puncorrected	<.05.	
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Figure	 3.	 Associations	 of	 cortical	 thickness	 with	 baseline	 and	 decline	 in	 cognitive	
functioning,	by	Aβ	status.	Effect	of	cortical	thickness	on	baseline	(left)	and	annual	change	
(right)	on	memory,	language,	processing	speed,	and	executive	functioning	across	all	subjects	
and	 by	 Aβ	 status.	 Top	 left:	 thinner	 caudal*	 and	 rostral*	 anterior	 cingulate,	 entorhinal*,	
fusiform*,	 inferior,	 superior*	 and	 middle*	 temporal,	 insula*,	 isthmus	 cingulate,	
parahippocampal*,	and	temporal	pole*	was	associated	with	a	faster	decline	in	memory.	Top	
right:	 thinner	 caudal	middle	 frontal,	 entorhinal,	 fusiform,	 inferior	 and	 superior	 temporal,	
medial	 orbitofrontal,	 posterior	 cingulate*,	 superior	 frontal,	 and	 supramarginal	 cortex	was	
associated	with	faster	decline	in	language.	Aβ+	individuals	with	thinner	pars	triangularis	and	
parahippocampal	cortex	showed	worse	language	performance	compared	to	Aβ-	individuals.	
Aβ-	individuals	with	thinner	postcentral	and	a	superior	parietal	cortex	showed	faster	decline	
in	 language	performance	 compared	 to	Aβ+	 individuals.	Bottom	 left:	Aβ+	 individuals	with	
thinner	parahippocampal	and	a	thicker	inferior	parietal,	pars	triangularis,	pars	opercularis	
showed	worse	processing	speed	performance	compared	to	Aβ-	individuals.	Aβ+	individuals	
with	 thicker	 cuneus,	 frontal	 pole,	 postcentral,	 rostral	middle	 frontal,	 superior	 frontal,	 and	
superior	 parietal	 cortex	 showed	 a	 faster	 decline	 on	 processing	 speed	 compared	 to	 Aβ-	
individuals.	Bottom	right:	thicker	lateral	occipital,	pars	opercularis,	and	postcentral	regions	
were	associated	with	 faster	decline	 in	executive	 functioning.	Aβ+	 individuals	with	 thicker	
precuneus	showed	a	faster	decline	in	executive	functioning	compared	to	Aβ-	individuals.	Beta	
estimates	in	red	indicate	thinner	cortex	is	associated	with	steeper	decline	on	cognitive	test	
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score,	blue	indicates	a	thicker	cortex	is	associated	with	steeper	decline	on	cognitive	test	score.	
Data	are	presented	for	regions	significant	with	an	uncorrected	p-value	<	0.05.	∗Indicates	region	
significant	at	pFDR	<	0.05.	

	

Finally,	 we	 examined	 the	 interactions	 of	 Aβ	 status	 and	 brain	

structure	 measures	 on	 the	 rate	 of	 cognitive	 decline	 (Model	 4).	 Aβ+	

individuals	with	a	thinner	parahippocampal	and	a	thicker	pars	triangularis	

(β	±	SE	=	1.90	±	0.91;	β	±	SE	=	4.04	±	1.87;	puncorrected	<.05;	Fig.	3)	showed	

worse	language	performance.	While	also	thinner	postcentral	and	superior	

parietal	cortex	(β	±	SE	=	1.01	±	0.37;	β	±	SE	=	0.94	±	0.36;	puncorrected	<.05)	was	

associated	with	faster	language	decline	in	Aβ-	individuals.	Furthermore,	we	

observed	that	thicker	cortex	in	occipital	and	parietal	regions	was	associated	

with	 slower	 processing	 speed	 and	 steeper	 decline	 over	 time	 in	 Aβ+	

individuals	(puncorrected<.05;	Fig.	3;	see	supplementary	Table	1	 for	 full	LMM	

results).	We	repeated	all	analyses	excluding	n	=	12	individuals	that	passed	

away	 before	 the	 second	 neuropsychological	 assessment	 took	 place,	 and	

observed	overall	largely	similar	results	(see	supplementary	Table	2).	

	

Mediation	analyses	

Next,	 we	 investigated	 whether	 the	 effect	 of	 Aβ	 pathology	 on	 cognitive	

performance	 was	 mediated	 by	 cortical	 thickness	 (indirect	 effect)	 or	 not	

(independent	effect)	for	cortical	regions	that	were	associated	with	abnormal	

Aβ	(i.e.,	parahippocampal	gyrus	and	medial	orbitofrontal	cortex).	Memory	

decline	 associated	 with	 Aβ+	 was	 fully	 mediated	 by	 parahippocampal	

thinning	(36.4%;	p	<	.05;	Fig.	4).	Decline	in	language	performance	associated	

with	Aβ+	was	partially	mediated	by	parahippocampal	thinning	(21.6%;	p	<	

.05),	 and	 partially	 independent	 (78.4%	 p	 <	 .05)	 after	 controlling	 for	 the	

presence	 of	 parahippocampal	 atrophy.	 The	 effect	 of	 Aβ	 on	 decline	 in	

processing	 speed,	 and	 executive	 functioning	 were	 independent	 of	
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parahippocampal	thickness.	Moreover,	Aβ	associated	cognitive	decline	was	

independent	of	medial	orbitofrontal	thickness	for	all	cognitive	domains	(p	<	

.05;	Fig.	4).		
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Figure	4.	Mediation	analysis	showing	how	cortical	thinning	mediates	the	effect	of	Aβ	on	
longitudinal	decline	in	cognitive	functioning.	The	total	effect	of	Aβ	on	memory,	language,	
processing	speed,	and	executive	functioning	over	time	(left).	Mediation	effect	of	Aβ	trough	PHC	
thickness	 on	 memory,	 language,	 processing	 speed,	 and	 executive	 functioning	 over	 time	
(middle).	Mediation	effect	of	Aβ	trough	mOFC	thickness	on	memory,	 language,	processing	
speed,	and	executive	functioning	over	time	(right).	The	figure	shows	regression	coefficients	
with	a	95%	confidence	interval.	a,	the	effect	of	Aβ	on	cortical	thickness;	b,	the	effect	of	cortical	
thickness	on	cognitive	decline	when	controlling	for	Aβ;	c,	the	total	effect	of	Aβ	on	cognitive	
decline	(without	controlling	for	mediation	effects);	c',	the	direct	effect	of	Aβ	on	cognitive	decline	
when	adjusting	for	mediation;	c-c',	the	mediation	effect.	*	=	p<.05;	Aβ	=	amyloid-beta;	PHC	=	
parahippocampal	cortex;	mOFC	=	medial	orbitofrontal	cortex.	

	

Discussion	

In	 this	 study	 of	 oldest-old	 with	 initially	 intact	 cognition,	 we	 found	 that	

abnormal	Aβ	was	associated	with	steeper	decline	in	memory	and	processing	

speed	performance	over	1.5	years.	Our	findings	support	the	notion	that	both	

Aβ	 pathology	 and	 brain	 atrophy	 have	 detrimental	 effects	 on	 cognitive	

functioning	 among	 cognitively	 normal	 individuals	 that	 are	 separate	 from	

normal	ageing.	These	results	suggest	that	Aβ	abnormality	is	indicative	of	a	

neurodegenerative	process,	 that	also	 in	the	oldest-old	with	apparent	high	

reserve	and	maintenance	mechanisms	lead	to	cognitive	decline.	In	addition,	

non-Aβ	 pathologies	may	 also	 contribute	 to	 decline	 in	 the	 oldest-old	 as	 a	

thinner	 medial	 and	 lateral	 temporal	 cortex	 was	 related	 to	 subsequent	

decline	 in	memory	 and	 language	 irrespective	 of	 Aβ	 pathology,	 indicating	

that	other,	possibly	Aβ	 independent	pathological	processes	might	also	be	

involved	in	cognitive	decline	in	the	oldest-old.	

Numerous	studies	have	reported	on	the	role	of	Aβ	pathology	in	very	

early	cognitive	decline	(Petersen	et	al.	2016;	Bilgel	et	al.	2018;	Clark	et	al.	

2018),	 and	 we	 further	 extend	 on	 those	 findings	 by	 showing	 that	 the	

detrimental	effect	of	Aβ	is	also	present	in	nonagenarians	with	initially	intact	

cognition.	Our	baseline	 results	 are	 in	 line	with	other	 cross-sectional	data	

showing	only	a	subtle	effect	of	Aβ	pathology	in	preclinical	AD	on	cognition	
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(Hedden	 et	 al.	 2013;	 Jansen	 et	 al.	 2018;	 Legdeur,	 Tijms,	 et	 al.	 2019),	

consistent	with	the	hypothesis	that	changes	in	cognition	occur	relatively	late	

in	 the	AD	pathophysiological	 cascade.	Over	 time,	 the	differences	between	

Aβ+	and	Aβ-	individuals	became	larger,	as	the	Aβ+	subjects	showed	steeper	

decline	on	memory	as	reported	previously	(Storandt	et	al.	2009;	Snitz	et	al.	

2013),	and	also	in	the	processing	speed	domain.		

Furthermore,	 at	 baseline	 Aβ+	 individuals	 showed	 thinner	 cortex	

in	parahippocampal	and	orbitofrontal	regions	compared	to	Aβ-,	consistent	

with	other	work	in	CN	individuals	demonstrating	a	relationship	between	Aβ	

and	reduced	grey	matter	(Becker	et	al.	2011;	Doré	et	al.	2013;	Doherty	et	al.	

2015;	 van	 Bergen	 et	 al.	 2018).	 However,	 while	 previously	 hippocampal	

atrophy	has	been	closely	related	to	memory	functioning	and	shown	to	be	a	

strong	and	early	predictor	of	conversion	to	dementia	(Mormino	et	al.	2009;	

Huijbers	 et	 al.	 2015;	 Legdeur,	 Visser,	 et	 al.	 2019),	 we	 observed	 no	

differences	 between	 Aβ+	 and	 Aβ-	 individuals	 in	 hippocampal	 volume.	

Possibly,	other	pathological	factors,	such	as	hippocampal	sclerosis,	TDP-43	

pathology,	 ARTAG,	 argyrophilic	 grain	 disease	 (AGD),	 primary	 age-related	

tauopathy	(PART),	and	cerebrovascular	disease,	may	contribute	to	atrophy	

in	 these	 regions,	 which	 at	 old	 ages	 become	 increasingly	 more	 common	

(Beach	et	al.	2012;	Kawas	et	al.	2015;	Robinson	et	al.	2018).		

Such	 pathologies	 may	 also	 explain	 our	 observation	 that	 thinner	

medial	and	lateral	temporal	cortex	was	associated	with	subsequent	decline	

in	memory	and	language	regardless	of	Aβ	status.	Associations	of	decreased	

grey	 matter	 volume	 in	 temporal,	 frontal,	 and	 parietal	 regions	 with	

progression	to	dementia	have	been	demonstrated	in	individuals	without	Aβ	

(Verfaillie	et	al.	2016;	ten	Kate	et	al.	2017).	Selective	sparing	of	these	cortical	

regions,	most	 notably	 the	 anterior	 cingulate	 cortex	 and	medial	 temporal	

lobe,	 is	 frequently	 reported	 in	 superagers	 compared	 to	 age-matched	
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controls	 and	 has	 been	 associated	 with	 resilience	 to	 cognitive	 decline	

(Harrison	et	al.	2018;	Arenaza-Urquijo	et	al.	2019;	de	Godoy	et	al.	2020).	

Whether	the	oldest-old	with	good	cognitive	health	in	the	present	study	are	

protected	 by	 relatively	 preserved	 cortical	 regions	 is	 unknown	 from	 the	

present	analyses	without	a	control	group,	however	 the	anterior	cingulate	

and	 medial	 temporal	 thickness	 were	 still	 negatively	 associated	 with	

cognition.		

Mediation	 analyses	 indicated	 that	 cortical	 regions	 that	 were	

associated	 with	 abnormal	 Aβ	 (i.e.,	 parahippocampal	 gyrus	 and	 medial	

orbitofrontal	 cortex)	 partly	 mediated	 the	 effects	 of	 Aβ	 on	 downstream	

memory	and	 language	decline.	Aβ	no	 longer	had	a	 significant	 association	

with	memory	performance	over	time	when	parahippocampal	thickness	was	

included	in	the	mediation	model,	supporting	that	the	structural	integrity	of	

the	parahippocampal	gyrus	is	important	for	memory	functioning	(Köhler	et	

al.	1998;	Ward	et	al.	2014).	A	finding	that	might	be	related	to	the	commonly	

observed	neurofibrillary	tangle	pathology	in	the	medial	temporal	lobe	in	CN	

adults	 (Braak	 and	 Braak	 1991).	 No	 significant	 mediation	 of	 cortical	

thickness	 was	 observed	 for	 the	 other	 cognitive	 domains,	 indicative	 of	 a	

direct	effect	of	Aβ	pathology	on	cognitive	decline.		

Another	finding	we	observed,	which	did	not	survive	correction	for	

multiple	comparisons,	was	that	thicker	parietal	cortices	in	Aβ+	individuals	

were	 associated	 steeper	 decline	 in	 processing	 speed.	 This	 finding	 was	

unexpected,	 as	 usually	 cortical	 thinning	 is	 a	 sign	 of	 neuronal	 loss.	 It	 is	

unclear	what	such	thicker	cortex	may	reflect.	Possibly,	as	this	effect	was	only	

observed	in	abnormal	Aβ,	it	might	reflect	a	tissue	reactive	response	to	Aβ	

pathology,	 as	 previous	 studies	 have	 shown	 a	 positive	 correlation	 of	

microglial	 activation	 and	 Aβ	 deposition	 (Meyer-Luehmann	 et	 al.	 2008).	

Microglial	activation	in	preclinical	disease	stages	has	been	associated	with	
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initially	 preserved	 or	 increased	 brain	 volume	 (Hamelin	 et	 al.	 2016;	

Femminella	 et	 al.	 2019).	 Still,	 it	 has	 to	 be	 noted	 that	 the	 number	 of	 Aβ+	

subjects	in	this	study	was	small,	and	requires	replication	in	larger	samples.	

Further	repeated	MRI	studies	are	needed	to	investigate	whether	these	brain	

areas	may	show	thinning	at	a	later	point	in	time.	

Furthermore,	we	 investigated	 the	 influence	 of	 APOE	 genotype	 on	

cognitive	 decline,	 which	 is	 considered	 the	 major	 genetic	 risk	 factor	 for	

sporadic	 AD	 (Corder	 et	 al.	 1993).	 Carriership	 of	 the	 ε4	 allele	 has	 been	

associated	with	the	presence	and	lower	age	of	onset	of	Aβ	deposits,	and	Aβ-

associated	cognitive	decline	(Jansen	et	al.	2015;	Yamazaki	et	al.	2019).	The	

underrepresentation	 of	 ε4-carriers	 in	 our	 sample	 (9.4%),	 might	 have	

contributed	to	the	intact	cognition	at	a	very	high	age	in	these	individuals,	

and	 to	 the	 absence	 of	 an	 association	 between	 APOEe4	 carriership	 and	

cognitive	decline	as	well.	An	interesting	next	step	may	lie	 in	 investigating	

factors	associated	with	cognitive	resilience	among	the	oldest-old	who	are	

APOE	ε4	carriers.		

There	are	some	limitations	to	our	study.	Subjects	only	underwent	an	

MRI	and	PET	scan	at	baseline,	and	cognitive	decline	was	based	on	cognitive	

assessments	at	two	time	points	on	average	1.5	years	apart.	Future	studies	

with	longer	follow-up	will	aid	in	determining	the	temporal	ordering	of	the	

changes	 in	brain	structure	and	cognitive	 impairments.	Also,	 the	relatively	

small	number	of	individuals	with	abnormal	amyloid	might	have	resulted	in	

limited	statistical	power	to	detect	differences	that	are	expected	to	be	subtle	

in	individuals	who	have	initially	intact	cognition,	which	is	also	reflected	by	

the	 notion	 that	 only	 a	 few	 relationships	 survived	 correction	 for	multiple	

testing,	 and	 uncorrected	 results	 should	 be	 interpreted	 with	 caution.	

Furthermore,	information	on	tau	levels	was	unavailable	in	our	sample,	and	

so,	it	remains	unknown	to	what	extent	effects	of	Aβ	on	cortical	thinning	and	



A+N+	and	cognitive	decline	in	90+	
	

	 43	

cognitive	decline	was	influenced	by	tau	pathology.	Previous	studies	suggest	

that	 the	 presence	 of	 abnormal	 tau	 biomarkers,	 the	 other	 pathological	

hallmark	of	AD,	is	related	to	worse	cognitive	functioning	in	the	presence	of	

Aβ	(Vos	et	al.	2013),	and	increases	with	age	(Elobeid	et	al.	2016;	Lowe	et	al.	

2018).	Therefore,	future	studies	measuring	tau	pathology	using	CSF	or	PET	

in	this	age	group	could	contribute	to	a	better	understanding	of	the	complex	

Aβ	and	tau	interaction,	and	their	associations	with	cognition.	Strengths	of	

our	 study	 include	 the	 extensive	 phenotyping	 of	 a	 longitudinal	 cohort	 of	

oldest-old	individuals	with	maintained	cognitive	health.	

In	conclusion,	our	 findings	contribute	to	our	understanding	of	 the	

role	of	Aβ	deposition	on	cognitive	decline	in	the	oldest-old,	and	suggest	that	

also	at	very	high	ages	Aβ	abnormality	is	not	benign.		
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Supplementary	Table	1b.	Cortical	thickness	(mm)	according	to	amyloid	status.	

Brain	Region Mean	(SE) 95%	CI Mean	(SE) 95%	CI p	 p FDR	
Banks	of	the	superior	temporal	sulcus 2.30	(0.02) 2.26	-	2.34 2.27	(0.03) 2.22	-	2.32 0.203 0.953
Caudal	anterior	cingulate 2.58	(0.04) 2.50	-	2.67 2.57	(0.06) 2.45	-	2.69 0.933 0.953
Caudal	middle	frontal 2.33	(0.02) 2.29	-	2.38 2.33	(0.03) 2.27	-	2.40 0.915 0.953
Cuneus 1.75	(0.02) 1.71	-	1.79 1.73	(0.03) 1.68	-	1.79 0.527 0.953
Entorhinal 2.97	(0.06) 2.84	-	3.09 2.90	(0.09) 2.72	-	3.08 0.431 0.953
Frontal	pole 2.69	(0.05) 2.59	-	2.78 2.64	(0.07) 2.50	-	2.77 0.531 0.953
Fusiform 2.43	(0.02) 2.39	-	2.48 2.38	(0.03) 2.31	-	2.44 0.146 0.953
Inferior	parietal 2.21	(0.02) 2.17	-	2.26 2.21	(0.03) 2.15	-	2.27 0.868 0.953
Inferior	temporal 2.49	(0.03) 2.44	-	2.55 2.49	(0.04) 2.42	-	2.57 0.920 0.953
Insula 2.76	(0.03) 2.70	-	2.81 2.76	(0.04) 2.68	-	2.84 0.953 0.953
Isthmus	cingulate 2.06	(0.02) 2.02	-	2.10 2.07	(0.03) 2.02	-	2.12 0.699 0.953
Lateral	occipital 1.95	(0.02) 1.91	-	1.99 1.95	(0.03) 1.89	-	2.01 0.952 0.953
Lateral	orbitofrontal 2.41	(0.02) 2.36	-	2.46 2.37	(0.03) 2.30	-	2.44 0.311 0.953
Lingual 1.80	(0.02) 1.77	-	1.83 1.81	(0.02) 1.76	-	1.85 0.910 0.953
Medial	orbitofrontal 2.21	(0.02) 2.16	-	2.25 2.13	(0.03) 2.07	-	2.19 0.042 0.721
Middle	temporal 2.61	(0.02) 2.56	-	2.66 2.60	(0.04) 2.53	-	2.67 0.759 0.953
Paracentral 2.22	(0.02) 2.17	-	2.27 2.25	(0.03) 2.18	-	2.32 0.564 0.953
Parahippocampal 2.47	(0.04) 2.39	-	2.54 2.28	(0.05) 2.18	-	2.38 0.005 0.157
Pars	opercularis 2.39	(0.02) 2.34	-	2.43 2.38	(0.03) 2.31	-	2.44 0.802 0.953
Pars	orbitalis 2.50	(0.04) 2.43	-	2.58 2.50	(0.05) 2.40	-	2.61 0.879 0.953
Pars	triangularis 2.28	(0.02) 2.23	-	2.32 2.27	(0.03) 2.20	-	2.34 0.660 0.953
Pericalcarine 1.55	(0.02) 1.51	-	1.58 1.54	(0.02) 1.49	-	1.58 0.583 0.953
Postcentral 1.94	(0.02) 1.90	-	1.97 1.90	(0.03) 1.85	-	1.96 0.365 0.953
Posterior	cingulate 2.32	(0.02) 2.27	-	2.36 2.31	(0.03) 2.25	-	2.37 0.895 0.953
Precentral 2.30	(0.02) 2.26	-	2.35 2.31	(0.03) 2.25	-	2.37 0.939 0.953
Precuneus 2.14	(0.02) 2.10	-	2.18 2.13	(0.03) 2.07	-	2.19 0.681 0.953
Rostral	anterior	cingulate 2.68	(0.03) 2.62	-	2.75 2.61	(0.05) 2.51	-	2.70 0.181 0.953
Rostral	middle	frontal 2.24	(0.03) 2.19	-	2.29 2.23	(0.04) 2.15	-	2.31 0.761 0.953
Superior	frontal 2.45	(0.03) 2.40	-	2.50 2.45	(0.04) 2.38	-	2.52 0.904 0.953
Superior	parietal 2.00	(0.02) 1.95	-	2.04 2.00	(0.03) 1.93	-	2.06 0.902 0.953
Superior	temporal 2.45	(0.02) 2.40	-	2.49 2.42	(0.03) 2.36	-	2.48 0.333 0.953
Supramarginal 2.28	(0.02) 2.24	-	2.32 2.28	(0.03) 2.22	-	2.33 0.809 0.953
Temporal	pole 3.39	(0.05) 3.30	-	3.48 3.44	(0.07) 3.31	-	3.57 0.578 0.953
Transverse	temporal 2.19	(0.03) 2.13	-	2.25 2.17	(0.04) 2.08	-	2.25 0.673 0.953

Aβ-.	n	=	38 Aβ+.	n	=	19

Group	differences	in	cortical	thickness	by	one-way	ANOVA	adjusted	for	age,	education,	WMH,	and	sex.	Average	cortical	
thickness	for	both	left	and	right	hemisphere.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-β;	SE	=	
standard	error;	CI	=	confidence	interval.

Supplementary	Table	1c.	Hippocampal	volume	according	to	amyloid	status.	

Mean	(SE) 95%	CI Mean	(SE) 95%	CI P
Hippocampal	volume,	mm3 3026	(62) 2902	-	3151 	2998	(85) 2828	-	3168 .667

Aβ-,	n	=	38 Aβ+,	n	=	19

Group	difference	in	hippocampal	volume	by	one-way	ANOVA,	adjusted	for	intracranial	volume,	
education,	WMH,	age	and	sex.	Aβ	=	amyloid-β;	SE	=	standard	error;	CI	=	confidence	interval.
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Supplementary	Table	1e.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	memory	performance	by	Aβ	status.

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00067	(0.00043) .029 0.00027	(0.00014) .053 -0.00015	(0.00057) .792 2.70 .109 0.00003	(0.00020) .899 0.00044	(0.00016) .015
Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex,	education,	WMH,	and	age	were	included	as	covariates.	Interaction	terms	were	removed	when	not	
significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of	a	smaller	volume,	whereas	a	negative	beta	indicates	the	effect	of	a	larger	volume.	Significant	results	
(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Memory	(n 	observations	=	100)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	1g.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	language	performance	by	Aβ	status.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.000007	(0.00030) .827 0.00009	(0.00012) .422 -0.00043	(0.00061) .480 0.40 .529 0.00002	(0.00018) .933 0.00015	(0.00014) .285
Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex,	education,	WMH,	and	age	were	included	as	covariates.	Interaction	terms	were	removed	when	not	
significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of		a	smaller	volume,	whereas	a	negative	beta	indicates	the	effect	of	a	larger	volume.	Significant	results	
(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Language	(n 	observations	=	100)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	1i.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	processing	speed	performance	by	Aβ	status.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00049	(0.00024) .049 -0.00013	(0.00013) .309 -0.00054	(0.00048) .267 0.28 .601 -0.00020	(0.00015) .185 -0.00049	(0.00022) .825
Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex,	education,	WMH,	and	age	were	included	as	covariates.	Interaction	terms	were	removed	when	not	
significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of		a	smaller	volume,	whereas	a	negative	beta	indicates	the	effect	of	a	larger	volume.	Significant	results	(p<.05)	
are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Processing	Speed	(n	observations	=	99)

THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	1k.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	executive	functioning	performance	by	Aβ	status.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00007	(0.00022) .748 -0.00010	(0.00014) .494 -0.00045	(0.00046) .326 0.09 .770 -0.00016	(0.00021) .443 -0.00009	(0.00021) .677
Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex,	education,	WMH,	and	age	were	included	as	covariates.	Interaction	terms	were	removed	when	not	
significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of		a	smaller	volume,	whereas	a	negative	beta	indicates	the	effect	of	a	larger	volume.	Significant	results	(p<.05)	
are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Executive	Functioning	(n	observations	=	100)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	2b.	Cortical	thickness	(mm)	according	to	amyloid	status	in	a	subset	without	terminal	decline.

Brain	region Mean	(SE) 95%	CI Mean	(SE) 95%	CI p pFDR
Banks	of	the	superior	temporal	sulcus 2.33	(0.02) 2.29	-	2.37 2.25	(0.02) 2.20	-	2.30 .089 .605
Caudal	anterior	cingulate 2.55	(0.05) 2.44	-	2.66 2.53	(0.07) 2.39	-	2.67 .803 .859
Caudal	middle	frontal 2.36	(0.03) 2.31	-	2.42 2.31	(0.03) 2.24	-	2.38 .327 .695
Cuneus 1.77	(0.02) 1.72	-	1.81 1.71	(0.03) 1.65	-	1.77 .250 .695
Entorhinal 2.96	(0.08) 2.80	-	3.13 2.93	(0.10) 2.73	-	3.14 .488 .695
Frontal	pole 2.68	(0.06) 2.55	-	2.80 2.61	(0.08) 2.46	-	2.77 .558 .723
Fusiform 2.47	(0.03) 2.41	-	2.53 2.37	(0.04) 2.29	-	2.44 .037 .420
Inferior	parietal 2.24	(0.03) 2.18	-	2.29 2.18	(0.03) 2.11	-	2.24 .315 .695
Inferior	temporal 2.49	(0.03) 2.43	-	2.56 2.46	(0.04) 2.38	-	2.55 .617 .723
Insula 2.73	(0.04) 2.66	-	2.81 2.75	(0.05) 2.65	-	2.85 .808 .859
Isthmus	cingulate 2.06	(0.03) 2.01	-	2.12 2.07	(0.03) 2.01	-	2.13 .991 .991
Lateral	occipital 1.96	(0.02) 1.91	-	2.00 1.91	(0.03) 1.85	-	1.98 .379 .695
Lateral	orbitofrontal 2.42	(0.03) 2.36	-	2.48 2.35	(0.04) 2.28	-	2.43 .131 .695
Lingual 1.82	(0.02) 1.78	-	1.86 1.79	(0.02) 1.75	-	1.84 .399 .695
Medial	orbitofrontal 2.22	(0.03) 2.16	-	2.27 2.12	(0.04) 2.05	-	2.19 .031 .420
Middle	temporal 2.61	(0.03) 2.55	-	2.67 2.57	(0.04) 2.49	-	2.64 .437 .695
Paracentral 2.23	(0.03) 2.17	-	2.29 2.22	(0.04) 2.15	-	2.29 .963 .991
Parahippocampal 2.45	(0.04) 2.37	-	2.54 2.29	(0.05) 2.19	-	2.40 .011 .383
Pars	opercularis 2.40	(0.02) 2.36	-	2.45 2.34	(0.03) 2.28	-	2.40 .350 .695
Pars	orbitalis 2.52	(0.04) 2.43	-	2.61 2.48	(0.05) 2.37	-	2.59 .609 .723
Pars	triangularis 2.29	(0.03) 2.23	-	2.35 2.25	(0.04) 2.18	-	2.32 .407 .695
Pericalcarine 1.56	(0.02) 1.52	-	1.60 1.51	(0.02) 1.46	-	1.56 .176 .695
Postcentral 1.96	(0.02) 1.91	-	2.01 1.88	(0.03) 1.82	-	1.94 .171 .695
Posterior	cingulate 2.33	(0.03) 2.27	-	2.38 2.28	(0.03) 2.21	-	2.35 .529 .720
Precentral 2.32	(0.02) 2.27	-	2.37 2.30	(0.03) 2.24	-	2.36 .591 .723
Precuneus 2.16	(0.02) 2.11	-	2.21 2.10	(0.03) 2.04	-	2.16 .243 .695
Rostral	anterior	cingulate 2.66	(0.04) 2.57	-	2.74 2.57	(0.05) 2.47	-	2.68 .079 .605
Rostral	middle	frontal 2.25	(0.03) 2.19	-	2.31 2.20	(0.04) 2.12	-	2.27 .476 .695
Superior	frontal 2.47	(0.03) 2.40	-	2.53 2.42	(0.04) 2.34	-	2.50 .478 .695
Superior	parietal 2.02	(0.03) 1.97	-	2.07 1.96	(0.03) 1.90	-	2.03 .491 .695
Superior	temporal 2.46	(0.03) 2.40	-	2.51 2.40	(0.03) 2.34	-	2.47 .191 .695
Supramarginal 2.30	(0.02) 2.26	-	2.35 2.26	(0.03) 2.20	-	2.32 .266 .695
Temporal	pole 3.40	(0.05) 3.30	-	3.51 3.43	(0.07) 3.30	-	3.57 .720 .816
Transverse	temporal 2.21	(0.04) 2.14	-	2.29 2.16	(0.05) 2.07	-	2.25 .403 .695

Aβ-,	n	=	27 Aβ+,	n	=	16

Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Group	differences	in	cortical	
thickness	by	one-way	ANOVA,	adjusted	for	age,	education,	WMH,	and	sex.	Average	cortical	thickness	for	both	left	
and	right	hemisphere.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-β;	SE	=	standard	error;	CI	=	
confidence	interval.

Supplementary	Table	2c.	Hippocampal	volume	according	to	amyloid	status	in	a	subset	without	terminal	decline.

Mean	(SE) 95%	CI Mean	(SE) 95%	CI P
Hippocampal	volume,	mm3 3052	(79) 2893	-	3212 3037	(92) 2850	-	3224 .999

Aβ-,	n	=	27 Aβ+,	n	=	16

Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Group	
difference	in	hippocampal	volume	by	one-way	ANOVA,	adjusted	for	intracranial	volume,	age,	
education,	WMH,	and	sex.	Aβ	=	amyloid-β;	SE	=	standard	error;	CI	=	confidence	interval.
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Supplementary	Table	2e.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	memory	performance	by	Aβ	status	in	a	subset	without	terminal	decline.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00067	(0.00036) .068 0.00024	(0.00013) .083 -0.00006	(0.00070) .931 2.98 .089 0.00004	(0.00020) .856 0.00040	(0.00015) .017
Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex,	education,	WMH,	
and	age	were	included	as	covariates.	Interaction	terms	were	removed	when	not	significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of	a	smaller	volume,	
whereas	a	negative	beta	indicates	the	effect	of	a	larger	volume.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Memory	(n 	observations	=	86)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	2g.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	language	performance	by	Aβ	status	in	a	subset	without	terminal	decline.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00015	(0.00037) .681 0.00009	(0.00012) .440 -0.00103	(0.00073) .166 0.33 .482 0.00001	(0.00019) .949 0.00018	(0.00014) .221
Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex	and	age	were	
included	as	covariates.	Interaction	terms	were	removed	when	not	significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of	a	smaller	volume,	whereas	a	negative	
beta	indicates	the	effect	of	a	larger	volume.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Language	(n 	observations	=	86)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	2i.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	processing	speed	performance	by	Aβ	status	in	a	subset	without	terminal	decline.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.00070	(0.00030) .02 -0.00017	(0.00013) .204 -0.00066	(0.00060) .277 0.11 .642 -0.00023	(0.00015) .153 -0.00009	(0.00024) .708
Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex	and	age	were	included	
as	covariates.	Interaction	terms	were	removed	when	not	significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of	a	smaller	volume,	whereas	a	negative	beta	
indicates	the	effect	of	a	larger	volume.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Processing	Speed	(n	observations	=	85)

THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Supplementary	Table	2k.	Associations	of	hippocampal	volume	with	baseline	and	decline	on	executive	functioning	performance	by	Aβ	status	in	a	subset	without	terminal	decline.	

Region beta(se) p beta(se) p beta(se) p F p beta(se) p beta(se) p
Hippocampus 0.000030	(0.00027) .269 -0.00017	(0.00015) .272 -0.00084	(0.00057) .142 0.48 .593 -0.00025	(0.00022) .261 -0.00008	(0.00021) .713
Individuals	that	might	have	suffered	from	terminal	decline	were	removed	(n=43).	Data	are	represented	as	β	(SE)	as	estimated	by	linear	mixed	models.	Intracranial	volume,	sex	and	age	were	included	as	
covariates.	Interaction	terms	were	removed	when	not	significant.	Time	in	years;	volume	in	mm3.	A	positive	beta	estimate	indicates	the	effect	of	a	smaller	volume,	whereas	a	negative	beta	indicates	the	effect	of	
a	larger	volume.	Significant	results	(p<.05)	are	indicated	in	bold.	Aβ	=	amyloid-beta;	SE	=	standard	error;	THK	=	thickness.

Executive	Functioning	(n	observations	=	86)
THK Time	X	THK	 THK	X	Aβ Time	X	THK	X	Aβ Time	X	THK	in	Aβ- Time	X	THK	in	Aβ+
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Abstract	

Background	and	Objectives:	Multiple	biomarkers	have	been	suggested	to	

measure	 neurodegeneration	 (N)	 in	 the	 AT(N)	 framework,	 leading	 to	

inconsistencies	between	studies.	We	investigated	the	association	of	five	N	

biomarkers	with	 clinical	 progression	 and	 cognitive	 decline	 in	 individuals	

with	subjective	cognitive	decline	(SCD).	

Methods:	We	included	individuals	with	SCD	from	the	Amsterdam	Dementia	

Cohort	and	SCIENCe	project,	a	longitudinal	cohort	study	(follow-up	4±3y).	

We	 used	 the	 following	 N	 biomarkers:	 CSF	 total	 (t)-tau,	 medial	 temporal	

atrophy	 visual	 rating	 on	 MRI,	 hippocampal	 volume	 (HV),	 serum	

neurofilament	 light	 (NfL)	and	serum	glial	 fibrillary	acidic	protein	 (GFAP).	

We	determined	correlations	between	biomarkers.	We	assessed	associations	

between	 N	 biomarkers	 and	 clinical	 progression	 to	 mild	 cognitive	

impairment	 or	 dementia	 (Cox	 regression),	 and	 MMSE	 over	 time	 (linear	

mixed	models).	Models	included	age	and	sex,	CSF	Ab	(A),	and	CSF	p-tau	(T)	

as	covariates,	in	addition	to	the	N	biomarker.		

Result:	We	 included	401	 individuals	 (61±9y,	42%F,	MMSE28±2,	vascular	

comorbidities	 8-19%).	 N	 biomarkers	 were	 modestly	 to	 moderately	

correlated	 (range	 r	 -0.28	 –	 0.58).	 Serum	 NfL	 and	 GFAP	 correlated	 most	

strongly	(r	0.58,	p<0.01).	T-tau	was	strongly	correlated	with	p-tau	(r	0.89,	

p<0.01),	 although	 these	 biomarkers	 supposedly	 represent	 separate	

biomarker	 groups.	 All	 N	 biomarkers	 individually	 predicted	 clinical	

progression,	but	only	HV,	NfL	and	GFAP	added	predictive	value	beyond	Ab	

and	p-tau	(HR	1.52	(95%CI	1.11-2.09);	1.51	(1.05-2.17);	1.50	(1.04-2.15)).	

T-tau,	HV	and	GFAP	individually	predicted	MMSE	slope	(range	beta	-0.17	–	-

0.11,	p<0.05),	but	only	HV	remained	associated	beyond	Ab	and	p-tau	(beta	-

0.13	(SE	0.04),	p<0.05).	
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Discussion:	 In	 cognitively	 unimpaired	 elderly,	 correlations	 between	

different	N	biomarkers	were	only	moderate,	indicating	they	reflect	different	

aspects	of	neurodegeneration	and	should	not	be	used	 interchangeably.	T-

tau	was	strongly	associated	with	p-tau	(T),	which	makes	it	less	desirable	to	

use	 as	 measure	 for	 N.	 HV,	 NfL	 and	 GFAP	 predicted	 clinical	 progression	

beyond	 A	 and	 T.	 Our	 results	 do	 not	 allow	 to	 choose	 one	 most	 suitable	

biomarker	for	N,	but	illustrate	the	added	prognostic	value	of	N	beyond	A	and	

T.	
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Introduction	

In	 recent	 years,	 there	 has	 been	 a	 major	 change	 in	 the	 definition	 of	

Alzheimer’s	disease	(AD).	Formerly,	the	core	criteria	of	AD	diagnosis	were	

based	 on	 clinical	 symptoms	 (McKhann	 et	 al.	 2011).	 In	 2018,	 a	 research	

framework	has	been	put	forward	by	the	NIA-AA	in	which	every	individual	is	

classified	based	on	specific	biomarkers	in	the	AT(N)	classification	(Jack	et	al.	

2018).	 In	 this	 framework,	 the	 term	 ‘Alzheimer’s	 disease’	 refers	 to	 the	

presence	 of	 abnormal	 amyloid-beta	 accumulation	 and	 neurofibrillary	 tau	

tangles,	i.e.	 ‘A’,	measured	by	CSF	Ab	or	amyloid	PET,	and	‘T’,	measured	by	

CSF	 phosphorylated	 tau	 (p-tau)	 or	 tau	 PET.	 The	 AT(N)	 construct	 is	

independent	of	the	cognitive	stage	of	the	individual,	which	makes	it	possible	

to	identify	AD	in	cognitively	normal	individuals.		

The	 ‘N’	 in	 the	 AT(N)	 classification	 represents	 neurodegeneration.	

Neurodegeneration	can	have	many	different	causes	and	is	not	specific	 for	

AD.	 Therefore,	 neurodegenerative	 markers	 are	 not	 necessary	 for	 the	

diagnosis,	 but	 rather	 have	 been	 suggested	 to	 provide	 pathologic	 staging	

information	and	predictive	value.	Proposed	biomarkers	of	N	include	atrophy	

on	MRI,	hypometabolism	on	fluorodeoxyglucose	(FDG)	PET	or	CSF	total	tau	

(t-tau;	 Jack	 et	 al.	 2018).	 In	 addition,	 blood-based	 biomarkers	 are	 now	

available	and	have	been	suggested	as	non-invasive	alternative	markers	for	

N	(Jack	et	al.	2018;	Rajan	et	al.	2020;	Verberk	et	al.	2021).		

Allowing	 different	 biomarkers	 as	 indicator	 of	 a	 biomarker	 group	

implies	 that	 they	 can	 be	 used	 interchangeably	 and	 measure	 the	 same	

pathological	 process.	 For	 the	 A	 and	 T	 biomarker	 group,	 this	 assumption	

holds	 fairly	 well,	 with	 moderate	 to	 high	 agreement	 and	 relatively	 high	

correlation	 coefficients	 between	 markers	 within	 A	 and	 T,	 respectively	

(Landau	et	al.	2013;	Illán-Gala	et	al.	2018;	la	Joie	et	al.	2018).	N	biomarkers,	

however,	 are	 poorly	 correlated	 and	 show	 inadequate	 agreement	
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(Alexopoulos	et	al.	2014;	Toledo	et	al.	2014;	Jack	et	al.	2015;	Vos	et	al.	2016;	

Illán-Gala	 et	 al.	 2018).	 Furthermore,	 the	 fact	 that	 N	 biomarkers	 are	

suggested	 to	 provide	 staging	 information	 implies	 that	 individuals	with	 a	

higher	 degree	 of	 neurodegeneration	 are	 assumed	 to	 deteriorate	 faster.	

However,	 there	are	only	a	 few	studies	 that	directly	compared	different	N	

biomarkers	 in	 their	 association	 with	 clinical	 progression	 or	 cognitive	

decline	over	time.	Most	are	hampered	by	small	sample	sizes,	and	none	have	

directly	compared	blood-based	biomarkers	to	CSF	and	imaging	biomarkers	

yet	(Toledo	et	al.	2014;	Ottoy	et	al.	2019;	Yu	et	al.	2019;	Guo	et	al.	2020;	

Mattsson-Carlgren	et	al.	2020).		

It	 is	 difficult	 to	 determine	 which	 modality	 captures	

‘neurodegeneration	(N)’	most	accurately,	because	there	is	no	gold	standard	

available.	 However,	 it	 should	 capture	 a	 different	 process	 than	 the	

accumulation	 of	 amyloid-beta	 (A)	 or	 fibrillary	 tau	 (T),	 as	 otherwise	 the	

addition	 of	 N	 would	 have	 no	 added	 value	 in	 the	 AT(N)	 classification.	

Furthermore,	 if	 different	N	biomarkers	 indeed	 capture	 the	 same	process,	

correlations	 between	 N	 biomarkers	 should	 be	 higher	 than	 correlations	

between	A	 and	N,	 or	 T	 and	N	 biomarkers.	 Finally,	 as	 N	 provides	 staging	

information,	it	should	have	some	clinical	correlate.	In	early	disease	stages	

especially,	 it	 is	 important	 to	 be	 able	 to	 accurately	 predict	 future	

deterioration,	 for	 both	 the	 individuals	 themselves	 and	 clinical	 trial	

recruitment,	 since	 these	 could	 still	 potentially	 benefit	 from	 disease	

modifying	therapies.		

Therefore,	our	aims	were	(1)	to	compare	the	different	N	biomarkers	

CSF	 total	 (t)-tau,	 medial	 temporal	 atrophy	 (MTA)	 visual	 rating	 on	 MRI,	

hippocampal	volume	(HV),	serum	neurofilament	light	(NfL)	and	serum	glial	

fibrillary	acidic	protein	(GFAP)	to	each	other	and	to	markers	of	A	and	T,	and	

(2)	to	determine	their	predictive	value	for	clinical	progression	and	cognitive	
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decline	beyond	A	and	T,	in	a	sample	of	cognitively	normal	individuals	with	

subjective	cognitive	decline	(SCD).		

	

Methods	

Study	population	

We	 included	 401	 individuals	 with	 SCD	 from	 the	 Amsterdam	 Dementia	

Cohort	 (ADC)	 and	 SCIENCe	 project	 (Subjective	 Cognitive	 Impairment	

Cohort;	 Slot	 et	 al.	 2018;	 van	der	 Flier	 and	 Scheltens	2018).	 The	 SCIENCe	

project	is	a	sub-study	of	ADC	and	prospectively	follows	individuals	with	SCD.	

Individuals	 were	 referred	 to	 our	 memory	 clinic	 because	 of	 cognitive	

complaints	 by	 their	 general	 physician,	 a	 geriatrist	 or	 a	 neurologist,	 and	

underwent	 an	 extensive	 diagnostic	 workup,	 including	 a	 physical,	

neurological	 and	 neuropsychological	 evaluation.	 In	 a	 multidisciplinary	

consensus	 meeting,	 all	 individuals	 received	 the	 label	 SCD	 when	 they	

performed	within	normal	 limits	on	a	neuropsychological	assessment,	and	

criteria	 for	 mild	 cognitive	 impairment	 (MCI),	 dementia,	 or	 other	

neurological	or	psychiatric	diseases	that	could	potentially	cause	cognitive	

complaints,	were	not	met.		

At	follow-up,	diagnoses	were	re-evaluated	as	SCD,	MCI,	AD	dementia	

or	other	types	of	dementia.	Clinical	progression	was	defined	as	progression	

from	SCD	to	MCI	or	dementia.	Inclusion	criteria	for	the	current	study	were	

baseline	SCD	diagnosis,	availability	of	follow-up	information	(≥	2	diagnoses),	

availability	of	CSF,	and	availability	of	MRI	and/or	serum	biomarkers	within	

one	 year	 of	 diagnosis.	 MMSE	 was	 assessed	 annually	 and	 was	 used	 as	

longitudinal	 measure	 of	 global	 cognition.	 Education	 was	 rated	 using	 the	

Dutch	Verhage	system	(Verhage	and	van	der	Werff	1964).		
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Biomarkers	

We	used	all	biomarkers	both	as	continuous	and	dichotomous	measures.	We	

used	 CSF	 Ab	 (continuous	 and	 dichotomous,	 abnormal	 <813	 pg/mL)	 or	

amyloid	PET	(dichotomous,	visual	assessment)	as	biomarker	 for	A.	When	

both	amyloid	PET	and	CSF	Ab	were	available,	the	PET	result	was	used.	We	

used	CSF	p-tau	(abnormal	>52	pg/mL)	as	biomarker	for	T.	We	compared	five	

different	 N	 biomarkers:	 CSF	 t-tau	 (abnormal	 >375	 pg/mL),	 MTA	 score	

(abnormal	≥	1),	HV,	serum	NfL	and	serum	GFAP.	We	used	a	cut-off	value	of	

≥	1	for	MTA	score	instead	of	age-dependent	cut-off	values,	to	be	consistent	

with	thresholds	for	the	other	biomarkers,	which	are	also	age-independent	

(Rhodius-Meester	et	al.	2017).	For	HV,	NfL	and	GFAP,	no	established	cut-off	

values	were	available.	Because	of	varying	rates	of	N+	in	literature	(Ebenau	

et	al.	2020;	Mattsson-Carlgren	et	al.	2020),	we	pragmatically	took	the	75th	

and	90th	percentile	for	NfL	and	GFAP,	and	the	10th	and	25th	percentile	for	

HV,	which	provides	the	reader	with	a	range	of	possible	effects	sizes.	Hence,	

for	HV,	NfL	and	GFAP,	we	chose	two	dichotomous	definitions	per	biomarker.	

The	following	describe	the	procedures	used	to	obtain	these	measures.	

A	 lumbar	 puncture	was	 performed	 between	 the	 L3/L4,	 L4/L5	 or	

L5/S1	intervertebral	space	to	obtain	CSF,	which	was	subsequently	collected	

in	 polypropylene	 tubes	 (Teunissen	 et	 al.	 2014).	 Levels	 of	 Ab1-42,	 tau	

phosphorylated	threonine	181	(p-tau)	and	total	tau	were	measured	using	

sandwich	ELISA’s	(Innotest	beta-amyloid1-42,	Innotest	PhosphoTAU-181p	and	

Innotest	hTAU-Ag;	(Duits	et	al.	2015).	CSF	Ab	levels	were	corrected	for	the	

drift	that	occurred	over	the	years	(Tijms	et	al.	2018).		

For	79	 individuals,	 amyloid	PET	was	performed	using	 the	 tracers	

[18F]Florbetapir	(n=13),	[18F]Florbetaben	(n=48),	[18F]Flutemetamol	(n=7)	

or	 [11C]-PIB	(Pittsburgh	compound-B,	n=11).	An	 intravenous	cannula	was	

used	to	administer	the	tracers.	The	following	systems	were	used	to	acquire	
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the	 PET	 scans:	 Gemini	 TF	 PET-CT,	 Ingenuity	 TF	 PET-CT,	 and	 Ingenuity	

PET/MRI	(Philips	Healthcare,	Best,	The	Netherlands).	For	[18F]Florbetaben	

and	 [18F]Flutemetamol	 imaging,	 a	 static	 scanning	 protocol	 was	 used,	 for	

[18F]Florbetapir	 and	 [11C]PIB	 imaging,	 a	 dynamic	 scanning	 protocol	

(Ossenkoppele	et	al.	2012;	de	Wilde	et	al.	2017;	Zwan	et	al.	2017;	Slot	et	al.	

2018).	 A	 trained	 nuclear	 medicine	 physician	 visually	 rated	 all	 scans	 as	

‘positive’	 or	 ‘negative’,	 according	 to	 the	 radiotracer	 specific	 product	

guidelines.	

Structural	 MRI	 3D	 T1-weighted	 images	 (n=366	 (89%))	 were	

acquired	as	part	 of	 routine	patient	 care	 from	nine	different	 systems.	The	

acquisition	 parameters	 are	 described	 in	 the	 Supplementary	 Text	 1.	 An	

experienced	neuroradiologist	reviewed	all	scans.	T1-weighted	images	were	

used	 for	visual	 rating	of	medial	 temporal	 lobe	atrophy	 (MTA;	 range	0-4).	

Scores	 for	 the	 left	 and	 right	 sides	were	 averaged	 (Scheltens	 et	 al.	 1992).	

Hippocampal	 volume	was	estimated	using	FMRIB	Software	Library	 (FSL)	

FIRST	(v5),	as	described	previously	by	Patenaude	et	al.	(2011).	The	FIRST	

algorithm	 first	 registers	 the	 3D	 T1-weighted	 images	 to	 the	 Montreal	

Neurological	 Institute	 152	 template.	 Next,	 it	 uses	 a	 subcortical	 mask	 for	

segmentation	 based	 on	 shape	 models	 and	 voxel	 intensities	 to	 obtain	

hippocampal	volumes.	Hippocampal	volumes	were	normalized	for	head	size	

using	the	V-scaling	factor	from	SIENAX	(Smith	et	al.	2002),	and	left	and	right	

sides	were	averaged.	All	images	were	visually	inspected	for	registration	or	

segmentation	errors.	

Non-fasted	serum	samples	(n=296	(72%))	were	obtained	through	

venipuncture	and	centrifuged	on	average	within	2	hours	from	collection,	at	

1800g,	10	minutes	at	room	temperature,	before	immediate	storage	at	-80	°C	

until	 analysis.	 Serum	 GFAP	 and	 NfL	 levels	 were	 measured	 using	 the	

commercially	available	SimoaTM	GFAP	Discovery	Kit	 (Quanterix)	and	 the	
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SimoaTM	NF-Light	Advantage	Kit	(Quanterix)	according	to	manufacturer’s	

instructions	and	with	on-board	automated	sample	dilution	(Verberk	et	al.	

2021).	All	samples	were	measured	 in	duplicates	with	good	average	 intra-

assay	%	coefficient	of	variation.	

	

Standard	protocol	approvals,	registrations,	and	patient	consents	

The	 research	 is	 conducted	 in	 accordance	 with	 ethical	 consent	 by	 VU	

University	and	the	Helsinki	Declaration	of	1975.	For	all	individuals	included	

in	the	study,	written	informed	consent	was	available.	

	

Statistics	

All	analyses	were	performed	in	R	version	4.0.3.	We	first	used	all	biomarkers	

as	continuous	measures	(Ab,	p-tau,	t-tau,	MTA,	HV,	NfL	and	GFAP).	Since	the	

AT(N)	 classification	 is	 based	 on	 dichotomous	 variables,	 we	 repeated	 all	

analyses	with	dichotomized	biomarkers	(A,	T,	Nt-tau,	NMTA,	NHV25,	NHV10,	NNfL75,	

NNfL90,	 NGFAP75,	 NGFAP90).	 CSF	 p-tau,	 t-tau,	 serum	 NfL	 and	 GFAP	 were	 log	

transformed	 due	 to	 non-normality.	 For	 Cox	 proportional	 hazards	models	

and	 linear	 mixed	 models,	 continuous	 predictors	 were	 transformed	 to	 z-

scores	for	comparability	of	effect	sizes,	and	HV	was	inverted,	so	that	for	all	

variables	higher	values	indicates	worse.	

We	 first	 compared	 demographic	 and	 clinical	 variables	 between	

individuals	 that	 remained	 stable,	 and	 those	 that	 progressed	 to	 MCI	 or	

dementia	 during	 follow-up,	 using	 t-test,	 Mann-Whitney	 U	 test	 and	 chi-

square	where	appropriate.	To	assess	correlations	between	biomarkers,	we	

used	Pearson	correlation	analysis	(CSF	Ab,	p-tau	and	t-tau,	MTA	score,	HV,	

and	serum	NfL	and	GFAP).	We	additionally	used	partial	correlation	to	adjust	

for	age	and	sex.	
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We	 then	 investigated	 the	 associations	 between	 biomarkers	 and	

clinical	 progression	 using	 Cox	 proportional	 hazards	 analyses,	 with	

progression	to	MCI	or	dementia	as	outcome.	We	ran	four	different	models,	

with	 a	 cumulative	 number	 of	 predictors.	 We	 first	 ran	 analyses	 with	

continuous	N	biomarkers	as	single	predictors	(model	1).	We	then	added	age	

and	sex	as	covariates	(model	2).	Then	we	added	CSF	Ab	as	covariate	(model	

3),	 and	 finally,	 also	 CSF	 p-tau	 (model	 4).	 In	 models	 with	 MTA	 and	 HV,	

scanner	type	was	additionally	added	as	covariate.	Separate	analyses	were	

performed	 for	 each	 of	 the	 N	 biomarkers	 t-tau,	 MTA,	 HV,	 NfL	 and	 GFAP.	

Finally,	 for	 exploration	purposes,	we	 combined	multiple	N	biomarkers	 in	

one	model,	entering	all	N	biomarkers	that	were	significantly	associated	with	

the	outcome	in	model	4,	simultaneously.	

Next,	 we	 investigated	 the	 relationship	 between	 the	 different	 N	

biomarkers	and	MMSE	over	 time	using	 linear	mixed	models.	We	ran	 four	

different	 models	 with	 a	 cumulative	 number	 of	 covariates,	 similar	 to	 the	

models	described	for	the	Cox	analyses.	We	first	used	the	N	biomarker,	time	

and	N	biomarker	*	time	as	predictors	(model	1).	Next,	we	added	age	and	sex	

as	covariates	(model	2).	To	account	for	the	putative	modifying	effect	of	age	

and	sex	on	rate	of	decline,	we	additionally	added	the	interaction	terms	age	*	

time	and	sex	*	 time	 to	model	2.	Then	we	added	CSF	Ab	 and	Ab	 *	 time	as	

covariates	(model	3)	and	finally,	also	CSF	p-tau	and	p-tau	*	time	(model	4).	

In	 models	 with	 MTA	 and	 HV,	 scanner	 type	 was	 additionally	 added	 as	

covariate.	We	included	a	random	intercept	and	random	slope.	

We	 repeated	 the	 analyses	 with	 dichotomous	 N	 biomarkers.	 We	

visualized	AT(N)	distributions	for	different	N	biomarkers	using	bar	graphs.	

We	 ran	 Cox	 proportional	 hazards	 models	 similarly	 to	 models	 with	

continuous	N	biomarkers,	except	dichotomized	N	biomarkers	were	used	as	

predictors,	 as	well	 as	dichotomized	A	 and	T	biomarkers	when	 they	were	
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added	 as	 covariates	 in	 models	 3	 and	 4.	 We	 visualized	 the	 associations	

between	N	biomarkers	and	clinical	progression	to	MCI	or	dementia	using	

Kaplan	Meier	curves.	All	analyses	were	corrected	for	multiple	testing	using	

the	 false	 discovery	 rate	 (FDR).	 FDR	 corrected	 p-values	 <0.05	 were	

considered	significant.	
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Table	1.	
Demographics	 		 		 		

		
Stable	 Progression	 Total	

N=337	(84%)	 N=64	(16%)	

Agea	 60±8.4	 66±7.3	 60.9±8.5*	
Sex,	femaleb	 141	(42%)	 26	(41%)	 167	(42%)	
Educationc	 6[5-6]	 6[4-6]	 6[5-6]	
MMSEc	 28.4±1.5	 27.8±1.6	 28.3±1.6*	
APOE	carriershipb	 115	(35%)	 38	(61%)	 153	(39%)*	
Hypertensionb	 67	(20%)	 11	(17%)	 78	(19%)	
Hypercholesterolemiab	 30	(8.9%)	 4	(6.2%)	 34	(8.5%)	
Diabetes	Mellitusd	 30	(8.9%)	 1	(1.6%)	 31	(7.7%)	
BMI	>	30b	 37	(14%)	 5	(10%)	 42	(13%)	
CSF	abetaa	 1072.2±238	 817.0±264.4	 1031.5±259.5*	
CSF	p-tauc	 46.5±20.2	 67.8±33.8	 49.9±24.2*	
CSF	t-tauc	 278.1±165.1	 501±358.4	 313.7±223.2*	
MTA	scorec	 0[0-0.5]	 0[0-1]	 0[0-0.5]†	
					N	available	(%)	 305	(90.5%)	 59	(92.2%)	 	

HVa	 4.8±0.6	 4.5±0.5	 4.7±0.6*	
					N	available	(%)	 303	(89.9%)	 58	(90.6%)	 	

Serum	NfLc	 10.2±5.6	 14.3±5.7	 10.9±5.8*	
					N	available	(%)	 245	(72.7%)	 51	(79.7%)	 	

Serum	GFAPc	 190.8±124.9	 281.1±128.6	 206.4±129.9*	
					N	available	(%)	 245	(72.7%)	 51	(79.7%)	 	

Total	FU	timec	 3.6±2.7	 4.5±3.2	 3.8±2.8*	
Time	to	diagnosis	 	 3.0±2.9	 	

No.	of	visitsc	 2[2-3]	 4[3-6]	 3[2-4]*	
Data	are	presented	as	mean±SD,	N(%),	or	median[IQR].	Individuals	are	classified	in	
the	 ‘Progression’	 group	 if	 they	 showed	 clinical	 progression	 to	 mild	 cognitive	
impairment	or	dementia	during	follow-up.	MRI	was	available	for	n=366,	there	were	
some	missing	values	for	MTA	score	(n=364)	and	HV	(n=361)	due	to	registration	and	
segmentation	 errors.	 MMSE	 =	 mini-mental	 state	 examination,	 MTA	 =	 medial	
temporal	atrophy,	HV	=	hippocampal	volume,	NfL	=	neurofilament	light,	GFAP	=	glial	
fibrillary	acidic	protein.	a	t-test,	b	chi-square	test,	c	Mann-Whitney	U	test,	d	Fisher’s	
exact	test,	†	p	<.05,	*	FDR	corrected	p	<.05.		
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Results	

Baseline	demographics	

The	 401	 individuals	 were	 on	 average	 61±9	 years	 old,	 167(42%)	 were	

female,	 and	 153(39%)	 were	 APOE	 ε4	 carriers	 (Table	 1).	 At	 follow-up,	

64(16%)	 individuals	 progressed	 to	 MCI	 or	 dementia	 (29(7%)	 to	 MCI,	

23(6%)	to	AD	dementia	and	12(3%)	to	non-AD	dementia).	Individuals	who	

progressed	to	MCI	or	dementia	were	on	average	older,	had	a	lower	baseline	

MMSE	score	and	were	more	often	APOE	ε4	carrier.	Additionally,	they	had	

lower	values	for	Ab,	higher	values	for	p-tau,	t-tau,	MTA,	NfL	and	GFAP,	and	

smaller	hippocampal	volume.	

	

Correlations	between	N	biomarkers	

The	different	N	biomarkers	were	modestly	to	moderately	correlated	(range	

r	 -0.28	–	0.58,	Figure	1A).	Serum	markers	NfL	and	GFAP	correlated	most	

strongly	 (r	 0.58,	 p	 <0.01).	 P-tau	 and	 t-tau,	 representing	 different	 AT(N)	

biomarker	groups	(T	and	N	respectively),	were	very	strongly	correlated	(r	

0.89,	 p	 <0.01).	 Overall,	 the	 correlation	 coefficients	 between	 the	 different	

biomarkers	 for	 N	 were	 in	 a	 similar	 range	 as	 the	 correlation	 coefficients	

between	the	different	biomarkers	for	N	on	the	one	hand,	and	biomarkers	for	

A	and	T	on	the	other	hand	(r	-0.43	–	0.33,	excluding	the	correlation	between	

p-tau	 and	 t-tau).	 After	 adjusting	 for	 age	 and	 sex,	 drastically	 lower	

coefficients	were	observed	(Figure	1B).		
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Figure	1.	Correlations	between	N	biomarkers	
Heatmaps	showing	correlations	between	different	biomarkers.	A).	Correlation	coefficients	
(Pearson),	B).	Correlation	coefficients	(partial	correlation,	adjusted	for	age	and	sex).	P-tau,	t-
tau,	NfL	and	GFAP	were	log-transformed.	MTA	=	medial	temporal	atrophy,	HV	=	hippocampal	
volume,	NfL	=	neurofilament	light,	GFAP	=	glial	fibrillary	acidic	protein.	
	

Risk	of	progression	to	MCI	or	dementia	

We	investigated	the	predictive	value	of	the	different	N	biomarkers	using	Cox	

proportional	hazards	analyses.	The	mean	follow-up	duration	was	3.8	years	

(±	 2.8	 years).	 In	 uncorrected	 models,	 t-tau,	 MTA,	 HV,	 NfL	 and	 GFAP	 all	

predicted	clinical	progression	to	MCI	or	dementia	(Table	2,	model	1).	After	

adding	covariates	in	model	2	(age	and	sex),	3	(Ab,	age	and	sex)	and	4	(Ab,	p-

tau,	age	and	sex),	hazard	ratios	were	attenuated.	Model	4	showed	that	HV,	

NfL	and	GFAP	added	predictive	value	to	Ab	and	p-tau.	T-tau	also	predicted	

MCI	or	dementia	in	models	1	to	3,	but	was	not	entered	in	model	4	due	to	

collinearity	between	t-tau	and	p-tau.	In	an	additional	explorative	analysis,	

we	added	the	three	N	markers	HV,	NfL	and	GFAP	simultaneously	in	a	model	

in	addition	to	Ab	and	p-tau,	since	these	biomarkers	added	predictive	value	

in	model	4.	 In	 this	model,	only	HV	remained	significantly	associated	with	

clinical	 progression	 to	MCI	 or	 dementia	 (HR	 1.45	 (SE	 1.01	 –	 2.09)).	 The	
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associations	for	NfL	(0.94	(0.56	–	1.59))	and	GFAP	(1.40	(0.86	–	2.29))	were	

attenuated	(n=258	due	to	varying	availability	rates	for	N	biomarkers).		

Results	of	the	analyses	for	complete	cases	only	(n=256)	were	overall	

similar,	although	not	all	associations	survived	FDR	correction	(Sup.	Table	1).	

	

Cognitive	decline	over	time	

We	estimated	change	in	MMSE	over	time	using	linear	mixed	models.	In	total,	

1196	 MMSE	 scores	 of	 399	 participants	 individuals	 were	 available,	 with	

missing	 values	 for	 two	 individuals	 (334	 ≥	 2	 visits;	 range	 1-17,	median	 3	

visits).	 No	 associations	 between	 any	 N	 biomarkers	 and	 baseline	 MMSE	

scores	were	observed	in	our	sample	of	cognitively	normal	elderly.	Table	3	

shows	the	results	for	the	interaction	between	the	N	biomarkers	and	time,	

Biomarker n Model	1 Model	2 Model	3 Model	4
T-tau 401 2.32	(1.86	-	2.88)a,b 2.12	(1.67	-	2.70)a,b 1.74	(1.36	-	2.23)a,b
Aβ 1.98	(1.50	-	2.63)a,b
P-tau

MTA 364 1.34	(1.06	-	1.69)a,b 1.02	(0.78	-	1.34) 0.97	(0.74	-	1.28) 1.00	(0.76	-	1.33)
Aβ 2.43	(1.79	-	3.31)a,b 2.18	(1.60	-	2.96)a,b
P-tau 1.42	(1.07	-	1.89)a,b

HV 361 1.55	(1.17	-	2.07)a,b 1.36	(0.99	-	1.87) 1.43	(1.06	-	1.95)a,b 1.52	(1.11	-	2.09)a,b
Aβ 2.58	(1.88	-	3.54)a,b 2.25	(1.65	-	3.07)a,b
P-tau 1.49	(1.14	-	1.94)a,b

NfL 296 1.92	(1.51	-	2.46)a,b 1.61	(1.18	-	2.21)a,b 1.42	(1.00	-	2.01) 1.51	(1.05	-	2.17)a,b
Aβ 2.24	(1.59	-	3.15)a,b 1.96	(1.41	-	2.72)a,b
P-tau 1.52	(1.14	-	2.03)a,b

GFAP 296 2.40	(1.81	-	3.19)a,b 2.03	(1.46	-	2.82)a,b 1.58	(1.09	-	2.30)a,b 1.50	(1.04	-	2.15)a,b
Aβ 2.09	(1.46	-	3.00)a,b 1.90	(1.34	-	2.68)a,b
P-tau 1.44	(1.07	-	1.94)a,b

Table	2.	Risk	of	MCI	or	dementia	for	continuous	N	biomarkers

Data	shown	are	hazard	ratio	(95%	confidence	interval)	as	estimated	by	Cox	proportional	hazards	analyses	(outcome:	
clinical	progression	to	mild	cognitive	impairment	or	dementia).	Predictors:	model	1:	neurodegeneration	biomarker;	
model	2:	neurodegeneration	biomarker,	age	and	sex;	model	3:	Aβ,	neurodegeneration	biomarker,	age	and	sex;	model	4:	
Aβ,	p-tau,	neurodegeneration	biomarker,	age	and	sex.	In	models	with	MTA	and	HV,	scanner	type	was	additionally	
added	as	covariate.	P-tau,	t-tau,	NfL	and	GFAP	were	log	transformed,	Aβ	and	hippocampal	volume	were	inverted,	all	
biomarkers	were	z-transformed.	MTA	=	medial	temporal	atrophy,	HV	=	hippocampal	volume,	NfL	=	neurofilament	
light,	GFAP	=	glial	fibrillary	acidic	protein.	T-tau	was	not	entered	in	model	4	due	to	collinearity	between	t-tau	and	p-
tau.	a	p	<0.05.	b	FDR	corrected	p	<0.05.
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which	reflects	the	effect	of	each	of	the	N	biomarkers	on	MMSE	slope.	In	both	

uncorrected	models	(model	1)	and	models	corrected	for	age	and	sex	(model	

2),	 t-tau,	 HV	 and	 GFAP	 predicted	MMSE	 slope.	 T-tau	 and	 HV	 also	 added	

predictive	value	to	Ab	(model	3),	but	only	HV	added	predictive	value	beyond	

Ab	 and	p-tau	 (model	8).	Results	were	 similar	 for	 analyses	with	 complete	

cases	(n=256,	Sup.	Table	2).	

	

Table	3.	Risk	of	cognitive	decline	for	continuous	N	biomarkers	 	
 Model	1	 Model	2	 Model	3	 Model	4	 	

Biomarker	 Beta	(SE)	 Beta	(SE)	 Beta	(SE)	 Beta	(SE)	 	

T-tau	 -0.17	(0.04)a,b	 -0.15	(0.04)a,b	 -0.14	(0.04)a,b	 	  

Aβ	 	  -0.11	(0.04)a,b	 	  

P-tau	 	     

MTA	 -0.06	(0.04)	 -0.04	(0.05)	 -0.04	(0.05)	 -0.04	(0.04)	 	

Aβ	 	  -0.14	(0.04)a,b	 -0.12	(0.04)a,b	 	

P-tau	 	   -0.12	(0.04)a,b	 	

HV	 -0.11	(0.04)a,b	 -0.13	(0.05)a,b	 -0.13	(0.04)a,b	 -0.13	(0.04)a,b	 	

Aβ	 	  -0.13	(0.04)a,b	 -0.12	(0.04)a,b	 	

P-tau	 	   -0.11	(0.04)a,b	 	

NfL	 -0.06	(0.05)	 -0.05	(0.06)	 -0.01	(0.06)	 -0.02	(0.06)	 	

Aβ	 	  -0.11	(0.05)a	 -0.09	(0.05)	 	

P-tau	 	   -0.16	(0.05)a,b	 	

GFAP	 -0.15	(0.05)a,b	 -0.14	(0.06)a,b	 -0.11	(0.06)	 -0.10	(0.06)	 	

Aβ	 	  -0.08	(0.05)	 -0.06	(0.05)	 	

P-tau	 		 		 		 -0.16	(0.05)a,b	 	

Results	shown	are	beta	(SE)	as	estimated	by	linear	mixed	models.	Outcome	is	MMSE	
score.	Predictors:	model	5:	neurodegeneration,	time,	neurodegeneration*time;	model	
6:	variables	included	in	model	5,	age,	sex,	age*time	and	sex*time;	model	7:	variables	
included	in	model	6,	CSF	Aβ	and	Aβ*time;	model	8:	variables	included	in	model	7,	CSF	
p-tau	and	p-tau*time).	In	models	with	MTA	and	HV,	scanner	type	was	additionally	
added	as	covariate.	Betas	represent	the	interaction	between	neurodegeneration	
biomarker	and	time,	which	corresponds	to	the	cognitive	slope.	P-tau,	t-tau,	NfL	and	
GFAP	were	log	transformed,	Aβand	hippocampal	volume	were	inverted,	all	biomarkers	
were	z-transformed.	MTA	=	medial	temporal	atrophy,	HV	=	hippocampal	volume,	NfL	=	
neurofilament	light,	GFAP	=	glial	fibrillary	acidic	protein.	T-tau	was	not	entered	in	
model	4	due	to	collinearity	between	t-tau	and	p-tau.	a	p	<0.05.	b	FDR	corrected	p	<0.05.	
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Dichotomous	N	biomarkers	

The	 proportion	 of	 N+	 individuals,	 and	 hence	 the	 distribution	 of	 AT(N)	

categories,	strongly	depended	on	the	definition	of	N	(Figure	2).	Proportions	

of	N+	 varied	between	10%	 (NHV10,	NNfL90,	NGFAP90),	 and	25%	 (NHV25,	NNfL75,	

NGFAP75).	For	Nt-tau	and	NMTA,	proportions	of	N+	were	about	22%.	N+	was	

more	common	in	A-	compared	to	A+	individuals	for	NMTA	or	NHV,	and	more	

common	 in	 A+	 compared	 to	 A-	 individuals	 for	 NGFAP.	 For	 NNfL	 and	 Nt-tau,	

frequencies	of	N+	were	similar	between	A+	and	A-.		

Cox	proportional	hazards	analyses	using	dichotomous	N	biomarkers	

to	predict	clinical	progression	to	MCI	or	dementia	provided	overall	similar	

results	to	analyses	with	continuous	biomarkers,	for	models	1	and	2	(Table	

4).	However,	only	Nt-tau	and	NHV25	added	predictive	value	to	A,	and	only	NHV25	

added	value	beyond	A	and	T.	Figure	3	visualizes	the	combined	effect	of	A	and	

N	status	for	each	N	on	risk	of	clinical	progression	in	four-level	variables	(A-

N-,	A-N+,	A+N-,	A+N+).	

	
Figure	 2.	 Distribution	 of	 AT(N)	 profiles	 according	 to	 different	 definitions	 of	
neurodegeneration	
Distribution	of	AT(N)	profiles	for	different	definitions	of	neurodegeneration.	MTA	=	medial	
temporal	 atrophy,	 HV	 25	 =	 hippocampal	 volume,	 threshold	 25th	 percentile,	 HV	 10	 =	
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hippocampal	volume,	threshold	10th	percentile,	NfL	75	=	neurofilament	light,	threshold	75th	
percentile,	NfL	90	=	neurofilament	light,	threshold	90th	percentile,	GFAP	75	=	glial	fibrillary	
acidic	protein,	threshold	75th	percentile,	GFAP	90	=	glial	fibrillary	acidic	protein,	threshold	
90th	percentile.	
	

	

	

	

	

	

	

	

n Model	1 Model	2 Model	3 Model	4
401 4.95	(2.99	-	8.22)a,b 3.68	(2.16	-	6.25)a,b 2.47	(1.40	-	4.36)a,b #
364 1.74	(0.98	-	3.08) 0.90	(0.47	-	1.71) 0.84	(0.42	-	1.66) 0.85	(0.43	-	1.68)
361 2.60	(1.49	-	4.54)a,b 2.03	(1.13	-	3.67)a,b 2.22	(1.22	-	4.04)a,b 2.27	(1.24	-	4.16)a,b

HV	10th 361 1.94	(0.91	-	4.12) 1.31	(0.57	-	3.01) 1.89	(0.84	-	4.26) 1.96	(0.87	-	4.39)
296 3.50	(2.00	-	6.11)a,b 1.98	(1.04	-	3.78)a 1.40	(0.73	-	2.68) 1.42	(0.74	-	2.71)
296 2.54	(1.30	-	4.96)a,b 1.48	(0.72	-	3.04) 1.04	(0.51	-	2.11) 1.07	(0.53	-	2.17)
296 4.01	(2.26	-	7.10)a,b 2.32	(1.20	-	4.49)a,b 1.10	(0.53	-	2.29) 1.03	(0.49	-	2.16)
296 4.69	(2.52	-	8.74)a,b 2.89	(1.48	-	5.66)a,b 1.68	(0.86	-	3.27) 1.68	(0.87	-	3.25)

Data	shown	are	hazard	ratio	(95%	confidence	interval)	as	estimated	by	Cox	proportional	hazards	analyses	

(outcome:	clinical	progression	to	mild	cognitive	impairment	or	dementia).	Predictors:	model	1:	dichotomized	N	

biomarker;	model	2:	dichotomized	N,	age	and	sex;	model	3:	dichotomized	A,	N,	age	and	sex;	model	4:	dichotomized	

A,	T,	N,	age	and	sex.	In	models	with	MTA	and	HV,	scanner	type	was	additionally	added	as	covariate.	MTA	=	medial	

temporal	atrophy,	HV	25	=	hippocampal	volume,	threshold	25
th
	percentile,	HV	10	=	hippocampal	volume,	threshold	

10
th
	percentile,	NfL	75

	
=	neurofilament	light,	threshold	75

th
	percentile,	NfL	90	=	neurofilament	light,	threshold	90

th	
	

percentile,	GFAP	75	=	glial	fibrillary	acidic	protein,	threshold	75
th
	percentile,	GFAP	90	=	glial	fibrillary	acidic	

protein,	threshold	90
th
	percentile.	T-tau	was	not	entered	in	model	4	due	to	collinearity	between	t-tau	and	p-tau.	

a
	p	

<0.05.	
b
	FDR	corrected	p	<0.05.

NfL	75th
NfL	90th
GFAP	75th

Table	4.	Risk	of	MCI	or	dementia	for	dichotomous	N	biomarkers

GFAP	90th

Biomarker
T-tau
MTA
HV	25th
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Discussion	

In	a	sample	of	cognitively	normal	individuals	with	SCD,	we	found	modest	to	

moderate	correlations	and	low	concordance	between	the	N	biomarkers	t-

tau,	MTA,	HV,	NfL	and	GFAP.	N	biomarkers	HV,	NfL	and	GFAP	each	predicted	

clinical	progression,	and	had	predictive	value	in	addition	to	Ab	and	p-tau.	

Therefore,	we	recommend	HV,	NfL	or	GFAP	as	biomarkers	for	N.	The	tight	

correlation	between	 t-tau	and	p-tau	precludes	 the	use	of	 the	 former	as	 a	

marker	of	a	different	biomarker	category	than	the	latter.	

We	extend	on	former	observations	that	different	markers	of	N	are	

not	 necessarily	 closely	 correlated.	 The	 low	 correlation	 between	 N	

biomarkers	likely	contributes	to	the	often	discordant	biomarker	results	in	

the	AT(N)	classification	(Jack	et	al.	2015;	 Illán-Gala	et	al.	2018;	Guo	et	al.	

2020;	Mattsson-Carlgren	et	al.	2020).	We	add	blood-based	biomarkers	 to	

the	 comparison,	 showing	 similarly	 modest	 associations	 with	 the	 N	

biomarkers	in	other	modalities,	and	also	similarly	strong	associations	with	

clinically	 relevant	 outcomes.	 Although	 at	 a	 population	 level,	 the	 overall	

qualitative	 pattern	 of	 biomarker	 frequencies	 remains	 rather	 stable	

regardless	 of	 the	 type	 of	 biomarkers	 used	 (Jack	 et	 al.	 2015),	 it	 becomes	

problematic	 when	 researchers	 and	 clinicians	 treat	 the	 different	 N	

biomarkers	 as	 if	 they	 were	 identical.	 For	 prediction	 modelling	 at	 the	

individual	 patient	 level,	 the	 prognosis	 for	 an	 individual	 will	 vary	

considerably	 depending	 on	 the	 choice	 of	 N	 biomarker.	 The	 choice	 of	 N	

biomarker	will	also	have	an	effect	on	the	design	of	therapeutic	trials,	as	well	

as	 the	 potential	 implementation	 of	 the	 AT(N)	 classification	 in	 the	 clinic.	

Studies	investigating	the	AT(N)	classification	that	use	different	definitions	

of	their	biomarkers,	cannot	be	directly	compared.	

We	found	low	to	modest	correlations	and	low	concordance	between	

different	N	biomarkers,	which	is	largely	in	line	with	literature	(Toledo	et	al.	
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2014;	Gangishetti	et	al.	2018;	 Illán-Gala	et	al.	2018;	Mattsson	et	al.	2019;	

Mattsson-Carlgren	 et	 al.	 2020).	 One	 possible	 explanation	 for	 this	 is	 that	

although	all	N	biomarkers	capture	a	certain	aspect	of	neurodegeneration,	

the	 underlying	 biological	 processes	 that	 lead	 to	 specific	 N	 biomarker	

abnormalities	 are	 far	 from	 identical.	T-tau	and	NfL	 reflect	 the	 severity	of	

neuroaxonal	injury,	atrophy	on	MRI	reflects	loss	of	the	neuropil,	and	GFAP	

reflects	astrocyte	activity	(Yang	and	Wang	2015;	Zetterberg	2017;	Jack	et	al.	

2018;	Khalil	et	al.	2018;	Mattsson-Carlgren	et	al.	2020).	Literature	suggests	

these	processes	all	have	a	different	longitudinal	trajectory,	for	example,	NfL	

and	t-tau	abnormality	 likely	precede	HV	abnormality	and	t-tau	eventually	

reaches	 a	 plateau	 (Jack	 et	 al.	 2013;	McDade	 et	 al.	 2018;	 Lleó	 et	 al.	 2019;	

Palmqvist	et	al.	2019).	This	means	correlations	between	N	biomarkers	of	

different	processes	are	probably	dependent	on	disease	stage.	However,	MTA	

and	HV	were	also	poorly	correlated,	which	is	remarkable	considering	both	

HV	 and	 MTA	 aim	 to	 measure	 a	 similar	 process.	 We	 found	 a	 correlation	

coefficient	 of	 -0.24,	 which	 is	 relatively	 low	 and	 slightly	 lower	 than	

coefficients	 found	 in	 literature	 (range	 r	 -0.27	 to	 -0.54;	 Clerx	 et	 al.	 2013;	

Falgàs	et	al.	2019;	Velickaite	et	al.	2020).	This	low	correlation	could	be	due	

to	 the	 fact	 that	 the	MTA	 score	 is	 partly	 influenced	 by	 the	 volume	 of	 the	

surrounding	CSF	 spaces,	which	means	 it	 reflects	hippocampal	 atrophy	as	

well	as	global	and	subcortical	atrophy	(Knoops	et	al.	2009).	Furthermore,	

being	cognitively	normal,	most	individuals	in	our	sample	had	an	MTA	score	

of	0,	which	reflects	that	the	variability	for	this	measure	is	probably	too	small	

to	be	a	meaningful	N	biomarker	in	such	a	very	early	sample.	In	addition,	the	

correlation	coefficients	between	N	biomarkers	were	in	a	similar	range	as	the	

correlation	coefficients	between	N	biomarkers	on	the	one	hand,	and	A	and	T	

biomarkers	on	the	other	hand.	This	is	in	line	with	another	study	which	found	

moderate	correlations	between	biomarkers	of	different	pathophysiological	
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categories	 (Illán-Gala	 et	 al.	 2018).	 This	 implies	 that	 the	 underlying	

neurodegeneration	processes	are	almost	as	different	to	each	other,	as	they	

are	 different	 to	 processes	 underlying	 the	 A	 and	 T	 biomarker	 category.	

Overall,	the	low	correlation	coefficients	illustrate	that	N	biomarkers	cannot	

be	used	interchangeably	in	the	AT(N)	classification.	

We	found	that	HV,	NfL	and	GFAP	predicted	clinical	progression,	and	

HV	 predicted	 MMSE	 slope,	 beyond	 Ab	 and	 p-tau.	 Former	 studies	 that	

investigated	the	AT(N)	classification	often	used	only	one	biomarker	for	A,	T	

and	N	respectively,	and	showed	 that	overall,	 the	AT(N)	classification	was	

associated	with	clinical	progression	and	cognitive	decline	(Altomare	et	al.	

2019;	Burnham	et	al.	2019;	Jack	et	al.	2019;	Soldan	et	al.	2019;	Ebenau	et	al.	

2020;	Grøntvedt	et	al.	2020).	From	these	studies,	the	predictive	value	per	

individual	biomarker	cannot	be	discerned	and	thus	cannot	be	used	to	choose	

the	 optimal	 N	 biomarker.	 Literature	 regarding	 the	 comparison	 between	

different	N	biomarkers	is	scarcer.	There	is,	however,	some	support	that	HV	

is	associated	with	cognitive	decline	and	progression	more	strongly	than	t-

tau	(Ottoy	et	al.	2019;	Yu	et	al.	2019;	Guo	et	al.	2020).	Although	in	our	study,	

we	found	t-tau	as	individual	biomarker	also	predicted	clinical	progression	

and	cognitive	decline,	the	high	correlation	with	p-tau	hampers	the	addition	

of	t-tau	to	a	model	with	Ab	and	p-tau,	making	it	a	less	desirable	biomarker	

to	use	in	the	AT(N)	classification.	NfL	and	GFAP	have	both	been	shown	to	be	

related	to	baseline	cognition,	cognitive	decline	and	clinical	progression	as	

individual	 predictors,	 but	 have	 not	 yet	 been	 studied	 extensively	 in	

comparison	to	other	N	biomarkers	(Mielke	et	al.	2019;	de	Wolf	et	al.	2020;	

Rajan	et	al.	2020;	Teitsdottir	et	al.	2020).	In	a	former	study,	we	found	GFAP	

was	more	strongly	related	to	clinical	progression	and	cognitive	decline	than	

NfL,	which	is	in	line	with	our	current	study	(Verberk	et	al.	2021).	We	found	

both	GFAP	and	NfL	predicted	clinical	progression	beyond	Ab	and	p-tau,	but	
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NfL	was	not	associated	with	MMSE	decline.	A	potential	explanation	for	this	

difference	in	association	is	that	NfL	is	a	better	marker	for	monitoring	disease	

progression	while	its	value	does	not	lie	in	predicting	future	cognitive	decline	

(Verberk	 et	 al.	 2021).	 Differences	 could	 also	 be	 related	 to	 the	 fact	 that	

clinical	progression	to	MCI	or	dementia	is	a	binary	outcome	measure,	while	

MMSE	 decline	 is	 a	 continuous	measure	with	 possibly	 a	 higher	 degree	 of	

measurement	 variation.	 Clinical	 progression	 might	 be	 a	 more	 sensitive	

measure	 with	 more	 clinical	 relevance.	 In	 contrast	 to	 NfL,	 GFAP	 was	

associated	with	MMSE	decline,	although	associations	were	attenuated	when	

additionally	 adjusting	 for	 Ab	 and/or	 p-tau.	 Of	 all	 N	 biomarkers	we	 used,	

GFAP	 was	 associated	 most	 strongly	 with	 Ab,	 which	 could	 explain	 the	

attenuated	 estimates	 when	 Ab	 was	 added	 as	 covariate.	 MTA	 was	 not	

associated	with	clinical	progression	after	correcting	for	covariates,	nor	with	

MMSE	 decline.	 Although	 we	 previously	 showed	 a	 dose	 response	 pattern	

with	MTA	 as	N	 (Ebenau	 et	 al.	 2020),	 the	 small	 variability	 in	MTA	within	

cognitively	normal	individuals	makes	it	too	crude	a	measure	to	accurately	

predict	 decline.	 Overall,	 we	 show	 there	 is	 room	 for	 improved	 prediction	

beyond	Ab	and	p-tau,	using	HV,	NfL	and	GFAP	as	N	biomarkers.	

Limitations	of	the	present	study	include	that	the	list	of	N	biomarkers	

examined	 is	not	 exhaustive.	 For	example,	FDG-PET	or	other	MRI	atrophy	

measures	have	also	been	suggested	as	suitable	N	markers.	Although	the	list	

of	putative	N	biomarkers	is	long,	we	chose	to	use	a	variety	of	N	biomarkers	

obtained	 by	 three	 different	modalities	 that	 are	widely	 used	 in	 literature,	

which	makes	our	study	relevant	to	the	field.	Another	limitation	is	that	the	

sample	sizes	somewhat	differed	for	each	N	biomarker.	This	might	have	led	

to	differences	in	outcome.	However,	when	we	repeated	the	analyses	in	the	

sample	with	complete	data,	results	were	similar,	indicating	their	robustness	

(eTables	1	and	2).	Furthermore,	our	sample	consisted	of	 individuals	with	
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SCD	presenting	 at	 a	memory	 clinic,	 and	 the	 results	might	 not	 be	 directly	

translatable	 to	 a	 community	 based	 setting	 or	 to	 other	 disease	 stages.	

Nonetheless,	individuals	with	SCD	can	be	considered	an	especially	clinically	

relevant	group,	that	might	particularly	benefit	from	the	AT(N)	classification	

system	 to	 grade	 their	 degree	 of	 underlying	 pathology.	 These	 are	 the	

individuals	who	present	to	a	memory	clinic	because	of	worries	about	their	

cognition,	 and	 for	 this	 group	 AT(N)	 prediction	 modelling	 can	 make	 a	

relevant	contribution.	Another	limitation	is	the	lack	of	optimal	cut-off	values	

for	 HV,	 NfL	 and	 GFAP.	 Instead,	 we	 pragmatically	 used	 cut-off	 values	

obtaining	a	10%	and	25%	N	positivity	rate,	to	provide	a	range	of	the	true	

effect	sizes.	Additionally,	we	used	continuous	N	biomarkers	 in	all	models.	

However,	different	cut-off	values	would	probably	have	resulted	in	slightly	

different	results.	Last,	we	had	a	mean	follow-up	duration	of	3.8	years	and	

our	sample	had	a	relatively	young	age.	Together,	this	could	explain	the	low	

percentage	 of	 individuals	 with	 clinical	 progression	 to	 MCI	 or	 dementia,	

which	 limits	 the	 power	 to	 detect	 associations	 with	 N	 biomarkers.	

Furthermore,	MMSE	has	 a	 ceiling	 effect	 in	 cognitively	normal	 individuals	

and	perhaps	 our	 relatively	 short	 follow-up	 time	hampered	 the	 finding	 of	

associations.	 Since	 all	 N	 biomarkers	 reflect	 different	 aspects	 of	

neurodegeneration,	 they	 could	 also	 have	 different	 associations	 with	

cognitive	tests	measuring	specific	cognitive	domains.	It	would	be	interesting	

to	investigate	associations	with	other	neuropsychological	tests,	but	that	is	

beyond	the	scope	of	this	study	since	our	aim	was	to	assess	the	association	

between	 N	 biomarkers	 and	 disease	 progression	 in	 general.	 Strengths	

include	the	relatively	large	sample	size	of	this	well-defined	cohort.	

	

Concluding,	correlations	between	different	N	biomarkers	were	low	

in	a	sample	of	cognitively	normal	individuals,	indicating	they	may	not	reflect	
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the	same	underlying	pathology.	T-tau	was	strongly	associated	with	p-tau,	

and	thereby	disqualified	as	measure	for	N	in	this	context.	Our	results	show	

HV,	 NfL	 and	 GFAP	 predicted	 clinical	 progression,	 and	 have	 added	 value	

beyond	Ab	and	p-tau.	However,	our	results	do	not	allow	to	choose	one	most	

suitable	biomarker	for	N.	
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Supplementary	material	

	
Supplementary	Text	1	
The	following	acquisition	parameters	were	used	to	acquire	structure	MRI	3D	
T1-weighted	images:	1.5T	Siemens	Avanto	(n=5):	Magnetization	prepared	rapid	
acquisition	 gradient	 echo	 (MPRAGE),	 coronal	 plane,	 repetition	 time	 (TR)	
2700	ms,	echo	time	(TE)	5.2	ms,	inversion	time	(TI)	950	ms,	flip	angle	(FA)	8°,	
voxel	size	1×1×1.5	mm3;	3T	GE	Discovery	MR750	(n=9):	FSPGR,	sagittal	plane,	
TR	7.8	ms,	TE	3ms,	FA	12°,	voxel	size	1	mm3;	1T	Siemens	Magnetom	Impact	
(n=106):	MPRAGE,	coronal	plane,	TR	15	ms,	TE	7	ms,	TI	300	ms,	FA	15°,	voxel	
size	1×1×1.5	mm3;	3T	Philips	Ingenuity	PET/MR	system	(n=47):	sagittal	turbo	
field	echo	(TFE),	sagittal	plane,	TR	7	ms,	TE	3	ms,	FA	12°,	voxel	size	1×1×1	mm3;	
1.5T	GE	SignaHDxt	(n=8):	sagittal	fast	spoiled	gradient	echo	(FSPGR),	sagittal	
plane,	TR	12.4	ms,	TE	5.17	ms,	TI	450	ms,	FA	12°,	voxel	size	0.98×0.98×1.5	mm3;	
3T	GE	SignaHDxt	(n=119):	FSPGR,	sagittal	plane,	TR	708	ms,	TE	7	ms,	FA	12°,	
voxel	 size	 0.98×0.98×1	mm3;	 1.5T	 Siemens	 Sonata	 (n=18):	MPRAGE,	 coronal	
plane,	 TR	 2700	ms,	 TE	 3.97	ms,	 TI	 950	ms,	 FA	 8°,	 voxel	 size	 1×1×1.5	mm3;	
Toshiba	Titan	3T	(n=53):	sagittal	fast	field	echo	(FFE)	sequence	(TR	=	9,	TE	=	3,	
TI	=	800,	FA	=	7°,	1.00	x	1.00	x	1.00	mm	voxels);	1.5T	Siemens	Vision	(n=1):	
MPRAGE,	 coronal	 plane,	 TR	 15	ms,	 TE	 7	ms,	 FA	 8°,	 voxel	 size	
0.98×0.98×1.5	mm3.	
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Model	1 Model	2 Model	3 Model	4
HR	(95%	CI) HR	(95%	CI) HR	(95%	CI) HR	(95%	CI)
2.26	(1.74	-	2.94)a,b 1.98	(1.47	-	2.67)a,b 1.57	(1.16	-	2.11)a,b

1.53	(1.16	-	2.02)a,b 1.18	(0.86	-	1.62) 1.00	(0.72	-	1.39) 1.01	(0.72	-	1.40)

1.65	(1.18	-	2.30)a,b 1.52	(1.06	-	2.18)a,b 1.47	(1.04	-	2.07)a,b 1.52	(1.06	-	2.16)a,b

1.83	(1.40	-	2.39)a,b 1.49	(1.04	-	2.13)a,b 1.30	(0.86	-	1.94) 1.31	(0.87	-	1.98)

2.47	(1.80	-	3.38)a,b 2.08	(1.45	-	2.99)a,b 1.49	(1.00	-	2.22)a 1.43	(0.96	-	2.12)

Supplementary	Table	1.	Risk	of	MCI	or	dementia	for	continuous	N	biomarkers	for	
complete	cases

GFAP
Data	shown	are	hazard	ratio	(95%	confidence	interval)	as	estimated	by	Cox	proportional	hazards	analyses	
(outcome:	clinical	progression	to	mild	cognitive	impairment	or	dementia).	N	=	256.	Predictors	included	
differed	per	model	(model	1:	neurodegeneration	biomarker;	model	2:	neurodegeneration	biomarker,	age	and	
sex;	model	3:	abeta,	neurodegeneration	biomarker,	age	and	sex;	model	4:	abeta,	p-tau,	neurodegeneration	
biomarker,	age	and	sex).	In	models	with	MTA	and	HV,	scanner	type	was	additionally	added	as	covariate.	P-
tau,	t-tau,	NfL	and	GFAP	were	log	transformed,	abeta	and	hippocampal	volume	were	inverted,	all	biomarkers	
were	z-transformed.	MTA	=	medial	temporal	atrophy,	HV	=	hippocampal	volume,	NfL	=	neurofilament	light,	
GFAP	=	glial	fibrillary	acidic	protein.	a	p-value	<	0.05.	T-tau	was	not	entered	in	model	4	due	to	collinearity	
between	t-tau	and	p-tau.	b	FDR	corrected	p-value	<	0.05.

Biomarker
T-tau
MTA
HV
NfL
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Biomarker Beta	(SE) Beta	(SE) Beta	(SE) Beta	(SE)
T-tau -0.22	(0.04)a,b -0.22	(0.05)a,b -0.20	(0.05)a,b
MTA -0.07	(0.06) -0.06	(0.06) -0.04	(0.06) -0.03	(0.06)
HV -0.15	(0.05)a,b -0.18	(0.05)a,b -0.17	(0.05)a,b -0.17	(0.05)a,b
NfL -0.09	(0.05) -0.07	(0.06) -0.04	(0.07) -0.03	(0.06)
GFAP -0.18	(0.05)a,b -0.17	(0.06)a,b -0.13	(0.06)a -0.11	(0.06)
Results	shown	are	beta	(SE)	as	estimated	by	linear	mixed	models.	Outcome	is	
MMSE	score.	Predictors:	model	5:	neurodegeneration,	time,	
neurodegeneration*time;	model	6:	variables	included	in	model	5,	age,	sex,	age*time	
and	sex*time;	model	7:	variables	included	in	model	6,	CSF	abeta	and	abeta*time;	
model	8:	variables	included	in	model	7,	CSF	p-tau	and	p-tau*time).	In	models	with	
MTA	and	HV,	scanner	type	was	additionally	added	as	covariate.	Betas	represent	
the	interaction	between	neurodegeneration	biomarker	and	time,	which	
corresponds	to	the	cognitive	slope.	P-tau,	t-tau,	NfL	and	GFAP	were	log	
transformed,	abeta	and	hippocampal	volume	ere	inverted,	all	biomarkers	were	z-
transformed.	MTA	=	medial	temporal	atrophy,	HV	=	hippocampal	volume,	NfL	=	
neurofilament	light,	GFAP	=	glial	fibrillary	acidic	protein.	T-tau	was	not	entered	in	
model	4	due	to	collinearity	between	t-tau	and	p-tau.	a	p-value	<	0.05.	b	FDR	
corrected	p-value	<	0.05.

Supplementary	Table	2.	Risk	of	cognitive	decline	for	continuous	N	
biomarkers	for	complete	cases

Model	5 Model	6 Model	7 Model	8
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Abstract	

Background:	 Changes	 in	 grey	 matter	 covariance	 networks	 have	 been	

reported	in	preclinical	and	clinical	stages	of	Alzheimer’s	disease	(AD),	and	

have	been	associated	with	amyloid-β	(Aβ)	deposition	and	cognitive	decline.	

However,	 the	 role	 of	 tau	 pathology	 on	 grey	 matter	 networks	 remains	

unclear.	Based	on	previously	reported	associations	between	tau	pathology,	

synaptic	 density	 and	 brain	 structural	 measures,	 tau-related	 connectivity	

changes	across	different	stages	of	AD	might	be	expected.	We	aimed	to	assess	

the	 relationship	 between	 tau	 aggregation	 and	 grey	 matter	 network	

alterations	across	the	AD	continuum.		

Methods:	 We	 included	 533	 individuals	 (178	 Aβ-negative	 cognitively	

unimpaired	 (CU)	 subjects,	 105	 Aβ-positive	 CU	 subjects,	 122	 Aβ-positive	

patients	 with	 mild	 cognitive	 impairment,	 and	 128	 patients	 with	 AD	

dementia)	 from	 the	 BioFINDER-2	 study.	 Single-subject	 grey	 matter	

networks	 were	 extracted	 from	 T1-weighted	 images	 and	 graph	 theory	

properties	 including	 degree,	 clustering	 coefficient,	 path	 length,	 and	 small	

world	 topology	 were	 calculated.	 Associations	 between	 tau	 positron	

emission	 tomography	 (PET)	 values	 and	 global	 and	 regional	 network	

measures	were	examined	using	linear	regression	models	adjusted	for	age,	

sex,	and	total	intracranial	volume.	Finally,	we	tested	whether	the	association	

of	tau	pathology	with	cognitive	performance	was	mediated	by	grey	matter	

network	disruptions.	

Results:	 Across	 the	whole	 sample,	 we	 found	 that	 higher	 tau	 load	 in	 the	

temporal	 meta-ROI	 was	 associated	 with	 significant	 changes	 in	 degree,	

clustering,	path	length,	and	small	world	values	(all	p	<	0.001),	indicative	of	a	

less	 optimal	 network	 organisation.	 Already	 in	 CU	Aβ-positive	 individuals	

associations	between	tau	burden	and	lower	clustering	and	path	length	were	

observed,	whereas	in	advanced	disease	stages	elevated	tau	pathology	was	
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progressively	associated	with	more	brain	network	abnormalities.	Moreover,	

the	association	between	higher	tau	load	and	lower	cognitive	performance	

was	only	partly	mediated	(9.3	to	9.5%)	through	small	world	topology.		

Conclusions:	 Our	 data	 suggest	 a	 close	 relationship	 between	 grey	matter	

network	 disruptions	 and	 tau	 pathology	 in	 individuals	 with	 abnormal	

amyloid.	 This	 might	 reflect	 a	 reduced	 communication	 between	

neighbouring	 brain	 areas	 and	 an	 altered	 ability	 to	 integrate	 information	

from	 distributed	 brain	 regions	 with	 tau	 pathology,	 indicative	 of	 a	 more	

random	network	topology	across	different	AD	stages.	
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Introduction	

Alzheimer’s	disease	(AD)	is	generally	thought	to	start	with	the	aggregation	

of	 amyloid-β	 (Aβ)	 in	 the	 brain,	 followed	 by	 deposition	 of	 neocortical	 tau	

pathology,	synaptic	dysfunction,	atrophy,	and	cognitive	decline	(Selkoe	and	

Hardy	2016;	Jack	et	al.	2018;	Scheltens	et	al.	2021).	However,	the	sequence	

and	 interactions	of	 the	pathophysiological	processes	 and	 structural	brain	

changes	 that	 occur	 during	 this	 long	 pre-dementia	 period	 are	 not	 well	

understood.	 Given	 that	 brain	 network	 abnormalities	 can	 already	 be	

observed	in	pre-dementia	stages	and	contribute	to	cognitive	impairment	in	

AD	(Seeley	et	al.	2009;	Jones	et	al.	2016;	van	den	Heuvel	and	Sporns	2019),	

further	clarification	on	the	interrelations	between	brain	connectivity	with	

key	pathological	aggregates	of	AD	could	increase	our	understanding	on	the	

pathogenesis	of	AD.		

One	method	to	assess	brain	connectivity	consists	of	measuring	the	

similarity	of	cortical	grey	matter	(GM)	morphology,	based	on	the	notion	that	

brain	regions	that	engage	in	similar	cognitive	or	behavioural	processes	tend	

to	develop	in	a	homologous	way	(Mechelli	2005;	Alexander-Bloch,	Giedd,	et	

al.	 2013;	 Evans	 2013)	 through	 functional	 coactivation	 and/or	 axonal	

connectivity	 between	 brain	 regions	 (Gong	 et	 al.	 2012;	 Alexander-Bloch,	

Raznahan,	et	al.	2013;	Doucet	et	al.	2019).	Previous	studies	have	shown	GM	

network	disruptions	in	preclinical	AD	(Tijms	et	al.	2016;	ten	Kate	et	al.	2018;	

Verfaillie	et	al.	2018;	Voevodskaya	et	al.	2018),	mild	cognitive	impairment	

(Yao	et	al.	2010;	Spreng	and	Turner	2013;	Montembeault	et	al.	2016;	Pereira	

et	al.	2016;	Dicks	et	al.	2018),	and	AD	dementia	(He	et	al.	2008;	Seeley	et	al.	

2009;	Li	et	al.	2012;	Tijms	et	al.	2013;	Kim	et	al.	2016;	 John	et	al.	2017).	

Moreover,	 GM	 network	 disruptions	 have	 been	 related	 to	 increased	 Aβ	

pathology	 (Oh	 et	 al.	 2011;	 Tijms	 et	 al.	 2016;	 ten	 Kate	 et	 al.	 2018;	

Voevodskaya	 et	 al.	 2018),	while	 influences	 of	 tau	pathology	on	GM	brain	
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networks	remain	unknown.	Intraneuronal	tau	is	thought	to	be	more	closely	

linked	to	synaptic	function,	brain	integrity	and	clinical	symptoms,	than	Ab	

plaques	(Nelson	et	al.	2012;	Menkes-Caspi	et	al.	2015;	Ossenkoppele	et	al.	

2016;	Coomans	et	al.	2021).	Therefore,	we	hypothesised	that	tau	pathology	

may	contribute	to	impaired	network	organization	in	AD.		

In	this	study	we	tested	whether	tau	deposition	(measured	with	tau-

positron	 emission	 tomography	 [PET])	 was	 associated	 with	 GM	 network	

alterations	(measured	with	structural	magnetic	resonance	imaging	[MRI])	

in	 individuals	 across	 the	 AD	 spectrum,	 and	 whether	 these	 relationships	

were	differentially	linked	with	disease	severity.		

	

Methods	

Participants	

We	 included	 533	 individuals	 from	 the	 Swedish	 BioFINDER-2	 study	

(NCT03174938)	 who	 underwent	 tau-PET,	 structural	 MRI,	 and	 lumbar	

puncture	 to	 determine	 cerebrospinal	 fluid	 (CSF)	 Aβ42/Aβ40	 levels	 as	

described	previously	(Leuzy	et	al.	2020).	In	the	present	study	we	included	

subjects	>	50	years	of	age	with	an	abnormal	CSF	Aβ	status,	resulting	in	three	

groups	along	 the	AD	continuum:	Aβ-positive	cognitively	unimpaired	 (CU)	

subjects	 (preclinical	 AD),	 Aβ-positive	 patients	 with	 mild	 cognitive	

impairment	 (prodromal	 AD)	 and	 Aβ-positive	 patients	 with	 AD	

dementia.	Diagnosis	was	made	according	to	clinical	diagnostic	criteria	of	the	

diagnostic	 and	 statistical	manual	 of	mental	 disorders	 (DSM)-5	 (American	

Psychiatric	 Association	 2013).	 In	 addition,	 an	 Aβ-negative	 cognitively	

unimpaired	control	group	was	included.		

All	subjects	underwent	the	Mini-Mental	State	Examination	(MMSE;	

Folstein	et	al.	1983)	and	delayed	word	 list	 recall	 test	 from	the	ADAS-Cog	

(Alzheimer’s	 Disease	 Assessment	 Scale	 -	 Cognitive	 Subscale;	 Rosen	 et	 al.	
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1984)	 to	 assess	 global	 cognition	 and	 episodic	memory,	 respectively.	 The	

inclusion	 and	 exclusion	 criteria	 of	 the	 BioFINDER-2	 sub-cohorts	 are	

described	 in	 more	 detail	 in	 the	 Supplementary	 Methods	 section.	 All	

participants	 gave	 written	 informed	 consent	 to	 participate	 in	 the	 study.	

Ethical	 approval	 was	 given	 by	 the	 regional	 ethics	 committee	 at	 Lund	

University,	 Sweden.	 PET	 imaging	 procedures	 were	 approved	 by	 the	

Radiation	 protection	 committee	 at	 Skåne	 University	 Hospital	 and	 by	 the	

Swedish	Medical	Products	Agency.	

	

MRI	Acquisition	and	Pre-processing	

T1-weighted	 images	were	acquired	using	a	magnetization-prepared	rapid	

gradient	 echo	 sequence	 on	 a	 3T	 Siemens	 MAGNETOM	 Prisma	 scanner	

(Siemens	 Medical	 Solutions,	 Erlangen,	 Germany)	 using	 the	 following	

parameters:	 178	 slices,	 repetition	 time:	 1950	 ms,	 echo	 time:	 3.4	 ms,	

inversion	time:	900	ms,	flip	angle:	9°,	1	mm	isotropic	voxels.	All	images	were	

segmented	 into	 grey	 matter,	 white	 matter,	 and	 CSF	 using	 the	 Statistical	

Parametric	 Mapping	 (SPM12,	 https://www.fil.ion.ucl.ac.uk/spm/software	

/spm12/)	 running	 in	 MATLAB	 (v2019b).	 The	 segmented	 grey	 matter	

images	 were	 resliced	 to	 2x2x2	 mm	 isotropic	 voxels	 to	 reduce	 the	

dimensionality	 of	 the	 data.	 Then,	 the	 images	 were	 parcellated	 into	 100	

anatomical	brain	regions	using	the	Automated	Anatomical	Labelling	(AAL3)	

atlas	 (all	 thalamic	nuclei	 combined;	Rolls	et	al.	2020),	which	was	warped	

from	 standard	 space	 to	 subject	 space	 using	 subject-specific	 inverse	

normalisation	parameters.	The	quality	of	these	steps	was	visually	assessed	

and	two	subjects	had	to	be	excluded	due	to	misalignment	of	the	brain	atlas	

with	 the	GM	 image.	Total	 intracranial	volume	(TIV)	was	computed	as	 the	

sum	of	grey	matter,	white	matter,	and	CSF	volumes.		
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Single-Subject	Grey	Matter	Networks	

Single-subject	 grey	matter	networks	were	extracted	 from	 the	native	grey	

matter	 images	using	 an	 automated	 template-free	 approach	 that	has	been	

previously	 published	 (https://github.com/bettytijms/	

Single_Subject_Grey_Matter_Networks;	Tijms	et	al.	2012).	For	each	subject,	

the	grey	matter	network	was	built	as	a	set	of	nodes	connected	by	edges.	The	

nodes	were	defined	as	cubes	of	3	x	3	x	3	voxels	(6x6x6	mm3),	which	size	was	

chosen	based	on	2	factors:	(I)	the	minimum	spatial	resolution	needed	to	still	

capture	cortical	 folding	has	shown	to	be	3	mm	[38],	(II)	and	the	practical	

computational	limitations	that	exist	with	large	matrices.	These	cubes	keep	

the	3D	structure	of	 the	cortex	 intact,	 and	 thereby	contain	 information	on	

grey	matter	intensity	as	well	as	spatial	information	between	the	voxels.	In	

order	 to	 find	 the	 maximum	 correlation	 value	 with	 a	 target	 cube	 using	

Pearson	 correlation	 coefficients,	 each	 cube	was	 rotated	 by	 an	 angle	with	

multiples	of	45°	over	all	axes,	contributing	to	all	positive	connections.	Self-

connections	were	set	to	zero.	The	resulting	similarity	matrix	containing	all	

pairwise	 correlations	 was	 binarized	 using	 a	 threshold	 that	 reduced	 the	

chance	of	spurious	correlations	in	the	network	to	5%.	This	corresponded	to	

a	significance	level	of	p	<	0.05	corrected	for	multiple	comparisons	using	a	

permutation-based	procedure	(Noble	2009).	The	presence	of	an	edge	was	

indicated	when	 the	 correlation	 between	 each	 pair	 of	 nodes	 exceeds	 this	

threshold.	For	regional	network	analyses,	the	corresponding	atlas	label	for	

each	cube	was	determined,	this	enabled	averaging	the	GM	network	values	

and	volume	across	nodes	that	were	labelled	according	to	that	atlas	region.		

A	total	of	four	subjects	had	to	be	excluded	due	to	network	calculation	failure.		
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Network	Properties		

Global	 and	 regional	 measures	 were	 calculated	 for	 each	 individual	 GM	

network.	To	assess	global	network	properties	the	following	measures	were	

computed:	network	size	(the	total	number	of	nodes	in	the	network),	degree	

(the	 number	 of	 edges),	 connectivity	 density	 (the	 ratio	 of	 existing	

connections	 to	 the	maximum	number	of	possible	connections),	 clustering	

coefficient	(the	fraction	of	a	node’s	neighbours	that	are	also	neighbours	of	

each	other),	and	path	length	(shortest	path	length	between	all	pairs	of	nodes	

in	the	network).	To	normalise	the	network	properties	to	random	networks,	

we	divided	the	average	clustering	coefficient	and	path	length	values	by	those	

values	of	five	randomised	reference	networks	of	identical	size	and	degree	

distribution,	resulting	in	g	and	l,	respectively	(Maslov	and	Sneppen	2002).	

The	ratio	of	g	 to	l,	 is	defined	as	the	small-world	coefficient	s	(Humphries	

and	Gurney	2008),	 indicative	of	the	optimal	balance	between	information	

segregation	 and	 integration.	 To	 assess	 regional	 network	 properties,	 the	

degree,	clustering	coefficient,	and	path	length	were	also	calculated	for	each	

atlas	brain	area,	 i.e.,	 region	of	 interest	 (ROI).	All	network	measures	were	

computed	 with	 functions	 from	 the	 Brain	 Connectivity	 Toolbox	

(https://sites.google.com/site/bctnet/;	 Bullmore	 and	 Sporns	 2009),	

modified	for	large	scale	networks.		

	

PET	Acquisition	and	Pre-processing	

Tau-PET	imaging	was	conducted	70–90	min	after	injection	of	365	±	20	MBq	

[18F]RO948	on	digital	GE	Discovery	MI	scanners	(General	Electric	Medical	

Systems;	Yap	et	al.	2021).	Low-dose	CT	scans	were	performed	immediately	

prior	 to	 the	 PET	 scans	 for	 attenuation	 correction.	 PET	 data	 was	

reconstructed	using	VPFX-S	(ordered	subset	expectation	maximization	with	

time-of-flight	and	point	spread	function	corrections)	with	6	iterations	and	
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17	subsets	with	3	mm	smoothing,	standard	Z	filter,	and	25.6-cm	field	of	view	

with	a	256	×	256	matrix.	After	list-mode	data	was	binned	into	4x5-min	time	

frames,	 PET	 images	 were	 motion	 corrected	 (rigid	 transformation	 using	

AFNI,	 3dvolreg;	 Cox		 J.S.	 1996),	 summed,	 and	 co-registered	 to	 their	

corresponding	 T1-weighted	 MR	 images.	 Standardized	 uptake	 value	 ratio	

(SUVR)	 images	 were	 created	 using	 the	 inferior	 cerebellar	 cortex	 as	 a	

reference	region	(Leuzy	et	al.	2020).	We	calculated	PET	data	both	corrected	

and	uncorrected	for	partial	volume	errors.	Partial	volume	correction	(PVC)	

was	performed	using	the	geometric	transfer	matrix	method,	as	described	in	

Rousset	 et	 al.	 (1998),	 PVC	 findings	 are	 available	 in	 the	 supplementary	

results	section	(Sup.	Figure	1,2,	Sup.	Table2).		

To	investigate	the	associations	between	tau	pathology	and	network	

changes	 across	 different	 AD	 pathological	 stages,	 four	 composite	 regions	

were	created	based	on	the	Braak	staging	scheme	for	neurofibrillary	tangle	

pathology	 (Braak	 and	 Braak	 1991),	 adapted	 to	 PET	 space	 by	 Cho	 et	 al.	

(2016).	These	 included	the	following	brain	regions	as	defined	by	the	AAL	

atlas	 (see	 Supplementary	 Methods	 2	 for	 details),	 and	 cover	 stage	 I-II	

(hippocampal	 formation),	 stage	 III-IV	 (fusiform,	 amygdala,	 cingulate	 and	

inferior	 and	 middle	 temporal	 cortices),	 and	 stage	 V-VI	 (widespread	

neocortical	areas	including	the	orbitofrontal,	superior,	middle	and	inferior	

frontal,	 precentral,	 paracentral,	 postcentral,	 precuneus,	 inferior	 and	

superior	 parietal,	 supramarginal,	 superior	 temporal,	 medial	 and	 lateral	

occipital	cortices).	In	addition,	a	tau	temporal	meta-ROI	capturing	stages	I	to	

IV	was	calculated	using	the	volume	weighted	average	of	the	corresponding	

regions	(Ossenkoppele	et	al.	2018).		
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CSF	Collection	and	Analysis		

CSF	samples	were	obtained	with	a	lumbar	puncture	and	collected	into	5	ml	

LoBind	 polypropylene	 tubes	 handled	 according	 to	 the	 Alzheimer’s	

Association	 Flow	 Chart	 for	 lumbar	 puncture	 (Blennow	 et	 al.	 2010).	

Concentrations	 of	 Aβ42	 and	 Aβ40	 were	 quantified	 using	 enzyme-linked	

immunosorbent	assays	(ELISAs;	INNOTEST,	Fujirebio).	Amyloid-status	was	

determined	 using	 the	Aβ42/Aβ40	 ratio	with	 a	 cut-off	 of	 <0.089	 as	 defined	

abnormal	 in	 clinical	 practice	 at	 the	 Sahlgrenska	 University	 Hospital,	

Mölndal,	Sweden	(Leuzy	et	al.	2020).	

	

Statistical	Analyses		

Comparisons	of	demographical	and	clinical	characteristics	between	groups	

were	performed	using	chi-squared	tests	for	categorical	variables	and	one-

way	ANOVA	for	continuous	variables.		

To	analyse	the	relationship	between	tau-PET	(predictor)	and	global	

network	measures	(outcome),	we	used	 linear	regression	models	adjusted	

for	age,	sex,	and	TIV	(all	models),	and	connectivity	density	(for	path	length,	

clustering,	g	,	l,	and	s),	since	higher-order	measures	have	shown	to	depend	

on	the	number	of	nodes	and	edges	in	the	network	(van	Wijk	et	al.	2010).	The	

association	between	tau-PET	and	global	network	measures	was	first	tested	

across	the	whole	sample,	and	then	repeated	within	diagnostic	groups	with	

the	 interaction	 term	group.	Additionally,	CSF	Aβ42/Aβ40	was	added	 to	 the	

linear	regression	model	to	test	for	an	interaction	effect	CSF	Aβ42/Aβ40	*	tau	

on	 GM	 network	 changes.	 Z-scores	 for	 the	 network	 properties	 were	

calculated	 using	 the	 Aβ-negative	 control	 group	 mean	 and	 standard	

deviation,	to	aid	comparisons	of	effect	sizes	between	network	properties.		

We	further	investigated	the	relationship	of	tau	pathology	with	GM	

network	disruptions	at	the	local	level	across	all	AAL	areas.	Regional	analyses	
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were	adjusted	for	age,	sex,	TIV,	local	GM	volume,	and	for	clustering	and	path	

length	also	local	degree.	For	global	network	analyses,	we	applied	a	threshold	

of	p	<	0.05,	corrected	for	multiple	comparisons	using	the	false	discovery	rate	

(FDR)	 correction	 method.	 For	 local	 network	 analyses,	 we	 adjusted	 for	

multiple	testing	using	a	Bonferroni	correction	(p	<	0.05).		

Finally,	 we	 performed	 mediation	 analyses	 using	 the	 Mediation	

package	 (Tingley	 et	 al.	 2014),	 to	 assess	 whether	 the	 association	 of	 tau	

pathology	 with	 cognitive	 performance	 was	 mediated	 by	 GM	 network	

disruptions.	 For	 these	 exploratory	 analyses	we	 assessed	 the	 small	world	

coefficient	only,	as	it	indicates	how	randomly	organized	the	network	is,	and	

it	 can	be	 considered	a	 summary	measure	of	both	g	 and	l.	Analyses	were	

performed	using	R	(v4.0.2.)	and	visualized	using	Surf	Ice	(v2).	

	

Results	

Participants		

In	total	178	Aβ-negative	CU	controls,	105	preclinical	AD,	122	prodromal	AD,	

and	128	AD	dementia	patients	were	included	in	the	present	study	(mean	age	

=	70.5	±	9.3	years;	Table	1).	Control	subjects	were	younger	and	had	a	lower	

prevalence	 of	 apolipoprotein	 E	 (APOE)	 ε4	 than	 the	 other	 groups.	 As	

expected,	lower	MMSE	scores,	lower	hippocampal	volume,	and	higher	tau-

PET	 SUVr	 values	 were	 observed	 in	 the	 prodromal	 AD	 and	 AD	 dementia	

groups	compared	to	the	CU	subjects.		
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Table	1.	Subject	characteristics	
 
		
 

		 		 		 		

		 		 		 		 		
		 		 		 		 		
		 		 		 		 		

		 Control	 Preclinical	
AD	

Prodromal	
AD	 AD	dementia	

		 n=178	 n=105	 n=122	 n=128	

Age,	(y)	 66.1	
(10.3)b,c,d	 71.8	(9.3)a	 72.0	(7.2)a	 74.1	(6.8)a	

Sex,	f	 103	(58%)c	 56	(53%)	 55	(45%)a	 71	(55%)	
Education	(y)	 12.6	(3.3)	 12.3	(3.5)	 12.7	(4.5)	 12.1	(4.4)	
MMSE	 29.1	(1.1)c,d	 28.8	(1.3)c,d	 27.0	(1.9)a,b,d	 20.0	(4.4)a,b,c	
APOEe4	carrier	 60	(34%)b,c,d	 65	(62%)a	 83	(69%)a	 91	(71%)a	
Hippocampal	vol.	 7.5	(1.4)b,c,d	 7.0	(1.4)a,c,d	 6.1	(1.4)a,b,d	 5.0	(1.1)a,b,c,	
Tau-PET		 1.09	(0.08)c,d	 1.14	(0.15)c,d	 1.24	(0.26)a,c,d	 1.72	(0.43)a,b,c	
Data	are	presented	as	mean	±	SD,	or	n	 (%);	Tau-PET	 is	SUVR	 in	Meta-ROI;	Hippocampal	
volume	is	in	cm3;	AD,	Alzheimer's	disease;	F,	female;	MMSE,	Mini	Mental	State	Examination	
(0–30);	ApoE,	Apolipoprotein;	SUVR,	Standardized	uptake	value	ratio;	ApoE	2	missings;	a	
significantly	 different	 than	control;	 b	 significantly	 different	 than	 preclinical	 AD;	 c	
significantly	 different	 than	 prodromal	 AD;	 d	 significantly	 different	 than	 AD	 dementia	 at	
p<0.05;	Surfaceplots	display	mean	[18F]RO948	SUVR	images.		
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Single-Subject	Grey	Matter	Networks	

Networks	 had	 an	 average	 size	 of	 6976	 nodes	 (sd=664)	 and	 an	 average	

connectivity	 density	 of	 16%	 (sd=1)	 across	 all	 participants	 (Table	 2).	We	

observed	 that	 all	 grey	 matter	 network	 metrics	 showed	 lower	 values	

indicative	 of	 increased	 network	 abnormalities	 with	 advancing	 disease	

severity	(Table	2).	Differences	between	Aβ-negative	controls	and	preclinical	

AD	 subjects	 were	 subtle	 and	 higher-order	 network	 differences	 lost	

significance	after	adjusting	for	covariates,	 including	age.	Compared	to	Aβ-

negative	 controls,	 prodromal	 AD	 subjects	 showed	 lower	 clustering,	 path	

length,	 g,	 l,	 and	 small	 world	 coefficient	 values.	 Similar	 changes	 were	

observed	in	AD	dementia,	with	in	addition	lower	network	size	and	degree	

compared	 to	 controls.	 In	 addition,	 all	 higher-order	 metrics	 were	

significantly	 lower	 in	 AD	 dementia	 compared	 to	 prodromal	 AD	 and	

significantly	lower	in	prodromal	AD	compared	to	preclinical	AD.		
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Relationship	between	Tau	Pathology	and	Global	Grey	Matter	Network	

Measures	

Across	the	whole	sample,	higher	tau-PET	values	in	the	temporal	meta-ROI	

were	associated	with	lower	values	in	all	network	properties	(range	β=	-0.25	

to	β=	-1.12;	Figure	1;	Table	3),	showing	strongest	associations	for	g	and	small	

world	 values.	 We	 observed	 similar	 relationships	 between	 GM	 network	

measures	and	tau	signal	in	early	(i.e.,	stage	I/II)	and	late	(i.e.,	stage	V/VI)	tau	

accumulation	regions	(Supplementary	Results	Table	1).		

When	 repeating	 the	 analyses	 stratified	 by	 diagnostic	 group,	 we	

found	 more	 significant	 associations	 between	 tau-PET	 and	 network	

measures	with	increasing	disease	severity:	In	preclinical	AD,	higher	tau-PET	

values	in	the	meta-ROI	was	associated	with	lower	clustering	values	(β±SE;	-

0.58±0.26),	 path	 length	 (-1.04±0.24),	 and	l	 values	 (-1.15±0.47;	 all	p<.05;	

Figure	1;	Table	3).	In	prodromal	AD,	higher	tau-PET	retention	was	related	

to	lower	path	length	(-0.65±0.23),	g	(-0.65±0.26),	l	(-0.72±0.25),	and	small	

world	coefficient	values	(-0.63±0.27).	In	AD	dementia,	higher	tau	PET	signal	

in	the	temporal	meta-ROI	was	associated	with	 lower	degree	(-0.26±0.10),	

clustering	 (-0.34±0.08),	 path	 length	 (-0.47±0.14),	 g	 (-0.72±0.16),	 l	 (-

0.53±0.15),	and	small	world	coefficient	values	(-0.75±0.16).	No	association	

between	tau-PET	values	and	global	network	measures	was	observed	in	Aβ-

negative	 controls.	Moreover,	 no	 group	 interaction	 effects	were	 observed,	

indicating	 that	 the	 strength	 of	 the	 association	 between	 GM	 network	

measures	 and	 tau	 pathology	 did	 not	 differ	 significantly	 between	 disease	

stage.	

When	repeating	the	same	analysis	using	the	three	ROIs	specific	for	

different	tau	stages,	no	association	was	observed	between	tau-PET	values	in	

the	hippocampal	 formation	 (Braak	 I/II)	and	global	network	properties	 in	

preclinical	AD	participants	(Supplementary	Results	Table	1),	suggesting	that	
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using	 the	 tau-PET	 signal	 in	 the	 temporal	 meta-ROI	 is	 more	 suitable	 in	

relation	 to	 network	 measures	 than	 early	 tau-accumulation	 regions.	 Tau	

pathology	 in	 limbic	 (Braak	 III-IV)	 and	 neocortical	 (Braak	 V-VI)	 areas	

correlated	with	 decreased	 degree,	 clustering,	 path	 length,	 g,	l,	 and	 small	

world	 coefficient	 values	 in	 prodromal	 and	 AD	 dementia	 subjects	

(Supplementary	 Results	 Table	 1).	 Moreover,	 we	 observed	 similar	

relationships	between	GM	network	measures	and	tau	signal	when	repeating	

the	analyses	without	the	Aβ-negative	control	group	(Supplementary	Results	

Table	3).	Furthermore,	there	were	no	significant	interactions	between	tau	

pathology	and	Aβ42/Aβ40	ratio	values	on	GM	network	measures,	suggesting	

that	the	associations	between	GM	network	alterations	and	tau	pathology	in	

Aβ	 positive	 individuals	 cannot	 be	 explained	 by	 CSF	 Aβ	 levels	

(Supplementary	Results	Table	3).	

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	2.	Surface	plots	of	standardised	b	values	of	the	relationship	between	tau-
PET	and	local	clustering,	path	length,	and	degree	in	participants	with	abnormal	Ab.	
Data	 are	 presented	 for	 regions	 with	 a	 significant	 correlation	 at	 pBonferroni<.05	
adjusted	for	age,	sex,	TIV,	local	degree,	and	local	GM	volume.		
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Relationship	between	Tau	Pathology	and	Regional	Grey	Matter	Network	

Measures	

Next,	we	 examined	 the	 relationship	 between	 tau	 burden	 in	 the	 temporal	

meta-ROI	 with	 network	 measures	 at	 a	 local	 level	 in	 subjects	 on	 the	 AD	

continuum	 to	 assess	 a	 region-dependent	 effect.	 We	 observed	 different	

anatomical	 patterns	 of	 associations	 for	 each	 network	 measure.	 Lower	

clustering	 values	 were	 associated	 with	 higher	 tau-PET	 SUVr	 values	 in	

widespread	 brain	 areas,	 showing	 the	 strongest	 associations	 in	 the	

precentral	cortex,	cingulate	gyri,	and	frontal	lobe	(all	pbonferroni	<	0.05;	Figure	

2).	 Associations	 between	 lower	 path	 length	 values	 and	 higher	 tau-PET	

retention	were	strongest	in	the	cingulate	gyri,	precentral	cortex,	and	inferior	

frontal	 cortex.	 Regions	 characterized	 by	 a	 lower	 degree	 showed	 also	

widespread	 associations	 with	 tau,	 which	 was	 most	 pronounced	 in	 the	

hippocampus,	 parahippocampus,	 amygdala,	 medial	 occipital	 cortex	 and	

calcarine	cortex	(Figure	2).		

	

Associations	with	Cognitive	Performance	

We	performed	an	exploratory	analysis	of	the	relationship	of	tau-pathology	

and	small	world	topology	with	cognitive	performance.	Both	higher	tau-PET	

retention	(β±SE;	-8.6±0.37;	5.30±0.34)	and	lower	small	world	values	(β±SE;	

2.14±0.19;	-1.23±0.15)	were	significantly	related	to	lower	MMSE	scores	and	

more	errors	on	 the	ADAS-Cog	delayed	word	 recall,	 respectively	 (p<	0.05;	

Figure	 3).	 Moreover,	 small	 world	 values	 remained	 significant	 when	

controlling	 for	 tau-SUVr	 values.	 Mediation	 analysis	 revealed	 that	 lower	

MMSE	 scores	 and	more	 recall	 errors	 associated	with	 tau	pathology	were	

partially	mediated	 by	 decreased	 small	 world	 values	 (9.3%	 to	 9.5%),	 but	

were	 mostly	 independent	 after	 controlling	 for	 the	 effect	 of	 small	 world	

coefficient.	
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Discussion	

In	 a	 large	 well-phenotyped	 cohort,	 we	 observed	 that	 higher	 tau-PET	

retention	is	related	to	greater	GM	network	disruptions	in	individuals	across	

the	AD	continuum.	More	advanced	tau-related	GM	network	abnormalities	

were	observed	with	increasing	disease	severity.	These	findings	suggest	that	

tau	 pathology	 is	 associated	 with	 a	 reduced	 communication	 between	

neighbouring	 brain	 areas	 and	 an	 altered	 ability	 to	 integrate	 information	

from	 distributed	 brain	 regions	 indicative	 of	 a	 more	 random	 network	

topology	across	different	AD	stages.		

Our	 results	 show	 a	 close	 relationship	 between	 GM	 network	

disruptions	and	tau	pathology	in	individuals	with	abnormal	amyloid.	With	

increasing	 disease	 severity,	we	 observed	 a	 greater	 tau	 load,	 as	well	 as	 a	

greater	 number	 of	 abnormal	 GM	 network	 measures.	 As	 a	 result,	 the	

association	 of	 more	 network	 abnormalities	 with	 increased	 tau-PET	

retention	may	be	largely	based	on	differences	in	disease	stage.	Furthermore,	

when	 stratifying	 the	 analyses	 for	 diagnostic	 groups,	 we	 observed	 that	

distinct	network	measures	were	sensitive	to	different	aspects	and	severity	

of	neurodegeneration.	Specifically,	already	in	preclinical	AD	increased	tau-

PET	 signal	 was	 associated	 with	 network	 alterations	 showing	 lower	

clustering,	 lower	path	 length	values	and	normalised	path	 length	l.	 These	

associations	were	absent	in	CU	individuals	with	normal	amyloid,	indicating	

that	the	presence	of	Ab	might	significantly	alter	tau-related	GM	connectivity.	

These	 findings	 are	 in	 line	 with	 prior	 studies	 showing	 deterioration	 in	

network	properties	 in	preclinical	AD	(ten	Kate	et	al.	2018;	Verfaillie	et	al.	

2018;	Dicks	et	al.	2020).	In	prodromal	AD	more	network	measures	became	

abnormal	with	increasing	tau	pathology,	additionally	including	changes	in	

normalised	clustering	g,	and	small	world	topology.	In	AD	dementia	patients	

nearly	all	network	metrics	were	abnormal,	suggesting	that	with	pronounced	
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neurodegeneration	GM	networks	exhibit	significant	topological	alterations,	

which	is	in	line	with	previous	studies	in	AD	dementia	(He	et	al.	2008;	Tijms	

et	 al.	 2013;	Pereira	et	 al.	 2016).	Overall,	 these	 findings	may	 indicate	 that	

higher	 tau	 burden	 is	 associated	 with	 a	 higher	 dissimilarity	 (i.e.,	

asynchronous	 atrophy)	 between	 neighbouring	 areas,	 and	 increased	

similarity	between	distant	brain	areas	as	a	result	of	progression	of	atrophy	

across	 the	 cortex,	 producing	 an	 increase	 in	 randomly	 connected	 nodes.	

Suggestive	of	an	increasingly	random	network	and	reduction	in	small	world	

organisation	with	disease	progression	(Bullmore	and	Sporns	2009;	van	den	

Heuvel	and	Sporns	2019).	

When	characterising	 the	 spatial	 associations	of	 tau	pathology	and	

GM	 network	 changes,	 tau	 deposition	 appeared	 to	 be	 widespread	 and	

strongly	associated	with	lower	clustering	and	path	length	in	several	regions	

of	 the	 default-mode	 network	 including	 the	 medial	 prefrontal	 cortex,	

precuneus,	and	anterior	and	posterior	cingulate	cortex.	These	findings	may	

be	 related	 to	 early	 amyloid	 accumulating	 regions	 (Buckner	 et	 al.	 2005;	

Palmqvist	et	al.	2017).	We	see	that	it	is	in	these	regions	that	clustering	and	

path	length	further	relates	to	tau,	while	also,	more	unexpectedly,	in	late	tau	

accumulating	regions	such	as	the	sensory-motor	cortex	and	occipital	lobe,	

strong	 associations	 of	 lower	 clustering	 and	 path	 length	 with	 tau	 were	

observed.	 Similar	 regional	 associations	 of	 GM	 network	 decline	 over	 time	

have	been	observed	in	individuals	in	presymptomatic	stages	of	familial	AD	

(Vermunt	 et	 al.	 2020).	 For	 lower	 degree,	 most	 strong	 correlations	 were	

observed	 in	 the	medial	 temporal	 lobe,	 a	 region	 considered	 to	 be	 the	 tau	

epicentre	where	neurofibrillary	tangles	originate	(Braak	and	Braak	1991),	

suggestive	of	less	connections	in	the	medial	temporal	lobe	with	increasing	

tau-PET	signal.		
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Previous	 studies	 have	 related	 alterations	 in	 GM	 networks	 with	

abnormal	amyloid	aggregation	in	cognitively	unimpaired	individuals	(Oh	et	

al.	2011;	Tijms	et	al.	2016;	ten	Kate	et	al.	2018;	Voevodskaya	et	al.	2018),	

indicating	that	structural	changes	in	GM	networks	are	an	early	event	in	the	

pathophysiology	 of	 AD.	Moreover,	 the	 presence	 of	 Ab	 is	 hypothesized	 to	

increase	the	accumulation	of	tau	outside	of	the	medial	temporal	lobe	(Price	

and	Morris	 1999;	 Jack	 et	 al.	 2019;	 Baek	 et	 al.	 2020),	 which	may	 further	

accelerate	 network	 decline.	 As	 pathological	 tau	 shows	 reduced	 ability	 to	

stabilize	microtubules,	contributing	to	impaired	axonal	transport	(Menkes-

Caspi	et	al.	2015;	Coomans	et	al.	2021),	this	may	lead	to	further	synaptic	loss	

and	 neurodegeneration,	 resulting	 in	 substantial	 network	 damage	 and	

impaired	cognition	(Nelson	et	al.	2012;	Ossenkoppele	et	al.	2016;	Schultz	et	

al.	2017;	Pereira	et	al.	2020).	As	reflected	by	our	work	showing	that	both	

increased	 tau	 pathology	 and	 a	more	 random	GM	network	 topology	were	

associated	 with	 worse	 performance	 on	 a	 global	 cognition	 and	 episodic	

memory	 test.	Both	 factors	 showed	an	 independent	 contribution	 to	worse	

cognitive	performance,	while	mediation	analyses	also	indicated	that	small	

world	topology	party	mediated	the	effect	of	tau	pathology	on	cognition.		

	

Limitations	

There	are	some	limitations	to	our	study.	Firstly,	this	a	cross-sectional	study	

that	assumes	three	clinical	stages	of	disease	progression,	future	longitudinal	

studies	are	needed	to	determine	the	temporal	ordering	in	tau	pathology	and	

associated	brain	network	changes	more	accurately.	Secondly,	for	uniformity	

reasons	 ROIs	 for	 both	 regional	 tau	 quantification	 and	 network	 topology	

calculation	 were	 created	 according	 to	 the	 AAL	 atlas.	 Unfortunately,	 the	

entorhinal	 cortex	 is	 not	 available	 as	 a	 separate	 region	 in	 this	 brain	 atlas,	

hence	 in	 the	 current	 study	 stage	 I/II	 refers	 to	 the	 hippocampus	 and	
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parahippocampus	 which	 includes	 the	 entorhinal	 cortex.	 This	 may	 have	

attenuated	 some	 of	 the	 results,	 but	 when	 testing	 the	 accuracy	 of	 the	

temporal	 meta-ROI	 in	 the	 AAL	 atlas	 with	 the	 Desikan-Killiany	 atlas,	 we	

observed	a	correlation	of	R=.99,	rendering	such	effects	likely	to	be	minimal.	

Thirdly,	 since	 tau	 abnormalities	 are	 closely	 related	 to	 Aβ	 pathology,	 it	 is	

difficult	to	know	how	specific	the	observed	GM	network	alterations	are	to	

tau	 pathology.	 Strengths	 of	 our	 study	 includes	 the	 large	 number	 of	 well	

characterised	 participants.	 Moreover,	 the	 multimodal	 approach	 of	

combining	 structural	 MRI	 and	 tau-PET	 imaging	 aids	 in	 understanding	

fundamental	questions	in	the	AD	pathophysiology.		

	

Conclusions	

We	found	that	GM	network	disruptions	in	AD	are	strongly	linked	with	tau	

burden,	 already	 in	 an	 early	 disease	 stage	 when	 cognition	 is	 within	 the	

normal	range,	and	becomes	increasingly	random	with	clinical	progression.	

These	findings	provide	more	insight	into	the	pathophysiological	processes	

that	 contribute	 to	 brain	 network	 alterations	 in	 AD.	 An	 interesting	 future	

approach	 might	 lie	 in	 further	 investigating	 the	 prognostic	 value	 of	 GM	

single-subject	networks	in	predicting	cognitive	decline,	and	whether	it	can	

be	implemented	in	clinical	practise.	
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Supplementary	methods	1.	Inclusion	and	exclusion	criteria	for	the	

Swedish	BioFINDER	2	study		

The	BioFINDER-2	study	enrols	participants	in	five	sub-cohorts;	Cohort	A	and	B	

includes	neurologically	and	cognitively	healthy	controls.	The	inclusion	criteria	

are:	i)	ages	40-65	years	(cohort	A)	and	ages	66-100	years	(cohort	B);	ii)	absence	

of	 cognitive	 symptoms	 as	 assessed	 by	 a	 physician	 with	 special	 interest	 in	

cognitive	disorders;	iii)	MMSE	score	27-30	(A)	or	26-30	(cohort	B)	at	screening	

visit;	iv)	do	not	fulfil	the	criteria	for	MCI	or	any	dementia	according	to	DSM-5	

(American	Psychiatric	Association	2013);	v)	fluent	in	Swedish.	The	recruitment	

process	of	cohorts	A	and	B	is	designed	to	build	two	study	populations	with	50%	

APOE	ε4	carriers	in	each.		

Cohort	C	comprises	participants	with	subjective	cognitive	deficits	(SCD)	

or	 minor	 neurocognitive	 impairment	 (MCI)	 (the	 latter	 according	 to	 DSM-5	

(American	Psychiatric	Association	2013)).	Inclusion	criteria	are:	i)	Age	40-100	

years;	ii)	referred	to	the	memory	clinics	due	to	cognitive	symptoms;	iii)	MMSE	

score	of	24	–	30	points;	iv)	does	not	fulfil	the	criteria	for	any	dementia	(major	

neurocognitive	 disorder)	 according	 to	 DSM-5	 (American	 Psychiatric	

Association	 2013),	 v)	 fluent	 in	 Swedish.	 In	 accordance	 with	 the	 research	

framework	by	the	National	Institute	on	Aging-Alzheimer’s	Association	(Jack	et	

al.	 2018),	 study	 participants	 with	 SCD	 were	 analysed	 together	 with	 the	

cognitively	healthy	participants	(and	combined	in	the	cognitively	unimpaired	

group).	Participants	were	classified	as	having	MCI	if	they	performed	worse	than	

-1.5	SD	in	any	cognitive	domain	according	to	age	and	education	stratified	test	

norms.	 The	 neuropsychological	 battery	 covered	 the	 domains	

attention/executive	 function	 (Trail	 Making	 Test	 A	 and	 B,	 Symbol	 Digit	

Modalities	 Test,	 and	 AQT),	memory	 (10	word	 immediate	 and	 delayed	 recall	

from	the	Alzheimer’s	Disease	Assessment	Scale	[ADAS]),	verbal	ability	(verbal	
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fluency	 and	 the	 short	 version	 of	 the	 Boston	 Naming	 Test)	 and	 visuospatial	

function	(incomplete	letters	and	cube	analysis	from	the	Visual	Object	and	Space	

Perception	battery).	Those	that	were	not	classified	as	MCI	were	considered	to	

have	SCD.		

Cohort	D	consists	of	participants	with	dementia	due	 to	AD.	 Inclusion	

criteria	 are:	 i)	 Age	 40-100	 years;	 ii)	 referred	 to	 the	 memory	 clinics	 due	 to	

cognitive	symptoms;	iii)	MMSE	score	of	≥12	points;	iv)	fulfil	the	DSM-5	criteria	

for	 dementia	 (major	 neurocognitive	 disorder)	 due	 to	 Alzheimer’s	 disease	

(American	Psychiatric	Association	2013);	v)	fluent	in	Swedish.	Cohort	E	covers	

other	 non-AD	dementias	 and	neurodegenerative	 disorders.	 Inclusion	 criteria	

are:	 i)	 Age	 40-100	 years;	 ii)	 fulfilment	 of	 criteria	 for	 dementia	 (major	

neurocognitive	 disorder)	 due	 to	 frontotemporal	 dementia	 (American	

Psychiatric	 Association	 2013),	 Parkinson’s	 disease	 with	 dementia,	 dementia	

with	 Lewy	 Bodies	 or	 vascular	 dementia	 (American	 Psychiatric	 Association	

2013),	 alternatively	 the	 criteria	 for	 Parkinson’s	 disease	 (Gelb	 et	 al.	 1999),	

progressive	supranuclear	palsy	(Höglinger	et	al.	2017),	multiple	system	atrophy	

(Gilman	et	al.	2008),	or	semantic	variant	primary	progressive	aphasia	(Gorno-

Tempini	et	al.	2011);	iii)	fluent	in	Swedish.		

Exclusion	 criteria	 for	 all	 sub-cohorts	 are:	 i)	 significant	 unstable	

systemic	 illness	 that	makes	 it	 difficult	 to	 participate	 in	 the	 study;	 ii)	 current	

significant	alcohol	or	substance	misuse;	iii)	refusing	lumbar	puncture,	MRI	or	

PET.		
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Supplementary	Figure	2.	Surface	plots	of	standardised	b	values	of	the	relationship	
between	 tau	 SUVr	 with	 PVC	 and	 local	 clustering,	 path	 length,	 and	 degree	 in	
participants	with	abnormal	Ab.	Data	are	presented	 for	 regions	with	a	 significant	
correlation	 at	pBonferroni<.05	 adjusted	 for	 age,	 sex,	 TIV,	 local	 degree,	 and	 local	GM	
volume.		
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Abstract	

Myelin	 determines	 the	 conduction	 of	 neuronal	 signals	 along	 axonal	

connections	in	networks	of	the	brain.	Loss	of	myelin	integrity	in	neuronal	

circuits	 might	 result	 in	 cognitive	 decline	 in	 Alzheimer’s	 disease	 (AD).	

Recently,	the	ratio	of	T1-weighted	by	T2-weighted	MRI	has	been	used	as	a	

proxy	for	myelin	content	in	grey	matter	of	the	cortex.	With	this	approach	we	

investigated	 whether	 AD	 dementia	 patients	 show	 lower	 cortical	 myelin	

content	(i.e.	a	lower	T1-w/T2-w	ratio	value).		We	selected	structural	T1-w	

and	T2-w	MR	images	of	293	AD	patients	and	172	participants	with	normal	

cognition	(NC).	T1-w/T2-w	ratios	were	computed	for	the	whole	brain	and	

within	90	AAL	atlas	regions	using	SPM12,	compared	between	groups	and	

correlated	with	the	neuronal	injury	marker	tau	in	CSF	and	MMSE.	In	contrast	

to	our	hypothesis,	AD	patients	showed	higher	whole	brain	T1-w/T2-w	ratios	

than	 NC,	 and	 regionally	 in	 31	 anatomical	 areas	 (p<.0005;	 d=	 .21	 to	 .48),	

predominantly	 in	 the	 inferior	 parietal	 lobule,	 angular	 gyrus,	 anterior	

cingulate,	 and	 precuneus.	 Regional	 higher	 T1w-/T2-w	 values	 were	

associated	with	higher	CSF	tau	concentrations	(p<.0005;	r=.16	to	.22)	and	

worse	 MMSE	 scores	 (p<.0005;	 r=-.16	 to	 -.21.	 These	 higher	 T1-w/T2-w	

values	 in	 AD	 seem	 to	 contradict	 previous	 pathological	 findings	 of	

demyelination	and	dysconnectivity	 in	AD.	Future	 research	 should	 further	

investigate	 the	 biological	 processes	 reflected	 by	 increases	 in	 T1-w/T2-w	

values.	
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Introduction	

Alzheimer’s	 disease	 (AD),	 the	 most	 common	 cause	 of	 dementia,	 is	

characterized	by	a	progressive	decline	in	cognition	and	is	one	of	the	major	

public	health	 challenges	of	 the	21st	 century	 (Scheltens	 et	 al.	 2016).	AD	 is	

pathologically	 defined	 by	 β-amyloid	 (Aβ)	 neuritic	 plaques,	 tau	

neurofibrillary	tangles,	and	is	associated	with	neuronal,	axonal,	and	synaptic	

degeneration	(Braak	and	Braak	1991;	Selkoe	2002).	Myelin,	the	insulating	

sheath	surrounding	neuronal	axons,	is	vulnerable	to	AD	pathology	while	it	

is	essential	for	efficient	neuronal	communication	by	fine-tuning	conduction	

speed	and	synchronization,	thereby	affecting	brain	connectivity	(Nave	and	

Werner	2014;	Timmler	and	Simons	2019).	A	failure	in	cerebral	connectivity	

has	been	shown	to	interfere	with	healthy	cognitive	functioning	(Pievani	et	

al.	2014;	Fornito	et	al.	2015).		

In	recent	years,	several	proxy	measures	of	myelin	content	have	been	

proposed,	 including	 quantitative	 magnetic	 resonance	 imaging	 (MRI)	

techniques	 such	 as	myelin	water	 fraction	 (MWF)	 (Laule	 et	 al.	 2007)	 and	

quantitative	 susceptibility	 mapping	 (QSM)	 (de	 Rochefort	 et	 al.	 2008).	

Moreover,	 diffusion	 tensor	 imaging	 (DTI)	 has	 been	 used	 extensively	 to	

measure	the	myelin	integrity	of	large	axonal	fibre	bundles	over	long	distance	

white	matter	(WM)	networks,	which	are	disrupted	in	AD	(Chua	et	al.	2008;	

Gao	et	al.	2014).		

An	alternative	approach	of	determining	regional	variation	in	cortical	

myelin	content,	the	ratio	of	the	signal	intensity	of	the	T1-weighted	(T1-w)	

and	T2-weighted	(T2-w)	image,	has	been	proposed	(Glasser	and	van	Essen	

2011).	The	T1-w/T2-w	technique	was	developed	to	parcellate	the	cerebral	

cortex	 from	 patterns	 of	 cortical	 myelination,	 and	 have	 shown	 to	 closely	

correspond	with	histological	measures	of	myeloarchitecture	 (Glasser	 and	

van	 Essen	 2011;	 Nieuwenhuys	 and	 Broere	 2017).	 Compared	 to	 other	
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quantitative	MRI	contrasts,	this	technique	has	the	advantage	that	images	can	

be	acquired	during	 routine	clinical	MR	examinations,	with	high	signal-to-

noise,	and	without	complex	modelling	of	the	MR	signal	(Heath	et	al.	2018).	

Along	 the	 life-span,	 the	 T1-w/T2-w	 myelin	 shows	 an	 inverted	 U	 curve	

(Grydeland	et	al.	2013,	2019;	Shafee	et	al.	2015),	following	the	maturation	

of	 cortical	 regions	 throughout	 life.	 In	 addition,	 higher	 T1-w/T2-w	 ratios	

have	been	associated	with	greater	performance	stability	during	a	processing	

speed	task	(Grydeland	et	al.	2013).	In	disorders	with	a	strong	demyelinating	

component	such	as	multiple	sclerosis	(MS),	the	T1-w/T2-w	ratio	is	lowered	

in	pathologically	vulnerable	regions	(Beer	et	al.	2016;	Nakamura	et	al.	2017;	

Righart	et	al.	2017).	However,	recent	studies	have	raised	controversy	on	the	

interpretation	of	the	T1-w/T2-w	ratio,	showing	that	this	measure	may	also	

reflect	tissue	microstructure	other	than	myelin,	such	as	axon	and	dendrite	

density	or	iron	content	(van	Rooden	et	al.	2014;	Arshad	et	al.	2017;	Righart	

et	al.	2017;	Uddin	et	al.	2018).	Because	disrupted	brain	connectivity	is	an	

important	feature	of	AD	(Pievani	et	al.	2014;	Fornito	et	al.	2015;	Dicks	et	al.	

2018),	 an	 intracortical	 reduction	 of	 myelin	 content	 in	 AD	 could	 be	

hypothesized.	But	also	other	pathological	factors	associated	with	AD	might	

lead	to	intracortical	tissue	changes.	To	better	understand	what	this	myelin	

proxy	in	AD	reflects,	we	compared	T1-w/T2-w	ratio	values	between	older	

adults	with	normal	cognition	and	patients	with	AD-type	dementia	 for	 the	

whole	brain	and	on	a	regional	level.	We	further	investigated	the	influence	of	

factors	that	are	associated	with	AD,	including	cerebrospinal	fluid	(CSF)	total-

tau	protein	concentration,	white	matter	hyperintensities	(WMH),	and	global	

cognitive	 functioning	 that	 may	 contribute	 to	 alterations	 in	 T1-w/T2-w	

values.	
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Methods	

Participants	

Individuals	with	normal	cognition	(NC)	and	with	AD	dementia	who	had	T1-

weighted	 and	 T2-weighted	 structural	 MRI	 were	 selected	 from	 the	

Amsterdam	Dementia	Cohort	(Van	Der	Flier	et	al.	2014;	Van	Der	Flier	and	

Scheltens	2018).	Probable	AD	dementia	was	diagnosed	according	to	NIA-AA	

criteria	 with	 evidence	 of	 abnormal	 levels	 of	 Aβ	 protein	 (McKhann	 et	 al.	

2011).	Individuals	with	NC	were	required	to	have	normal	CSF	Aβ1-42	levels.	

Participants	were	excluded	if	younger	than	40	years	old	or	if	the	MRI	was	

acquired	more	than	3	months	after	clinical	diagnosis.	All	data	was	collected	

as	part	of	routine	dementia	screening.	

	

CSF	biomarkers	

Collection	 of	 CSF	 by	 lumbar	 puncture	 for	 all	 subjects	 was	 performed	 as	

described	previously	(Van	Der	Flier	et	al.	2014).	Aβ1–42,	phosphorylated	tau	

(p-tau),	and	total	tau	protein	concentrations	were	measured	using	InnoTest	

sandwich	ELISAs	(Innogenetics,	Fujirebio,	Ghent,	Belgium).	The	cut-off	for	

abnormal	drift-corrected	CSF	Aβ1–42	was	set	at	<	813	ng/L	(Tijms	et	al.	2018),	

at	>	375	ng/L	for	CSF	total	tau	and	at	>	52	ng/L	for	p-tau	(Mulder	et	al.	2010).	

	

MRI	acquisition		

Structural	T1-weighted	and	T2-weighted	images	were	acquired	as	part	of	

routine	patient	care	 from	a	single	scanner	(3T	GE	MR750).	The	 following	

parameters	for	T1	were	used:	3D-FSPGR,	sagittal	plane,	TR	7.8	ms,	TE	3	ms,	

FA	12°,	voxel	size	1	mm3,	5.06	min;	for	T2:	2D-TSE,	axial	plane,	TR	8340	ms,	

TE	20.7	ms,	FA	90°,	voxel	size	0.5×0.5×3	mm3,	3.35	min.	To	determine	WMH,	

we	additionally	analysed	3D-fluid	attenuation	 inversion	recovery	(FLAIR)	



Chapter	5	

	150	

images,	acquired	in	a	sagittal	plane,	with	TR	8000	ms,	TE	126.6	ms,	FA	90°,	

voxel	size	1	mm3,	5.48	min.		

	

MRI	processing		

T1-w	and	T2-w	images	were	converted	to	Nifti	format	and	analysed	using	a	

similar	method	as	proposed	by	(Glasser	and	van	Essen	2011).	The	origin	was	

manually	 set	 to	 the	 anterior	 commissure.	 The	 T2-weighted	 image	 was	

rigidly	 registered	 with	 a	 4th	 degree	 B-Spline	 interpolation	 to	 the	 T1-

weighted	image	using	Statistical	Parametric	Mapping	Software	version	12	

(SPM12;	 Functional	 Imaging	 Laboratory,	 University	 College	 London,	

London,	UK)	running	in	Matlab	7.12	(MathWorks,	Natick,	MA).	The	SPM12	

segmentation	function	allowed	for	bias	field	correction	of	both	images,	as	

well	as	tissue	segmentation	of	the	T1-w	images	into	CSF,	GM	and	WM	tissue	

probability	maps.	For	validation	purposes,	we	conducted	analyses	without	

field	bias	correction	for	the	T1-w	and	T2-w	images	as	well,	obtaining	similar	

results	 but	 with	 less	 discriminative	 power	 to	 detect	 differences	 in	

intracortical	 microstructure	 (Supplementary	 material	 Table	 2).	 The	 data	

presented	 here	 refer	 to	 the	 T1-w/T2-w	 images	with	 bias	 correction.	 For	

each	 subject,	 90	 cortical	 areas	 were	 identified	 with	 the	 automated	

anatomical	 labelling	 (AAL)	 atlas	 (Tzourio-Mazoyer	 et	 al.	 2002),	 using	 the	

SPM	normalize	function	with	inverted	deformation	fields	to	warp	the	AAL	

atlas	to	Montreal	Neurological	Institute	(MNI)	space.	Interpolation	was	set	

to	nearest	neighbour.	The	atlases	were	masked	using	subject-specific	masks	

covering	voxels	with	a	GM	probability	>.3.	The	T1-weighted	image	was	then	

divided	by	the	T2-weighted	image	and	masked	with	the	GM	mask	to	obtain	

T1-w/T2-w	 ratios	 within	 90	 regions	 of	 the	 AAL	 atlas	 (Figure	 1).	 On	 the	

FLAIR	sequence,	WMH	were	assessed	using	the	Fazekas	scale	(Fazekas	et	al.	

1987)	(0	=	none;	1	=	punctuate;	2	=	early	confluent;	and	3	=	confluent)	and	
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dichotomized	 into	absent	 (0-1)	or	present	 (2-3).	All	 images	were	visually	

inspected	for	segmentation	or	warping	errors;	none	had	to	be	excluded.		

	

	

	

	

	

	

	

	

	

	

	

	

	
Figure	 1.	 Flow	 diagram	 of	 pre-processing	 steps	 to	 generate	 T1-w/T2-w	
images.	Workflow	of	T1-w/T2-w	 image	data	processing	using	 SPM12,	 including	
registration	of	the	T2-w	image	to	the	T1w-w	image,	bias	correction	of	both	images,	
segmentation,	warping	of	the	standard	AAL	atlas	to	a	subject	specific	atlas.	Finally,	
the	 T1-w/T2-w	 image	 is	 calculated	 as	 the	 ratio	 of	 T1-w	 and	 T2-w	 images	 and	
masked	with	a	GM	mask.	
	

Statistical	analysis	

Demographic	and	biomarker	data	of	the	diagnostic	groups	were	compared	

using	 two-sample	 t-tests	 for	 continuous	 data	 or	 chi-square	 tests	 for	

categorical	data.	We	used	general	linear	models	(GLM)	to	test	whether	AD	

patients	had	globally	(i.e.	whole	cortex)	significantly	different	T1-w/T2-w	

ratios	compared	to	the	NC	group.	This	analysis	was	adjusted	for	sex	and	age	

as	the	T1-w/T2-w	ratio	has	previously	shown	to	vary	as	a	function	of	age.	

This	model	was	repeated	for	regional	T1-w/T2-w	values	using	Bonferroni	
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correction	 for	 multiple	 comparisons	 (i.e.	 p	 value	 of	 <0.0005	 for	 90	 AAL	

regions,	0.05/90),	and	for	analysis	of	individual	T1-w	and	T2-w	images	as	

well.		

To	gain	further	insight	into	the	biological	underpinnings	of	the	T1-

w/T2-w	 ratio,	 we	 further	 studied	 the	 influence	 of	 factors	 known	 to	 be	

associated	with	AD,	i.e.	WMH,	tau	&	MMSE,	on	T1-w/T2-w	values.	We	used	

GLM,	adjusted	for	age	and	sex,	to	investigate	whether	WMH	severity	has	an	

effect	 on	 the	 T1-w/T2-w	 ratio	 by	 comparing	 T1-w/T2-w	 ratio	 values	

between	individuals	with	WMH,	defined	as	having	a	Fazekas	score	2	to	3,	to	

individuals	without	pronounced	WMH	(Fazekas	0-1).		

Next,	 we	 computed	 a	 linear	 regression	 analysis	 of	 CSF	 total	 tau	

concentration	and	mean	T1-w/T2-w	ratio	values	for	all	AAL	regions	using	

all	subjects	and	for	each	group	separately.	Previous	studies	have	shown	that	

total	tau	and	p-tau	concentrations	are	highly	correlated	(Mulder	et	al.	2010),	

therefore	we	 chose	 to	 analyse	 the	 relationship	of	T1-w/T2-w	 ratios	with	

total-tau	protein	only,	rather	than	also	p-tau.	Furthermore,	the	correlation	

of	 the	 whole	 cortex	 and	 regional	 T1-w/T2-w	 ratio	 and	 global	 cognitive	

performance	 score,	 as	 measured	 by	 the	 Mini	 Mental	 State	 Examination	

(MMSE)	was	calculated.	All	statistical	analyses	were	performed	in	R	(version	

3.5.1),	and	brain	images	were	visualized	with	Surf	Ice	(version	10.14).	

	

Results	

Demographic	and	clinical	data	

We	included	293	AD	and	172	NC	subjects.	AD	patients	had	higher	tau	levels	

than	controls,	were	on	average	older,	more	likely	to	be	female,	and	showed	

more	vascular	brain	damage,	lower	total	GM	volume	and	total	WM	volume	

compared	to	NC	participants	(Table	1).	The	average	anatomical	distribution	

of	T1-w/T2-w	values	across	the	cortex	in	NC	participants	was	qualitatively	
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similar	to	myelin	maps	previously	reported	(Glasser	and	Van	Essen	2011;	

Supplementary	 material	 Figure	 1).	 Consistent	 with	 their	 results	 we	

observed	 high	 T1-w/T2-w	 values	 in	 sensory	 motor	 regions	 and	 visual	

cortex.	 The	 lowest	 T1-w/T2-w	values	 are	 located	 in	 the	 temporal	 (pole),	

anterior	cingulate	cortex	and	frontal	areas	corresponding	with	their	findings	

as	well.	

Table	1.	Demographic	and	clinical	characteristics	according	to	
diagnostic	group	 	
 NC	 AD	 Total	  

		 (n	=	172)	 (n	=	293)	 (n	=	465)	  

Sex,	F	 69	(40%)	 159	(54%)*	 228	(49%)	  

Age	 59.0	±	7.3	 66.0	±	7.7*	 63.4	±	8.3	  

MMSE	score	 28.3	±	1.7	 20.2	±	5.0*	 23.2	±	5.7	  

CSF	Aβ1-42	 1138.7	±	178.9	 620.9	±	98.0*	 812.5	±	283.7	  

CSF	t-tau	 229.1	±	88.4	 713.8	±	466.9*	 534.5	±	441.6	  

CSF	p-tau	 42.8	±	15.0	 90.1	±	43.1*	 72.6	±	42.2	  

Vascular	damage	 11	(6%)	 71	(24%)*	 82	(18%)	  

Grey	matter	volume	 659.8	±	66.9	 552.4	±	63.1*	 592.2	±	82.8	  

White	matter	volume	 452.3	±	52.0	 415.9	±	58.2*	 429.4	±	58.6	  

Cerebrospinal	fluid	 369.0	±	78.7	 486.3	±	88.0*	 443.0	±	101.9	  

Data	are	presented	as	mean	±	SD,	or	n	(%).	NC,	Normal	Cognition;	AD,	Alzheimer's	
Disease;	F,	Female;	Age	in	years;	MMSE,	Mini	Mental	State	Examination	(0-30);	CSF,	
Cerebrospinal	fluid,	CSF	in	ng/L;	Vascular	damage	defined	as	Fazekas	≥	2;	Volume	
in	mm3;	(*	=	p<0.05).	

 

	
 
 

Altered	intracortical	T1-w/T2-w	ratios	in	AD		

Average	whole	cortex	T1-w/T2-w	values	were	higher	in	AD	compared	to	NC	

[NC:	EMM	=	1.004,	SE	=	.009;	AD:	EMM	=	1.038,	SE	=	.007;	F(1,	464)	=	8.33,	

d=	 .15,	 p<	 .01]	 (Estimated	 marginal	 means	 (EMM);	 standard	 error	 (SE);	

Figure	2).	At	regional	level	stronger	effects	were	found,	with	multiple	brain	

regions	 showing	 higher	 T1-w/T2-w	 values	 in	 AD	 (Figure	 3).	 The	 largest	

differences	were	observed	in	the	anterior	cingulate,	inferior	parietal	lobule,	



Chapter	5	

	154	

supramarginal	 gyrus,	 angular	 gyrus,	 precuneus,	 and	 superior	 temporal	

gyrus	 (range	d	 =	 .21	 to	d	 =	 .48;	p<.0005	 to	p<.00000001;	Supplementary	

Table	1).	No	regions	with	significantly	lower	values	were	observed	in	AD.	

Comparisons	 of	 individual	 images	 between	 diagnostic	 groups	

resulted	 in	 no	 significant	 differences	 in	 T1-w	 image	 intensity.	 However	

uncorrected	results	showed	a	trend	of	higher	T1-w	image	intensity	 in	AD	

patients	 in	 the	 inferior	 parietal	 lobule,	 angular	 gyrus,	 precuneus,	 and	

superior	parietal	lobule.	T2-w	images	showed	significantly	lower	intensities	

in	the	anterior	cingulate	in	the	AD	group	compared	to	NC	(p<.0005;	Figure	

4).	And	a	trend	towards	lower	T2-w	image	intensity	in	AD	patients	in	the	

inferior	parietal	 lobule,	precuneus,	hippocampus	and	 insula.	Moreover,	 to	

exclude	possible	 age	 or	 sex	 effects,	 the	main	 analysis	was	 re-run	using	 a	

subset	 (n=50)	 of	 age-	 and	 sex-matched	 individuals.	 Obtaining	 similar	

results,	albeit	less	significant	(Supplementary	table	3).	

	

	

Figure	 2.	Violin	 plot	 representation	
of	 mean	 T1-w/T2-w	 ratio	 values	 in	
all	GM	regions	for	AD	and	NC.	Global,	
i.e.	 whole	 brain,	 average	 T1-w/T2-w	
ratios	 are	 significantly	 higher	 in	 AD	
compared	 to	 CN	 subjects,	 adjusted	 for	
age,	and	sex.	NC	(n=172):	EMM	=	1.004,	
SE	=	.009;	AD	(n=293):	EMM	=	1.038,	SE	
=	.007;	F(1,	464)=8.326,	d	=	.15,	p<.005.	
Note:	 plot	 created	 with	 raw	 data	
(without	covariates).		
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Figure	 3.	P-value	map	of	AAL	 regions	with	 significant	 different	T1-w/T2-w	
ratios	between	AD	and	NC	subjects.	Higher	T1-w/T2-w	ratio	values	were	found	
widespread	in	AD,	 in	particular	 in	AD-related	regions:	Superior	&	Middle	Frontal	
Gyrus;	Inferior	Frontal	Gyrus	Pars	Opercularis	&	Triangularis;	Rolandic	Operculum;	
Insula;	 Anterior,	 Mid	 &	 Posterior	 Cingulate	 Gyrus;	 Calcarine;	 Cuneus;	 Middle	
Occipital	Gyrus;	Superior	&	Inferior	Parietal	Lobule;	Supramarginal	Gyrus;	Angular	
Gyrus;	Precuneus;	Superior	&	Middle	Temporal	Gyrus.	All	analyses	were	adjusted	
for	multiple	comparisons	showing	a	moderate	(Yellow	p	<	.0005)	to	highly	(Red	p	<	
.000000001)	significance	scale.			

Figure	4.	P-value	map	of	AAL	regions	with	different	T1-w	images,	T2-w	images	
and	1/T2-w	images	between	AD	and	NC	subjects.	Figures	shown	are	uncorrected	
for	multiple	 comparisons	 to	give	 insight	 into	 the	pattern	of	 regions	 that	differed	
between	groups	at	a	trend	level.	A)	Surface	plot	shows	a	trend	of	higher	T1-w	image	
intensity	in	AD	patients	in	the	inferior	parietal	lobule,	angular	gyrus,	precuneus,	and	
superior	parietal	lobule.	B)	T2-w	images	had	significantly	lower	intensities	in	the	
anterior	cingulate	in	the	AD	group.	And	showed	a	trend	towards	lower	T2-w	image	
intensity	in	AD	patients	in	the	inferior	parietal	lobule,	precuneus,	hippocampus	and	
insula.	C)	Surface	plot	shows	a	trend	of	higher	1/T2-w	image	intensity	in	AD	patients	
in	 the	 anterior	 cingulate	 gyrus,	 inferior	 parietal	 lobule,	 hippocampus,	 and	
precuneus.	Displayed	are	regions	with	a	p-value	scale	of	(Yellow	p	<	.01)	to	(Red	p	
<	.0001).	
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Association	of	T1-w/T2-w	ratio	values	with	other	AD	markers	

There	was	no	significant	difference	between	the	group	with	WMH	and	the	

group	without	WMH	 in	 T1-w/T2-w	 values,	 regional	 or	whole	 brain	 [F(1,	

463)=	.92,	p=	.34,	d=	.004].	Next,	the	effect	of	the	neuronal	injury	marker	tau	

on	the	mean	global	T1-w/T2-w	ratio	was	explored.	The	regression	analysis	

indicated	 that	 T1-w/T2-w	 ratios	 across	 the	whole	 cortex	 increased	with	

higher	 tau	 concentrations	 in	 CSF	 (r=.11,	 p<.01;	 Figure	 5a).	 These	

associations	were	specific	 for	 the	AD	group	 (AD:	r=.12,	p<.05;	CN:	r=-.07,	

p=.40)	 and	 located	 in	mostly	 frontal	 and	parietal	 regions	with	 significant	

correlation	values	ranging	 from	r=.16	 to	 .22	(all	p<.0005;	Figure	5b),	and	

remained	when	adjusting	for	age	and	sex.	Note	that	we	did	not	investigate	

the	 relationship	 of	 CSF	 Aβ	 levels	 and	 T1-w/T2-w	 ratio	 as	 the	 diagnostic	

groups	already	 reflect	 this	association,	because	CN	and	AD	subjects	were	

selected	based	on	their	amyloid	status.	We	further	analysed	the	mean	whole	

cortex	correlation	between	T1-w/T2-w	ratio	and	MMSE	scores	which	was	r	

=-.08,	with	p-value	=.08	(AD:	r=-.05,	p=.34;	CN:	r=.08,	p=.34).	Which	implies	

that	worse	global	cognitive	functioning	correlated	with	higher	T1-w/T2-w	

ratios	at	a	trend	level	(Figure	5c),	and	regionally	stronger	associations	were	

observed,	 which	 remained	 when	 adjusting	 for	 age	 and	 sex,	 mostly	 in	

temporal,	 cingulate	and	parietal	brain	areas	(range	r=-.16	 to	r=-.21	 ,	all	p	

<.0005;	Figure	5d).		
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Figure	5.	Association	of	T1-w/T2-w	ratio	values	with	other	AD	markers.	A)	
Global	T1-w/T2-w	ratio	as	a	function	of	tau.	Scatterplot	showing	an	association	of	
higher	T1-w/T2-w	ratios	with	abnormal	CSF	tau	concentrations	in	the	total	sample.	
Regression	 line	 in	 black,	 the	 95%	 CI	 in	 shaded	 grey.	 B)	 Surface	 map	 showing	
regional	associations	of	CSF	total	tau	concentration	with	T1-w/T2-w	values.	Higher	
tau	concentrations	are	associated	with	higher	T1-w/T2-w	ratios	in	the	Superior	&	
Middle	Frontal	Gyrus,	Pars	Triangularis,	Medial	Frontal	Gyrus,	Superior	Occipital,	
Postcentral	 Gyrus,	 Superior	 &	 Inferior	 Parietal	 Lobule,	 Supramarginal	 Gyrus,	
Angular	Gyrus,	Precuneus,	and	Superior	Temporal	Gyrus	across	all	subjects	(Range	
r	=.15	to	r	=.22;	p	=	.0005	to	p	=	.000001).	C)	Global	T1-w/T2-w	ratio	as	a	function	
of	MMSE	score.	Scatterplot	showing	the	relation	between	global	T1-w/T2-w	ratios	
according	to	MMSE	score	in	the	total	sample.	Regression	line	in	black,	the	95%	CI	in	
shaded	grey.	D)	Surface	map	showing	regional	associations	of	MMSE	scores	with	
T1-w/T2-w	 values.	 Lower	 MMSE	 scores	 are	 associated	 with	 higher	 T1-w/T2-w	
ratios	in	the	Middle	Frontal	Gyrus,	Insula,	Anterior	Cingulate	Gyrus,	Inferior	Parietal	
Lobule,	 Supramarginal	 Gyrus,	 Angular	 Gyrus,	 Precuneus,	 Superior	 &	 Middle	
Temporal	Gyrus	across	all	subjects	(Range	r	=.15	to	r	=.21;	p	=	.0005	to	p	=	.000008).		
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Discussion	

The	main	finding	of	our	study	was	that	T1-w/T2-w	ratio	values	were	higher	

in	AD	compared	to	controls,	which	was	contrary	to	our	expectation.	These	

changes	 tended	 to	be	most	pronounced	 in	anatomical	 areas	known	 to	be	

affected	in	AD	such	as	the	interior	parietal	lobule	and	precuneus,	and	were	

associated	with	higher	levels	of	the	neuronal	injury	marker	tau	and	worse	

cognition.		

Previous	 studies	 have	 suggested	 that	 myelin	 is	 the	 predominant	

source	of	MR	contrast	in	T1-weighted	and	T2-weighted	images	(Eickhoff	et	

al.	2005;	Laule	et	al.	2007;	Bock	et	al.	2009;	Wallace	et	al.	2016),	and	by	using	

the	ratio	of	these	images	the	contrast	sensitivity	to	detect	myelin	content	is	

increased	further	due	to	attenuation	of	the	shared	intensity	biases	(Glasser	

and	 van	 Essen	 2011).	 Although,	 other	 studies	 have	 questioned	 the	

sensitivity	of	the	T1-w/T2-w	ratio	for	myelin	content,	and	argued	that	it	is	

likely	not	the	only	factor	contributing	to	the	T1-w/T2-w	image	(Arshad	et	

al.	2017;	Righart	et	al.	2017;	Uddin	et	al.	2018).	Still,	it	has	been	shown	that	

T1-w/T2-w	ratio	differentiates	between	high	and	low	myelinated	cortex	as	

determined	by	myelin	proteolipid	protein	staining	(Nakamura	et	al.	2017).	

Also	 in	 our	 study,	 we	 observed	 no	 indication	 that	 our	 T1-w/T2-w	 map	

differed	from	those	previously	reported	in	NC,	with	high	T1-w/T2-w	values	

in	 regions	 such	 as	 the	 basal	 ganglia,	 thalamus,	 and	 paracentral	 lobule	

(Ganzetti	 et	 al.	 2015)	 and	 low	 T1-w/T2-w	 ratios	 in	 the	 insula,	 anterior	

cingulate,	 hippocampus,	 medial	 orbitofrontal	 gyrus	 and	 temporal	 pole	

(Fischl	et	al.	2004;	Glasser	et	al.	2014),	 suggesting	 it	 correlates	well	with	

cortical	myelination.		

To	the	best	of	our	knowledge,	this	technique	has	not	been	applied	in	

AD	 dementia	 before,	 however,	 a	 previous	 study	 showed	 that	 higher	 T1-

w/T2-w	 values	 correlated	 with	 amyloid	 beta	 deposition	 on	 positron-
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emission	tomography	(PET)	in	individuals	with	normal	cognition	(Yasuno	

et	al.	2017).	Our	observation	of	higher	T1-w/T2-w	seems	in	line	with	that	

study.	The	authors	 found	higher	regional	T1-w/T2-w	ratios	 in	 the	 frontal	

cortex	and	anterior	cingulate	in	subjects	with	high	PiB	binding	compared	to	

subjects	 with	 low	 PiB	 binding	 and	 suggested	 that	 microstructural	

alterations	induced	by	amyloid	beta	could	be	detected	with	the	T1-w/T2-w	

ratio.	 In	 our	 study	 the	 higher	 T1-w/T2-w	 ratio	 in	 AD	 also	 seem	 to	 be	

regionally	specific,	showing	the	highest	T1-w/T2-w	ratios	in	AD	patients	in	

the	 angular	 gyrus,	 inferior	 parietal	 lobule,	 precuneus,	 anterior	 cingulate,	

supramarginal	gyrus,	and	superior	temporal	gyrus.	These	high	T1-w/T2-w	

regions	 overlap	 with	 areas	 known	 be	 involved	 in	 AD,	 and	 have	 been	

associated	with	the	‘default	mode	network’,	a	set	of	brain	areas	that	shows	

high	 functional	 correlations	 when	 a	 person	 is	 not	 performing	 a	 task.	 In	

particular,	 these	 regions	 seem	 most	 vulnerable	 for	 early	 amyloid	

depositions	 and	 decreased	 functional	 connectivity	 in	 AD	 (Buckner	 2005;	

Palmqvist	et	al.	2017).	Additionally,	this	corresponds	with	numerous	studies	

showing	 that	 particularly	 late-myelinating,	 i.e.	 temporal	 and	 frontal,	

intracortical	fibres	seem	particularly	prone	to	lose	myelin	(Thal	et	al.	2002;	

Bartzokis	et	al.	2004;	Brettschneider	et	al.	2015;	Jucker	and	Walker	2018).	

The	 sensory	 and	 motor	 regions,	 i.e.	 early-myelinating,	 showed	 little	

difference	 in	 T1-w/T2-w	 ratio	 between	 AD	 and	 NC	 individuals.	 These	

regions	 are	 known	 to	 have	 a	 relative	 sparing	 of	 AD	 pathology	 until	 late	

disease	stages	(Bartzokis	et	al.	2007).	Although	the	relationships	were	not	

strong,	our	findings	showed	an	association	of	higher	T1-w/T2-w	ratios	 in	

mostly	frontal	and	parietal	areas	with	increased	tau	pathology,	and	higher	

T1-w/T2-w	 ratios	 in	 mainly	 temporal	 areas	 with	 a	 decline	 in	 global	

cognitive	functioning,	suggesting	that	the	cortical	changes	detected	by	the	
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T1-w/T2-w	 ratio	 show	 a	 regional	 vulnerability	 and	 an	 association	 with	

pathology.		

Additionally,	we	analysed	the	intensity	measures	derived	from	the	

T1-w	and	T2-w	images	separately.	GM	T1-w	images	did	not	show	significant	

differences	in	intensity	between	NC	and	AD	groups.	However,	T2-w	images	

had	 significantly	 lower	 intensities	 in	 the	 anterior	 cingulate	 and	 inferior	

parietal	 lobule	 in	 the	 AD	 group	 compared	 to	 NC.	 Therefore,	 the	 group	

difference	 in	T1-w/T2-w	ratios	seems	 to	be	predominantly	driven	by	 the	

overall	lower	T2-w	signal	in	AD	patients.	A	finding	that	might	be	related	to	

increased	Aβ	protein	concentrations,	which	are	known	to	decrease	the	T2-

w	signal	(Imon	et	al.	1995).	When	applying	the	ratio	of	T1-w	by	T2-w	images,	

it	greatly	 improves	 the	sensitivity	 to	detect	 subtle	differences,	 then	using	

single	modalities	separately.		

However,	 it	 remains	 unclear	what	 biological	 substrate	 higher	T1-

w/T2-w	values	reflect.	Disorders	with	a	strong	demyelinating	component	

such	 as	 MS,	 have	 consistently	 showed	 lower	 T1-w/T2-w	 values	 in	

pathologically	vulnerable	regions	(Beer	et	al.	2016;	Nakamura	et	al.	2017;	

Righart	et	al.	2017).	Additionally,	lowered	T1-w/T2-w	ratios	in	several	brain	

regions	 in	 schizophrenia	 (Ganzetti	 et	 al.	 2015;	 Iwatani	 et	 al.	 2015)	 and	

bipolar	disorder	patients	(Ishida	et	al.	2017)	have	been	identified.	Recent	

transcriptomic	studies	have	further	observed	correlations	of	the	T1-w/T2-

w	intensity	in	the	cortex	with	expression	of	genes	associated	with	cortical	

microcircuit	specialization	and	myelin	(Burt	et	al.	2018;	Ritchie	et	al.	2018).		

In	contrast,	recently	a	study	with	Parkinson	disease	patients	showed	

a	higher	T1-w/T2-w	ratio	in	the	substantia	nigra	pars	compacta	compared	

to	controls	(Du	et	al.	2018).	Also	in	Huntington	disease,	higher	T1-w/T2-w	

ratios	in	several	cortical	regions	including	the	insula,	ventrolateral	frontal	

cortex,	and	medial	temporal	pole	were	found	(C.	D.	Rowley	et	al.,	2018).	This	
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incongruency	suggests	that	 in	AD	either	demyelination	does	not	occur,	or	

the	 T1-w/T2-w	 ratio	 measures	 something	 different	 rather	 than	 myelin	

content.	 Still,	 structural	 imaging	 and	 histological	 studies	 have	 reported	 a	

disruption	 in	WM	integrity	 in	AD	(Bartzokis	et	al.	2004;	Carmichael	et	al.	

2010;	 Nir	 et	 al.	 2013;	 Rowley	 et	 al.	 2013;	 Filley	 and	 Fields	 2016).	 For	

example,	 more	 white	 matter	 hyperintensities	 have	 been	 related	 to	 an	

increased	risk	of	dementia	and	cognitive	deficits,	independently	of	vascular	

risk	factors	and	stroke	in	the	AD	continuum	(Debette	et	al.	2010;	Nir	et	al.	

2013;	Gordon	et	al.	2015).	Cortical	demyelination	in	the	context	of	AD	has	

been	demonstrated	also	in	the	medial	temporal	lobe	and	lingual	gyri	using	

the	 magnetization	 transfer	 ratio	 in	 mild	 cognitive	 impairment	 patients	

(Carmeli	 et	 al.	 2013).	 Moreover,	 focal	 demyelination	 of	 the	 cortical	 grey	

matter	has	been	reported	around	Aβ	plaques,	suggesting	a	vulnerability	of	

myelin	to	Aβ	toxicity	(Mitew	et	al.	2010).	Therefore,	we	consider	it	unlikely	

that	no	demyelination	occurs	in	AD.		

Another	possibility	is	remyelination	(Peters	2009),	which	has	also	

been	suggested	by	a	recent	study	by	Bulk	et	al.	(2018).	Using	a	combined	

post	mortem	T2*w	MRI	with	histology,	the	authors	showed	an	unexpected	

increase	in	cortical	myelin	staining	in	late	stage	AD.	The	increase	in	myelin	

density	 did	 show	 a	 more	 disorganized	 cortical	 myelin	 architecture	

compared	 to	 controls.	 Furthermore,	 Van	 Duijn	 et	 al.	 (2017)	 also	 found	

increased	myelin	protein	labelling	in	regions	affected	severely	by	Aβ	and	tau	

pathology.	 Possibly,	 adequate	 intracortical	 myelin	 plasticity	may	 initially	

compensate	for	the	subcortical	transmission	delays	along	WM	subcortical	

fibres,	 but	 eventually	 during	 the	 disease	 course	 significant	 intracortical	

oligodendrocyte	deficits	develop.	Note	however,	that	Bulk	et	al.	(2018),	and	

multiple	other	 studies	 (Connor	 et	 al.	 1992;	Zecca	 et	 al.	 2004;	Ward	et	 al.	

2014;	Ayton	et	al.	2019),	also	demonstrated	increased	iron	accumulation	in	
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AD.	T2-w	sequences	are	known	to	be	highly	sensitive	to	iron	deposits,	and	

so	the	T1-w/T2-w	ratio	may	reflect	the	presence	of	both	processes	(Dusek	

et	al.	2013).	Because	there	is	a	strong	colocalization	of	myelin	and	iron	in	the	

cortex	(Quintana	et	al.	2006;	Fukunaga	et	al.	2010;	Stüber	et	al.	2014),	this	

would	imply	that	even	though	iron	may	contribute	to	the	T1-w/T2-w	signal,	

the	T1-w/T2-w	signal	would	still	mainly	(directly	and	indirectly)	reflect	the	

underlying	myeloarchitecture.	However	in	pathological	conditions	such	as	

AD,	the	relationship	of	myelin	and	iron	may	be	altered,	for	instance	by	loss	

of	oligodendrocytes	or	iron	rich	depositions	around	Aβ	plaques	(Hare	et	al.	

2013).	 There	 is	 also	 evidence	 that	 brain	 regions	 originally	 low	 in	 iron	

content,	such	as	the	frontal	and	temporal	lobe,	appear	to	be	most	vulnerable	

to	iron	dyshomeostasis	and	are	susceptible	to	amyloid	pathology	(Hallgren	

and	Sourander	1958;	Connor	et	al.	1992).	In	other	words,	there	appears	to	

be	 a	 synergy	of	 iron	 and	β-amyloid	 toxicity	 in	 specific	 brain	 regions	 that	

overlap	with	 regions	we	observed	 to	 show	high	T1-w/T2-w	ratios	 in	AD.	

Further	research	should	further	investigate	this	question	using	a	combined	

PET	and	MR	approach.	To	summarize,	the	T1-w/T2-w	ratio	is	likely	to	be	

influenced	by	other	microstructural	factors	than	myelin	and	does	not	seem	

suited	as	a	measure	for	disrupted	cortical	myelination	in	diseased	cohorts.	

Rather,	 more	 studies	 are	 needed	 to	 measure	 these	 other	 pathological	

processes	at	the	same	time	in	AD	to	further	understand	what	T1-w/T2-w	

changes	in	AD	reflect.		

There	are	some	limitations	to	our	study.	Since	data	was	collected	in	

clinical	 setting,	 our	 analysis	was	not	 identical	 to	 the	original	 approach	of	

Glasser	and	van	Essen	(2011),	 including	different	acquisition	parameters,	

i.e.	 isotropic	voxels	 for	both	 images	versus	non-isotropic	voxels	 for	T2-w	

images	in	our	study.	As	a	consequence,	our	analyses	may	be	more	prone	to	

partial	volume	effects.	In	order	to	study	possible	contamination	from	non-
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GM	tissue	classes,	we	repeated	analyses	in	a	subset	of	individuals	including	

only	voxels	with	increasing	GM	probabilities	and	the	use	of	an	eroded	GM	

mask.	Findings	were	consistent	 to	 the	main	analyses,	 suggesting	 that	our	

results	cannot	simply	be	explained	by	differences	in	partial	volume	effects	

(Supplementary	 Figure	 2	 &	 3).	 Furthermore,	 as	 we	 used	 a	 volumetric	

approach,	 we	 are	 unable	 to	 exclude	 the	 possibility	 that	 cortical	 layering	

patterns	may	have	influenced	the	T1-w/T2-w	ratio.	Future	studies	should	

compare	volumetric	approaches	with	e.g.,	a	surface-based	registration	that	

might	better	account	for	each	person's	cortical	folding	pattern	(Fischl	et	al.	

1999).	Moreover,	the	differences	in	T1-w/T2-w	ratio	between	AD	and	NC	

individuals	are	highly	significant,	however	the	effect	sizes	are	too	small	to	

be	of	clinical	significance.	Another	limitation	is	that	we	have	no	pathological	

data	available	to	further	study	whether	T1-w/T2-w	corresponds	to	myelin	

in	 the	 same	 individuals:	 future	 research	 should	 take	 confounding	 effects	

such	as	iron	and	inflammation	into	account	and	histologically	quantify	the	

T1-w/T2-w	 in	 healthy	 and	 pathological	 tissue.	 Alongside	 this,	 the	 large	

sample	size,	the	use	of	the	same	scanning	protocol	for	all	subjects,	and	the	

use	of	AD	biomarkers	strengthens	our	study.		

In	 conclusion,	 our	 findings	 of	 higher	 T1-w/T2-w	 values	 in	 AD	

suggest	that	this	measure	may	not	(only)	reflect	myelin	content.	Currently	

the	 T1-w/T2-w	 ratio	 is	 used	 frequently	 across	 various	 populations	 to	

characterize	 myelin.	 Our	 results	 suggest	 that	 this	 measure	 should	 be	

interpreted	with	 caution	 in	 particular	 in	 disease	 populations	 and	 further	

validation	 and	 characterization	 of	 the	 T1-w/T2-w	 ratio	 and	 its	

neurobiological	origin	in	AD	is	necessary	for	correct	interpretation.		
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Supplementary	material	

Supplementary	table	1.	Table	of	mean	T1-w/T2-w	ratio	values	for	all	AAL	
brain	regions	compared	between	AD	and	NC	subjects.		 	
AAL	Region	 Diagnosis	 EMM	 SE	 F	 d	 p-value	  

1	Precentral	Gyrus	L	 NC	 1.08	 .010	 6.26	 .10	 .01266790	  

		 AD	 1.12	 .007	 	    

2	Precentral	Gyrus	R	 NC	 1.12	 .010	 3.25	 .03	 .07174438	  

		 AD	 1.14	 .008	 	    

3	Superior	Frontal	
Gyrus	L	 NC	 1.00	 .009	 15.07	 .26	 .00011849	  

		 AD	 1.05	 .007	 	    

4	Superior	Frontal	
Gyrus	R	 NC	 1.01	 .009	 11.41	 .21	 .00079088	  

		 AD	 1.05	 .007	 	    

5	Superior	Orbital	
Frontal	Gyrus	L	 NC	 .98	 .008	 7.60	 .17	 .00607814	  

		 AD	 1.01	 .006	 	    

6	Superior	Orbital	
Frontal	Gyrus	R	 NC	 .98	 .008	 6.95	 .16	 .00868921	  

		 AD	 1.01	 .006	 	    

7	Middle	Frontal	Gyrus	
L	 NC	 .98	 .009	 18.36	 .35	 .00002227	  

		 AD	 1.03	 .007	 	    

8	Middle	Frontal	Gyrus	
R	 NC	 .99	 .009	 14.64	 .30	 .00014814	  

		 AD	 1.04	 .007	 	    

9	Middle	Orbital	
Frontal	Gyrus	L	 NC	 .95	 .008	 8.46	 .20	 .00380910	  

		 AD	 .98	 .006	 	    

10	Middle	Orbital	
Frontal	Gyrus	R	 NC	 .96	 .008	 5.56	 .13	 .01882445	  

		 AD	 .99	 .006	 	    
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11	Inferior	Frontal	
Gyrus	Pars	Opercularis	
L	

NC	 .97	 .009	 12.37	 .26	 .00047944	  

		 AD	 1.01	 .007	 	    

12	Inferior	Frontal	
Gyrus	Pars	Opercularis	
R	

NC	 .97	 .009	 12.47	 .25	 .00045408	  

		 AD	 1.01	 .007	 	    

13	Inferior	Frontal	
Gyrus	Pars	
Triangularis	L	

NC	 .96	 .009	 14.39	 .30	 .00016812	  

		 AD	 1.01	 .007	 	    

14	Inferior	Frontal	
Gyrus	Pars	
Triangularis	R	

NC	 .98	 .009	 11.53	 .26	 .00074575	  

		 AD	 1.02	 .007	 	    

15	Inferior	Frontal	
Gyrus	Pars	Orbitalis	L	 NC	 1.00	 .009	 7.50	 .17	 .00642322	  

		 AD	 1.03	 .006	 	    

16	Inferior	Frontal	
Gyrus	Pars	Orbitalis	R	 NC	 1.03	 .009	 4.40	 .12	 .03640697	  

		 AD	 1.05	 .007	 	    

17	Rolandic	Operculum	
L	 NC	 .99	 .010	 10.58	 .22	 .00122432	  

		 AD	 1.03	 .007	 	    

18	Rolandic	Operculum	
R	 NC	 .96	 .009	 12.90	 .24	 .00036377	  

		 AD	 1.01	 .007	 	    

19	Supplementary	
Motor	Area	L	 NC	 1.03	 .010	 4.86	 .07	 .02803077	  

		 AD	 1.06	 .007	 	    

20	Supplementary	
Motor	Area	R	 NC	 1.03	 .010	 5.85	 .08	 .01599272	  

		 AD	 1.05	 .007	 	    

21	Olfactory	Cortex	L	 NC	 .93	 .009	 5.63	 .10	 .01810567	  

		 AD	 .96	 .006	 	    

22	Olfactory	Cortex	R	 NC	 .93	 .008	 5.80	 .13	 .01643551	  
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		 AD	 .95	 .006	 	    

23	Medial	Frontal	
Gyrus	L	 NC	 .96	 .009	 12.62	 .29	 .00042139	  

		 AD	 1.00	 .007	 	    

24	Medial	Frontal	
Gyrus	R	 NC	 .95	 .009	 10.22	 .24	 .00148292	  

		 AD	 .99	 .007	 	    

25	Medial	
Orbitofrontal	Cortex	L	 NC	 .91	 .008	 7.16	 .19	 .00773805	  

		 AD	 .93	 .006	 	    

26	Medial	
Orbitofrontal	Cortex	R	 NC	 .88	 .008	 8.04	 .21	 .00476612	  

		 AD	 .91	 .006	 	    

27	Gyrus	Rectus	L	 NC	 .93	 .008	 4.28	 .12	 .03907625	  

		 AD	 .95	 .006	 	    

28	Gyrus	Rectus	R	 NC	 .92	 .008	 4.75	 .10	 .02981004	  

		 AD	 .95	 .006	 	    

29	Insula	L	 NC	 .85	 .008	 15.72	 .34	 .00008521	  

		 AD	 .89	 .006	 	    

30	Insula	R	 NC	 .87	 .008	 13.07	 .29	 .00033322	  

		 AD	 .91	 .006	 	    

31	Anterior	Cingulate	
Gyrus	L	 NC	 .87	 .009	 19.43	 .46	 .00001298	  

		 AD	 .92	 .006	 	    

32	Anterior	Cingulate	
Gyrus	R	 NC	 .86	 .009	 23.57	 .48	 .00000165	  

		 AD	 .91	 .006	 	    

33	Midcingulate	Area	L	 NC	 .92	 .009	 10.50	 .26	 .00128381	  

		 AD	 .96	 .007	 	    

34	Midcingulate	Area	R	 NC	 .89	 .009	 15.07	 .33	 .00011846	  

		 AD	 .94	 .006	 	    

35	Posterior	Cingulate	
Cyrus	L	 NC	 1.04	 .010	 13.52	 .25	 .00026328	  

		 AD	 1.08	 .007	 	    
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36	Posterior	Cingulate	
Cyrus	R	 NC	 1.05	 .009	 3.64	 .04	 .05690315	  

		 AD	 1.07	 .007	 	    

37	Hippocampus	L	 NC	 .87	 .008	 1.58	 .32	 .20915277	  

		 AD	 .86	 .006	 	    

38	Hippocampus	R	 NC	 .90	 .008	 4.07	 .41	 .04412484	  

		 AD	 .88	 .006	 	    

39	Parahippocampal	
Gyrus	L	 NC	 .96	 .009	 .10	 .16	 .75176180	  

		 AD	 .97	 .006	 	    

40	Parahippocampal	
Gyrus	R	 NC	 .96	 .009	 .00	 .19	 .94944799	  

		 AD	 .96	 .006	 	    

41	Amygdala	L	 NC	 .98	 .009	 1.27	 .07	 .25958119	  

		 AD	 .99	 .007	 	    

42	Amygdala	R	 NC	 .98	 .009	 1.82	 .04	 .17862583	  

		 AD	 1.00	 .007	 	    

43	Calcarine	Sulcus	L	 NC	 1.10	 .010	 12.97	 .21	 .00035107	  

		 AD	 1.15	 .007	 	    

44	Calcarine	Sulcus	R	 NC	 1.12	 .010	 9.86	 .14	 .00179885	  

		 AD	 1.16	 .008	 	    

45	Cuneus	L	 NC	 1.04	 .009	 15.21	 .23	 .00011040	  

		 AD	 1.09	 .007	 	    

46	Cuneus	R	 NC	 1.08	 .010	 9.76	 .14	 .00190088	  

		 AD	 1.12	 .007	 	    

47	Lingual	Gyrus	L	 NC	 1.08	 .010	 5.15	 .08	 .02372393	  

		 AD	 1.11	 .007	 	    

48	Lingual	Gyrus	R	 NC	 1.11	 .010	 1.97	 .01	 .16167314	  

		 AD	 1.13	 .008	 	    

49	Superior	Occipital	
Gyrus	L	 NC	 1.02	 .010	 10.02	 .17	 .00165187	  

		 AD	 1.06	 .007	 	    

50	Superior	Occipital	
Gyrus	R	 NC	 1.04	 .010	 5.85	 .10	 .01596634	  
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		 AD	 1.07	 .007	 	    

51	Middle	Occipital	
Gyrus	L	 NC	 .99	 .009	 12.16	 .22	 .00053444	  

		 AD	 1.03	 .007	 	    

52	Middle	Occipital	
Gyrus	R	 NC	 .98	 .009	 8.69	 .15	 .00335976	  

		 AD	 1.02	 .007	 	    

53	Inferior	Occipital	
Cortex	L	 NC	 1.01	 .009	 4.94	 .06	 .02666731	  

		 AD	 1.04	 .007	 	    

54	Inferior	Occipital	
Cortex	R	 NC	 1.04	 .009	 .89	 .06	 .34534276	  

		 AD	 1.06	 .007	 	    

55	Fusiform	Gyrus	L	 NC	 .96	 .009	 5.26	 .07	 .02231508	  

		 AD	 .99	 .007	 	    

56	Fusiform	Gyrus	R	 NC	 .96	 .009	 2.30	 .01	 .13050923	  

		 AD	 .98	 .006	 	    

57	Postcentral	Gyrus	L	 NC	 1.09	 .010	 8.87	 .17	 .00305913	  

		 AD	 1.13	 .008	 	    

58	Postcentral	Gyrus	R	 NC	 1.08	 .010	 9.52	 .17	 .00216084	  

		 AD	 1.12	 .008	 	    

59	Superior	Parietal	
Lobule	L	 NC	 1.05	 .010	 20.34	 .30	 .00000826	  

		 AD	 1.11	 .008	 	    

60	Superior	Parietal	
Lobule	R	 NC	 1.05	 .010	 16.01	 .26	 .00007337	  

		 AD	 1.10	 .008	 	    

61	Inferior	Parietal	
Lobule	L	 NC	 1.03	 .010	 32.34	 .44	 .00000002	  

		 AD	 1.11	 .008	 	    

62	Inferior	Parietal	
Lobule	R	 NC	 1.02	 .010	 33.61	 .43	 .00000001	  

		 AD	 1.10	 .007	 	    

63	Supramarginal	
Gyrus	L	 NC	 .95	 .009	 21.73	 .32	 .00000412	  
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		 AD	 1.00	 .007	 	    

64	Supramarginal	
Gyrus	R	 NC	 .96	 .009	 23.67	 .36	 .00000157	  

		 AD	 1.02	 .007	 	    

65	Angular	Gyrus	L	 NC	 .95	 .009	 33.67	 .45	 .00000001	  

		 AD	 1.02	 .007	 	    

66	Angular	Gyrus	R	 NC	 .96	 .009	 26.96	 .38	 .00000031	  

		 AD	 1.02	 .007	 	    

67	Precuneus	L	 NC	 1.03	 .010	 28.89	 .38	 .00000012	  

		 AD	 1.10	 .007	 	    

68	Precuneus	R	 NC	 1.04	 .010	 31.73	 .40	 .00000003	  

		 AD	 1.11	 .008	 	    

69	Paracentral	Lobule	
L	 NC	 1.19	 .012	 .16	 .16	 .68940243	  

		 AD	 1.19	 .009	 	    

70	Paracentral	Lobule	
R	 NC	 1.12	 .011	 2.58	 .01	 .10893285	  

		 AD	 1.15	 .008	 	    

71	Caudate	Nucleus	L	 NC	 1.10	 .010	 .06	 .16	 .80577217	  

		 AD	 1.10	 .008	 	    

72	Caudate	Nucleus	R	 NC	 1.06	 .010	 .23	 .20	 .63200949	  

		 AD	 1.06	 .008	 	    

73	Putamen	L	 NC	 1.27	 .013	 3.87	 .10	 .04975371	  

		 AD	 1.31	 .010	 	    

74	Putamen	R	 NC	 1.26	 .013	 4.98	 .14	 .02614408	  

		 AD	 1.29	 .009	 	    

75	Globus	Pallidus	L	 NC	 1.19	 .011	 8.54	 .25	 .00364387	  

		 AD	 1.23	 .008	 	    

76	Globus	Pallidus	R	 NC	 1.09	 .010	 1.86	 .05	 .17356530	  

		 AD	 1.11	 .007	 	    

77	Thalamus	L	 NC	 1.25	 .012	 1.19	 .39	 .27658720	  

		 AD	 1.23	 .009	 	    

78	Thalamus	R	 NC	 1.22	 .012	 .74	 .32	 .38941540	  
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		 AD	 1.20	 .009	 	    

79	Transverse	
Temporal	Gyrus	L	 NC	 1.07	 .010	 4.47	 .10	 .03496709	  

		 AD	 1.10	 .007	 	    

80	Transverse	
Temporal	Gyrus	R	 NC	 1.07	 .010	 2.85	 .05	 .09215691	  

		 AD	 1.09	 .007	 	    

81	Superior	Temporal	
Gyrus	L	 NC	 1.02	 .010	 16.02	 .32	 .00007287	  

		 AD	 1.07	 .007	 	    

82	Superior	Temporal	
Gyrus	R	 NC	 1.00	 .010	 21.78	 .40	 .00000402	  

		 AD	 1.06	 .007	 	    

83	Superior	Temporal	
Pole	L	 NC	 .88	 .008	 6.75	 .15	 .00970352	  

		 AD	 .91	 .006	 	    

84	Superior	Temporal	
Pole	R	 NC	 .92	 .008	 4.54	 .11	 .03373339	  

		 AD	 .94	 .006	 	    

85	Middle	Temporal	
Gyrus	L	 NC	 .93	 .008	 19.44	 .36	 .00001294	  

		 AD	 .98	 .006	 	    

86	Middle	Temporal	
Gyrus	R	 NC	 .95	 .009	 15.29	 .30	 .00010608	  

		 AD	 .99	 .006	 	    

87	Middle	Temporal	
Pole	L	 NC	 .90	 .008	 4.31	 .08	 .03855768	  

		 AD	 .92	 .006	 	    

88	Middle	Temporal	
Pole	R	 NC	 .92	 .008	 3.78	 .08	 .05249867	  

		 AD	 .94	 .006	 	    

89	Inferior	Temporal	
Gyrus	L	 NC	 .94	 .008	 7.88	 .15	 .00520603	  

		 AD	 .97	 .006	 	    

90	Inferior	Temporal	
Gyrus	R	 NC	 .96	 .008	 5.76	 .12	 .01682444	  
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		 AD	 .98	 .006	 		 		 		  

Areas	showing	significantly	higher	T1-w/T2-w	ratios	in	AD	compared	to	CN	
subjects	are	displayed	in	bold.		Abbreviations:	AAL,	Automated	Anatomical	
Labelling;	EMM,	Estimated	Marginal	Means;	SE,	Standard	Error;	d,	Cohen’s	d	effect	
size;	NC,	Normal	Cognition;	AD,	Alzheimer’s	Disease;	Data	adjusted	for	age	and	sex;	
p	<.0005.	

 

	
 
 

	

Supplementary	table	2.	Table	of	mean	T1-w/T2-w	ratio	values	for	all	
AAL	brain	regions	compared	between	AD	and	NC	subjects	without	
image	bias	correction.		

	
 

  No	Bias	Correction	  

AAL	Region	 Diagnosis	 EMM	 SE	 F	 d	 p-value	  

1	Precentral	Gyrus	L	 NC	 .94	 .008	 2.023	 .04	 .155020929	  

		 AD	 .95	 .006	 	    

2	Precentral	Gyrus	R	 NC	 .97	 .009	 1.40	 .01	 .237211492	  

		 AD	 .99	 .007	 	    

3	Superior	Frontal	
Gyrus	L	 NC	 .86	 .008	 5.84	 .03	 .016018675	  

		 AD	 .89	 .006	 	    

4	Superior	Frontal	
Gyrus	R	 NC	 .87	 .008	 5.55	 .01	 .018907383	  

		 AD	 .89	 .006	 	    

5	Superior	Orbital	
Frontal	Gyrus	L	 NC	 .87	 .007	 .91	 .11	 .339739884	  

		 AD	 .88	 .005	 	    

6	Superior	Orbital	
Frontal	Gyrus	R	 NC	 .88	 .007	 1.89	 .06	 .169540644	  

		 AD	 .89	 .005	 	    

7	Middle	Frontal	
Gyrus	L	 NC	 .83	 .007	 3.35	 .03	 .068037093	  

		 AD	 .85	 .005	 	    

8	Middle	Frontal	
Gyrus	R	 NC	 .83	 .007	 4.41	 .03	 .036204325	  

		 AD	 .85	 .005	 	    
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9	Middle	Orbital	
Frontal	Gyrus	L	 NC	 .85	 .007	 .03	 .16	 .860415523	  

		 AD	 .85	 .005	 	    

10	Middle	Orbital	
Frontal	Gyrus	R	 NC	 .85	 .007	 .21	 .13	 .649990770	  

		 AD	 .86	 .005	 	    

11	Inferior	Frontal	
Gyrus	Pars	
Opercularis	L	

NC	 .87	 .007	 2.16	 .01	 .142825535	  

		 AD	 .88	 .006	 	    

12	Inferior	Frontal	
Gyrus	Pars	
Opercularis	R	

NC	 .86	 .008	 5.08	 .09	 .024649034	  

		 AD	 .89	 .006	 	    

13	Inferior	Frontal	
Gyrus	Pars	
Triangularis	L	

NC	 .84	 .007	 .27	 .12	 .606964369	  

		 AD	 .84	 .005	 	    

14	Inferior	Frontal	
Gyrus	Pars	
Triangularis	R	

NC	 .86	 .007	 1.43	 .01	 .232716288	  

		 AD	 .87	 .005	 	    

15	Inferior	Frontal	
Gyrus	Pars	Orbitalis	L	 NC	 .90	 .008	 .36	 .10	 .550841090	  

		 AD	 .90	 .006	 	    

16	Inferior	Frontal	
Gyrus	Pars	Orbitalis	
R	

NC	 .94	 .008	 .64	 .05	 .423350945	  

		 AD	 .95	 .006	 	    

17	Rolandic	
Operculum	L	 NC	 .95	 .009	 2.28	 .01	 .131725687	  

		 AD	 .97	 .007	 	    

18	Rolandic	
Operculum	R	 NC	 .92	 .009	 7.82	 .14	 .005389764	  

		 AD	 .95	 .007	 	    

19	Supplementary	
Motor	Area	L	 NC	 .86	 .009	 3.16	 .02	 .076297309	  
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		 AD	 .88	 .007	 	    

20	Supplementary	
Motor	Area	R	 NC	 .87	 .009	 4.42	 .02	 .036037633	  

		 AD	 .89	 .007	 	    

21	Olfactory	Cortex	L	 NC	 .92	 .008	 1.98	 .04	 .160282515	  

		 AD	 .93	 .006	 	    

22	Olfactory	Cortex	R	 NC	 .91	 .008	 2.86	 .01	 .091311768	  

		 AD	 .93	 .006	 	    

23	Medial	Frontal	
Gyrus	L	 NC	 .85	 .008	 1.69	 .13	 .194132696	  

		 AD	 .87	 .006	 	    

24	Medial	Frontal	
Gyrus	R	 NC	 .85	 .008	 1.81	 .14	 .178954335	  

		 AD	 .86	 .006	 	    

25	Medial	
Orbitofrontal	Cortex	
L	

NC	 .84	 .008	 .49	 .12	 .483022368	  

		 AD	 .85	 .006	 	    

26	Medial	
Orbitofrontal	Cortex	
R	

NC	 .83	 .007	 .92	 .10	 .339125292	  

		 AD	 .84	 .005	 	    

27	Gyrus	Rectus	L	 NC	 .85	 .008	 1.62	 .03	 .204172970	  

		 AD	 .87	 .006	 	    

28	Gyrus	Rectus	R	 NC	 .87	 .008	 2.22	 .01	 .136696899	  

		 AD	 .88	 .006	 	    

29	Insula	L	 NC	 .83	 .008	 4.20	 .09	 .041002967	  

		 AD	 .85	 .006	 	    

30	Insula	R	 NC	 .87	 .009	 8.73	 .20	 .003289108	  

		 AD	 .91	 .006	 	    

31	Anterior	Cingulate	
Gyrus	L	 NC	 .84	 .008	 2.69	 .02	 .101558857	  

		 AD	 .86	 .006	 	    

32	Anterior	Cingulate	
Gyrus	R	 NC	 .83	 .008	 5.66	 .07	 .017780789	  
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		 AD	 .86	 .006	 	    

33	Midcingulate	Area	
L	 NC	 .84	 .009	 3.94	 .15	 .047891410	  

		 AD	 .86	 .006	 	    

34	Midcingulate	Area	
R	 NC	 .82	 .008	 7.09	 .22	 .008004431	  

		 AD	 .85	 .006	 	    

35	Posterior	
Cingulate	Cyrus	L	 NC	 1.10	 .011	 5.97	 .16	 .014947769	  

		 AD	 1.14	 .008	 	    

36	Posterior	
Cingulate	Cyrus	R	 NC	 1.12	 .010	 .69	 .05	 .407780965	  

		 AD	 1.13	 .008	 	    

37	Hippocampus	L	 NC	 .96	 .009	 2.35	 .35	 .125895903	  

		 AD	 .94	 .006	 	    

38	Hippocampus	R	 NC	 1.01	 .009	 3.10	 .38	 .079196357	  

		 AD	 .99	 .007	 	    

39	Parahippocampal	
Gyrus	L	 NC	 1.01	 .009	 1.91	 .03	 .167365500	  

		 AD	 1.03	 .007	 	    

40	Parahippocampal	
Gyrus	R	 NC	 1.03	 .009	 1.68	 .04	 .195849941	  

		 AD	 1.05	 .007	 	    

41	Amygdala	L	 NC	 1.01	 .009	 1.59	 .06	 .207938092	  

		 AD	 1.02	 .007	 	    

42	Amygdala	R	 NC	 1.02	 .009	 2.51	 .01	 .113625731	  

		 AD	 1.04	 .007	 	    

43	Calcarine	Sulcus	L	 NC	 1.18	 .011	 4.65	 .08	 .031648162	  

		 AD	 1.21	 .008	 	    

44	Calcarine	Sulcus	R	 NC	 1.22	 .012	 1.26	 .06	 .262891441	  

		 AD	 1.24	 .009	 	    

45	Cuneus	L	 NC	 1.10	 .011	 3.57	 .07	 .059371934	  

		 AD	 1.13	 .008	 	    
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46	Cuneus	R	 NC	 1.14	 .012	 .98	 .06	 .323573151	  

		 AD	 1.16	 .009	 	    

47	Lingual	Gyrus	L	 NC	 1.19	 .011	 3.14	 .05	 .077120592	  

		 AD	 1.22	 .008	 	    

48	Lingual	Gyrus	R	 NC	 1.24	 .012	 .29	 .13	 .592919523	  

		 AD	 1.25	 .009	 	    

49	Superior	Occipital	
Gyrus	L	 NC	 1.08	 .011	 2.06	 .01	 .151759387	  

		 AD	 1.10	 .008	 	    

50	Superior	Occipital	
Gyrus	R	 NC	 1.10	 .012	 .04	 .14	 .842129890	  

		 AD	 1.10	 .009	 	    

51	Middle	Occipital	
Gyrus	L	 NC	 1.03	 .010	 3.01	 .02	 .083555996	  

		 AD	 1.05	 .008	 	    

52	Middle	Occipital	
Gyrus	R	 NC	 1.03	 .010	 .01	 .19	 .915198686	  

		 AD	 1.03	 .008	 	    

53	Inferior	Occipital	
Cortex	L	 NC	 1.06	 .009	 2.60	 .05	 .107304848	  

		 AD	 1.08	 .007	 	    

54	Inferior	Occipital	
Cortex	R	 NC	 1.10	 .010	 .05	 .29	 .826979009	  

		 AD	 1.10	 .007	 	    

55	Fusiform	Gyrus	L	 NC	 1.01	 .010	 6.37	 .08	 .011977785	  

		 AD	 1.04	 .007	 	    

56	Fusiform	Gyrus	R	 NC	 1.04	 .010	 2.58	 .06	 .108746931	  

		 AD	 1.06	 .007	 	    

57	Postcentral	Gyrus	
L	 NC	 .97	 .009	 4.13	 .09	 .042811883	  

		 AD	 .99	 .007	 	    

58	Postcentral	Gyrus	
R	 NC	 .99	 .010	 6.28	 .16	 .012566381	  

		 AD	 1.03	 .007	 	    
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59	Superior	Parietal	
Lobule	L	 NC	 1.05	 .011	 12.24	 .23	 .000513297	  

		 AD	 1.10	 .008	 	    

60	Superior	Parietal	
Lobule	R	 NC	 1.06	 .011	 7.38	 .16	 .006827863	  

		 AD	 1.10	 .008	 	    

61	Inferior	Parietal	
Lobule	L	 NC	 1.00	 .010	 16.17	 .29	 .000067739	  

		 AD	 1.05	 .008	 	    

62	Inferior	Parietal	
Lobule	R	 NC	 1.02	 .010	 17.09	 .30	 .000042324	  

		 AD	 1.07	 .008	 	    

63	Supramarginal	
Gyrus	L	 NC	 .92	 .009	 8.01	 .16	 .004849522	  

		 AD	 .95	 .007	 	    

64	Supramarginal	
Gyrus	R	 NC	 .93	 .009	 13.01	 .25	 .000343865	  

		 AD	 .97	 .007	 	    

65	Angular	Gyrus	L	 NC	 .97	 .010	 13.05
6	 .23	 .000335760	  

		 AD	 1.02	 .007	 	    

66	Angular	Gyrus	R	 NC	 1.00	 .010	 6.05	 .10	 .014254830	  

		 AD	 1.03	 .008	 	    

67	Precuneus	L	 NC	 1.05	 .011	 15.96	 .29	 .000075372	  

		 AD	 1.11	 .008	 	    

68	Precuneus	R	 NC	 1.08	 .012	 15.30	 .27	 .000105657	  

		 AD	 1.14	 .009	 	    

69	Paracentral	
Lobule	L	 NC	 1.08	 .014	 .30	 .09	 .586200770	  

		 AD	 1.09	 .010	 	    

70	Paracentral	
Lobule	R	 NC	 1.05	 .012	 2.16	 .02	 .142390214	  

		 AD	 1.07	 .009	 	    

71	Caudate	Nucleus	L	 NC	 1.13	 .011	 3.28	 .35	 .070823615	  

		 AD	 1.10	 .008	 	    

72	Caudate	Nucleus	R	 NC	 1.11	 .011	 2.16	 .31	 .142148917	  
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		 AD	 1.09	 .008	 	    

73	Putamen	L	 NC	 1.32	 .014	 .40	 .07	 .525618173	  

		 AD	 1.34	 .010	 	    

74	Putamen	R	 NC	 1.35	 .014	 3.00	 .08	 .084216443	  

		 AD	 1.38	 .010	 	    

75	Globus	Pallidus	L	 NC	 1.26	 .012	 3.75	 .13	 .053482068	  

		 AD	 1.29	 .009	 	    

76	Globus	Pallidus	R	 NC	 1.15	 .011	 .10	 .05	 .755338032	  

		 AD	 1.16	 .008	 	    

77	Thalamus	L	 NC	 1.44	 .014	 1.17	 .33	 .280593715	  

		 AD	 1.42	 .010	 	    

78	Thalamus	R	 NC	 1.43	 .014	 .35	 .24	 .553355306	  

		 AD	 1.42	 .010	 	    

79	Transverse	
Temporal	Gyrus	L	 NC	 1.07	 .010	 1.01	 .03	 .315234797	  

		 AD	 1.09	 .008	 	    

80	Transverse	
Temporal	Gyrus	R	 NC	 1.07	 .010	 1.82	 .01	 .177798976	  

		 AD	 1.09	 .007	 	    

81	Superior	
Temporal	Gyrus	L	 NC	 .98	 .009	 6.52	 .15	 .010981050	  

		 AD	 1.01	 .007	 	    

82	Superior	
Temporal	Gyrus	R	 NC	 .96	 .009	 18.01	 .30	 .000026550	  

		 AD	 1.01	 .007	 	    

83	Superior	
Temporal	Pole	L	 NC	 .80	 .007	 4.26	 .06	 .039648894	  

		 AD	 .82	 .005	 	    

84	Superior	
Temporal	Pole	R	 NC	 .84	 .008	 5.07	 .10	 .024860289	  

		 AD	 .87	 .006	 	    

85	Middle	Temporal	
Gyrus	L	 NC	 .89	 .008	 11.56	 .22	 .000731090	  

		 AD	 .93	 .006	 	    
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86	Middle	Temporal	
Gyrus	R	 NC	 .93	 .009	 8.71	 .12	 .003328057	  

		 AD	 .96	 .007	 	    

87	Middle	Temporal	
Pole	L	 NC	 .78	 .007	 9.28	 .17	 .002452176	  

		 AD	 .81	 .005	 	    

88	Middle	Temporal	
Pole	R	 NC	 .80	 .007	 11.87	 .23	 .000621285	  

		 AD	 .83	 .005	 	    

89	Inferior	Temporal	
Gyrus	L	 NC	 .88	 .007	 11.14	 .14	 .000915779	  

		 AD	 .91	 .006	 	    

90	Inferior	Temporal	
Gyrus	R	 NC	 .92	 .008	 9.36	 .07	 .002344465	  

		 AD	 .952	 .006	 		 		 		  

Areas	showing	significantly	higher	T1-w/T2-w	ratios	in	AD	compared	to	CN	subjects	are	
displayed	in	bold.	Abbreviations:	AAL,	Automated	Anatomical	Labelling;	EMM,	Estimated	
Marginal	Means;	SE,	Standard	Error;	d,	Cohen’s	d	effect	size;	NC,	Normal	Cognition;	AD,	
Alzheimer’s	Disease;	Data	adjusted	for	age	and	sex;	p	<.0005.	

 

	
 

	

Supplementary	table	3.	Table	of	mean	T1-w/T2-w	ratio	values	for	all	AAL	
brain	regions	compared	between	AD	and	NC	subjects	using	age	and	sex	
matched	individuals	(n=50).		

	
 

  Age	and	sex	matched	(n=50)	  

AAL	Region	 Diagnosis	 EMM	 SE	 F	 d	 p-value	  

1	Precentral	Gyrus	
L	 NC	 1.09	 .021	 2.81	 .47	 .100531524	  

		 AD	 1.14	 .021	 	    

2	Precentral	Gyrus	
R	 NC	 1.12	 .021	 3.56	 .52	 .065486786	  

		 AD	 1.18	 .021	 	    

3	Superior	Frontal	
Gyrus	L	 NC	 1.02	 .020	 5.33	 .66	 .025504140	  

		 AD	 1.08	 .020	 	    

4	Superior	Frontal	
Gyrus	R	 NC	 1.03	 .020	 5.59	 .67	 .022301262	  

		 AD	 1.09	 .020	 	    
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5	Superior	Orbital	
Frontal	Gyrus	L	 NC	 .99	 .017	 4.19	 .57	 .046317027	  

		 AD	 1.04	 .017	 	    

6	Superior	Orbital	
Frontal	Gyrus	R	 NC	 1.00	 .018	 2.77	 .46	 .103069720	  

		 AD	 1.04	 .018	 	    

7	Middle	Frontal	
Gyrus	L	 NC	 .99	 .020	 5.37	 .67	 .024989283	  

		 AD	 1.05	 .020	 	    

8	Middle	Frontal	
Gyrus	R	 NC	 1.00	 .019	 6.26	 .71	 .015945832	  

		 AD	 1.07	 .019	 	    

9	Middle	Orbital	
Frontal	Gyrus	L	 NC	 .96	 .016	 5.54	 .66	 .022958444	  

		 AD	 1.01	 .016	 	    

10	Middle	Orbital	
Frontal	Gyrus	R	 NC	 .97	 .016	 5.25	 .63	 .026597171	  

		 AD	 1.02	 .016	 	    

11	Inferior	Frontal	
Gyrus	Pars	
Opercularis	L	

NC	 .98	 .018	 6.72	 .73	 .012754116	  

		 AD	 1.05	 .018	 	    

12	Inferior	Frontal	
Gyrus	Pars	
Opercularis	R	

NC	 .98	 .018	 8.20	 .81	 .006293423	  

		 AD	 1.05	 .018	 	    

13	Inferior	Frontal	
Gyrus	Pars	
Triangularis	L	

NC	 .97	 .019	 6.27	 .71	 .015906473	  

		 AD	 1.04	 .019	 	    

14	Inferior	Frontal	
Gyrus	Pars	
Triangularis	R	

NC	 .98	 .018	 6.29	 .68	 .015767251	  

		 AD	 1.05	 .018	 	    

15	Inferior	Frontal	
Gyrus	Pars	Orbitalis	
L	

NC	 1.00	 .018	 4.24	 .58	 .045083812	  

		 AD	 1.05	 .018	 	    
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16	Inferior	Frontal	
Gyrus	Pars	Orbitalis	
R	

NC	 1.03	 .018	 3.98	 .55	 .052029706	  

		 AD	 1.08	 .018	 	    

17	Rolandic	
Operculum	L	 NC	 1.00	 .018	 4.96	 .62	 .030863663	  

		 AD	 1.06	 .018	 	    

18	Rolandic	
Operculum	R	 NC	 .97	 .019	 5.98	 .68	 .018324796	  

		 AD	 1.04	 .019	 	    

19	Supplementary	
Motor	Area	L	 NC	 1.03	 .021	 3.93	 .55	 .053407176	  

		 AD	 1.09	 .021	 	    

20	Supplementary	
Motor	Area	R	 NC	 1.03	 .020	 4.92	 .62	 .031560015	  

		 AD	 1.10	 .020	 	    

21	Olfactory	Cortex	
L	 NC	 .95	 .016	 2.59	 .44	 .114420632	  

		 AD	 .98	 .016	 	    

22	Olfactory	Cortex	
R	 NC	 .93	 .017	 4.42	 .59	 .041097325	  

		 AD	 .98	 .017	 	    

23	Medial	Frontal	
Gyrus	L	 NC	 .97	 .019	 5.35	 .66	 .025261761	  

		 AD	 1.03	 .019	 	    

24	Medial	Frontal	
Gyrus	R	 NC	 .96	 .020	 5.23	 .65	 .026843969	  

		 AD	 1.03	 .020	 	    

25	Medial	
Orbitofrontal	
Cortex	L	

NC	 .91	 .017	 6.27	 .71	 .015898254	  

		 AD	 .97	 .017	 	    

26	Medial	
Orbitofrontal	
Cortex	R	

NC	 .88	 .016	 5.68	 .67	 .021367361	  

		 AD	 .94	 .016	 	    

27	Gyrus	Rectus	L	 NC	 .94	 .017	 3.05	 .48	 .087678439	  

		 AD	 .98	 .017	 	    

28	Gyrus	Rectus	R	 NC	 .93	 .018	 3.95	 .56	 .052977696	  
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		 AD	 .98	 .018	 	    

29	Insula	L	 NC	 .85	 .016	 8.33	 .82	 .005926361	  

		 AD	 .92	 .016	 	    

30	Insula	R	 NC	 .87	 .018	 7.68	 .76	 .008018333	  

		 AD	 .94	 .018	 	    

31	Anterior	
Cingulate	Gyrus	L	 NC	 .88	 .021	 8.05	 .81	 .006753107	  

		 AD	 .96	 .021	 	    

32	Anterior	
Cingulate	Gyrus	R	 NC	 .86	 .020	 11.21	 .95	 .001627435	  

		 AD	 .95	 .020	 	    

33	Midcingulate	
Area	L	 NC	 .92	 .018	 8.63	 .83	 .005144401	  

		 AD	 .99	 .018	 	    

34	Midcingulate	
Area	R	 NC	 .90	 .017	 9.22	 .85	 .003940629	  

		 AD	 .97	 .017	 	    

35	Posterior	
Cingulate	Cyrus	L	 NC	 1.04	 .019	 11.14	 .93	 .001682431	  

		 AD	 1.13	 .019	 	    

36	Posterior	
Cingulate	Cyrus	R	 NC	 1.05	 .017	 3.48	 .51	 .068367528	  

		 AD	 1.09	 .017	 	    

37	Hippocampus	L	 NC	 .88	 .015	 .02	 .05	 .889864582	  

		 AD	 .88	 .015	 	    

38	Hippocampus	R	 NC	 .91	 .015	 .16	 .12	 .692153478	  

		 AD	 .90	 .015	 	    

39	
Parahippocampal	
Gyrus	L	

NC	 .98	 .018	 .55	 .20	 .463769480	  

		 AD	 1.00	 .018	 	    

40	
Parahippocampal	
Gyrus	R	

NC	 .98	 .016	 .60	 .21	 .441446363	  

		 AD	 1.00	 .016	 	    

41	Amygdala	L	 NC	 .99	 .018	 2.00	 .39	 .164484821	  

		 AD	 1.02	 .018	 	    

42	Amygdala	R	 NC	 .99	 .016	 3.42	 .50	 .070774037	  

		 AD	 1.03	 .016	 	    
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43	Calcarine	Sulcus	
L	 NC	 1.11	 .020	 6.06	 .68	 .017650653	  

		 AD	 1.18	 .020	 	    

44	Calcarine	Sulcus	
R	 NC	 1.13	 .020	 8.44	 .78	 .005621823	  

		 AD	 1.21	 .020	 	    

45	Cuneus	L	 NC	 1.05	 .018	 7.73	 .73	 .007856892	  

		 AD	 1.12	 .018	 	    

46	Cuneus	R	 NC	 1.09	 .018	 5.64	 .62	 .021803137	  

		 AD	 1.15	 .018	 	    

47	Lingual	Gyrus	L	 NC	 1.09	 .019	 4.18	 .57	 .046605485	  

		 AD	 1.14	 .019	 	    

48	Lingual	Gyrus	R	 NC	 1.12	 .020	 2.45	 .44	 .124173491	  

		 AD	 1.16	 .020	 	    

49	Superior	
Occipital	Gyrus	L	 NC	 1.04	 .017	 3.00	 .47	 .090011250	  

		 AD	 1.08	 .017	 	    

50	Superior	
Occipital	Gyrus	R	 NC	 1.06	 .017	 3.05	 .46	 .087395277	  

		 AD	 1.10	 .017	 	    

51	Middle	Occipital	
Gyrus	L	 NC	 1.00	 .016	 7.10	 .72	 .010601337	  

		 AD	 1.06	 .016	 	    

52	Middle	Occipital	
Gyrus	R	 NC	 .99	 .015	 5.69	 .63	 .021291197	  

		 AD	 1.04	 .015	 	    

53	Inferior	Occipital	
Cortex	L	 NC	 1.03	 .017	 2.44	 .42	 .125470744	  

		 AD	 1.07	 .017	 	    

54	Inferior	Occipital	
Cortex	R	 NC	 1.05	 .017	 1.86	 .36	 .178778637	  

		 AD	 1.08	 .017	 	    

55	Fusiform	Gyrus	
L	 NC	 .97	 .017	 2.76	 .47	 .103528713	  

		 AD	 1.01	 .017	 	    

56	Fusiform	Gyrus	
R	 NC	 .97	 .017	 2.15	 .41	 .149632568	  

		 AD	 1.01	 .017	 	    
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57	Postcentral	
Gyrus	L	 NC	 1.10	 .020	 3.50	 .52	 .067908752	  

		 AD	 1.16	 .020	 	    

58	Postcentral	
Gyrus	R	 NC	 1.09	 .019	 7.25	 .74	 .009843773	  

		 AD	 1.16	 .019	 	    

59	Superior	Parietal	
Lobule	L	 NC	 1.08	 .022	 5.52	 .65	 .023151083	  

		 AD	 1.15	 .022	 	    

60	Superior	Parietal	
Lobule	R	 NC	 1.07	 .020	 6.18	 .69	 .016577580	  

		 AD	 1.14	 .020	 	    

61	Inferior	Parietal	
Lobule	L	 NC	 1.05	 .021	 10.34	 .91	 .002381669	  

		 AD	 1.15	 .021	 	    

62	Inferior	Parietal	
Lobule	R	 NC	 1.04	 .019	 15.11	 1.0

8	 .000324436	  

		 AD	 1.14	 .019	 	    

63	Supramarginal	
Gyrus	L	 NC	 .96	 .018	 9.35	 .85	 .003717938	  

		 AD	 1.04	 .018	 	    

64	Supramarginal	
Gyrus	R	 NC	 .972	 .018	 12.68	 .98	 .000874195	  

		 AD	 1.06	 .018	 	    

65	Angular	Gyrus	L	 NC	 .98	 .018	 9.85	 .88	 .002967069	  

		 AD	 1.06	 .018	 	    

66	Angular	Gyrus	R	 NC	 .98	 .017	 12.52	 .96	 .000933689	  

		 AD	 1.07	 .017	 	    

67	Precuneus	L	 NC	 1.04	 .020	 11.65	 .93	 .001351056	  

		 AD	 1.14	 .020	 	    

68	Precuneus	R	 NC	 1.06	 .019	 12.46	 .96	 .000955949	  

		 AD	 1.15	 .019	 	    

69	Paracentral	
Lobule	L	 NC	 1.18	 .023	 3.03	 .43	 .088668724	  

		 AD	 1.23	 .023	 	    

70	Paracentral	
Lobule	R	 NC	 1.13	 .024	 3.00	 .46	 .090096836	  

		 AD	 1.19	 .024	 	    
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71	Caudate	Nucleus	
L	 NC	 1.10	 .020	 .42	 .17	 .519655032	  

		 AD	 1.12	 .020	 	    

72	Caudate	Nucleus	
R	 NC	 1.07	 .019	 .02	 .05	 .901061817	  

		 AD	 1.07	 .019	 	    

73	Putamen	L	 NC	 1.27	 .026	 6.28	 .68	 .015776219	  

		 AD	 1.37	 .026	 	    

74	Putamen	R	 NC	 1.26	 .024	 6.51	 .70	 .014145365	  

		 AD	 1.35	 .024	 	    

75	Globus	Pallidus	L	 NC	 1.20	 .022	 5.31	 .65	 .025743623	  

		 AD	 1.27	 .022	 	    

76	Globus	Pallidus	
R	 NC	 1.10	 .019	 1.70	 .36	 .200363290	  

		 AD	 1.13	 .019	 	    

77	Thalamus	L	 NC	 1.26	 .025	 .04	 .07	 .846050600	  

		 AD	 1.25	 .025	 	    

78	Thalamus	R	 NC	 1.24	 .024	 .46	 .20	 .500641987	  

		 AD	 1.22	 .024	 	    

79	Transverse	
Temporal	Gyrus	L	 NC	 1.05	 .020	 6.59	 .72	 .013580909	  

		 AD	 1.13	 .020	 	    

80	Transverse	
Temporal	Gyrus	R	 NC	 1.06	 .018	 4.96	 .62	 .030846464	  

		 AD	 1.12	 .018	 	    

81	Superior	
Temporal	Gyrus	L	 NC	 1.03	 .019	 7.27	 .77	 .009766599	  

		 AD	 1.10	 .019	 	    

82	Superior	
Temporal	Gyrus	R	 NC	 1.01	 .020	 12.43	 .97	 .000967968	  

		 AD	 1.11	 .020	 	    

83	Superior	
Temporal	Pole	L	 NC	 .89	 .017	 3.89	 .56	 .054621381	  

		 AD	 .94	 .017	 	    

84	Superior	
Temporal	Pole	R	 NC	 .93	 .018	 2.28	 .42	 .137545688	  

		 AD	 .96	 .018	 	    
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85	Middle	
Temporal	Gyrus	L	 NC	 .94	 .017	 7.17	 .75	 .010233303	  

		 AD	 1.00	 .017	 	    

86	Middle	
Temporal	Gyrus	R	 NC	 .95	 .017	 9.55	 .86	 .003389305	  

		 AD	 1.03	 .017	 	    

87	Middle	
Temporal	Pole	L	 NC	 .90	 .016	 3.64	 .53	 .062842449	  

		 AD	 .94	 .016	 	    

88	Middle	
Temporal	Pole	R	 NC	 .92	 .017	 2.29	 .42	 .137450344	  

		 AD	 .96	 .017	 	    

89	Inferior	
Temporal	Gyrus	L	 NC	 .95	 .015	 4.01	 .56	 .051258928	  

		 AD	 .99	 .015	 	    

90	Inferior	
Temporal	Gyrus	R	 NC	 .96	 .015	 6.05	 .68	 .017765750	  

		 AD	 1.02	 .015	 		 		 		  
Areas	showing	significantly	higher	T1-w/T2-w	ratios	in	AD	compared	to	CN	subjects	are	
displayed	in	bold.	Abbreviations:	AAL,	Automated	Anatomical	Labelling;	EMM,	Estimated	
Marginal	Means;	SE,	Standard	Error;	d,	Cohen’s	d	effect	size;	NC,	Normal	Cognition;	AD,	
Alzheimer’s	Disease;	Data	adjusted	for	age	and	sex;	p	<.0005.	
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Supplementary	figure	1.	Whole	brain	group	average	T1-w/T2-w	ratio	surface	
map	of	subjects	with	normal	cognition.	The	signal	strength	distribution	shows	
relatively	high	T1-w/T2-w	values	(myelin	content)	 in	sensory	and	motor	regions	
and	 lower	 values	 in	 temporal	 and	 frontal	 areas	 corresponding	 with	 previous	
literature.		
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Supplementary	figure	2.	Scatterplot	of	global	T1-w/T2-w	ratios	with	CSF	and	
WM	volume	using	different	GM	probabilities.	In	the	main	analysis	the	T1-w/T2-
w	image	was	masked	using	a	mask	with	a	GM	probability	of	>.3.	In	a	subset	of	N	=	
50	(25	NC;	25	AD)	subjects,	data	was	reanalysed	using	a	GM	mask	probability	of	>.1	
and	>.9.	These	T1-w/T2-w	values	were	correlated	with	CSF	and	WM	volumes.	The	
results	 of	 both	 images	 with	 different	 GM	 probabilities	 are	 very	 similar,	 and	 no	
increase	in	T1-w/T2-w	ratios	was	seen	with	higher	CSF	or	WM	volume.	Therefore,	
we	think	it	is	unlikely	that	our	main	results,	i.e.	higher	T1-w/T2-w	ratios	in	AD,	can	
be	fully	explained	by	partial	volume	effects.		
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Supplementary	 figure	 3.	
Scatterplot	 of	 global	 T1-w/T2-w	
ratios	masked	with	an	eroded	GM	
mask	with	CSF	and	WM	volume.	In	
a	subset	of	N	=	50	(25	NC;	25	AD),	the	
data	was	re-run	using	an	eroded	GM	
mask	 to	 reduce	 possible	 partial	
volume	effects	from	neighbouring	GM	
voxels.	 Using	 the	 erode	 function	 in	
fslmaths,	 the	 subject	 specific	 GM	
masks	were	eroded	when	zero	voxels	
was	found	in	kernel.	The	eroded	GM	
mask	actually	 resulted	 in	more	PVE,	
likely	 associated	 with	 atrophy	 and	
was	therefore	not	applied	in	the	main	
analysis.		
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Abstract	

Individuals	 with	 prodromal	 Alzheimer’s	 disease	 show	 considerable	

variability	in	rates	of	cognitive	decline,	which	hampers	the	ability	to	detect	

potential	 treatment	 effects	 in	 clinical	 trials.	 Prognostic	markers	 to	 select	

those	 individuals	 who	 will	 decline	 rapidly	 within	 a	 trial	 time-frame	 are	

needed.	Brain	network	measures	based	on	grey	matter	covariance	patterns	

have	been	associated	with	future	cognitive	decline	in	Alzheimer’s	disease.	In	

this	 longitudinal	 cohort	 study,	 we	 investigated	whether	 cut-offs	 for	 grey	

matter	networks	could	be	derived	to	detect	fast	disease	progression	at	an	

individual	 level.	 We	 further	 tested	 whether	 detection	 was	 improved	 by	

adding	 other	 biomarkers	 known	 to	 be	 associated	 with	 future	 cognitive	

decline	(i.e.	CSF	tau	phosphorylated	at	threonine	181	[p-tau181]	levels	and	

hippocampal	 volume).	 We	 selected	 individuals	 with	 mild	 cognitive	

impairment	 and	 abnormal	 CSF	 amyloid	 b1–42	 levels	 from	 the	 Amsterdam	

Dementia	 Cohort	 (ADC)	 and	 the	 Alzheimer’s	 Disease	 Neuroimaging	

Initiative	 (ADNI),	 when	 they	 had	 available	 baseline	 structural	 MRI	 and	

clinical	follow-up.	Outcome	was	progression	to	dementia	within	2	years.	We	

determined	prognostic	cut-offs	for	grey	matter	network	properties	(gamma,	

lambda,	 and	 small-world	 coefficient)	 using	 time-dependent	 Receiver	

Operating	 Characteristic	 analysis	 in	 the	 ADC	 cohort.	 We	 tested	

generalisation	 of	 cut-offs	 in	 ADNI,	 using	 logistic	 regression	 analysis	 and	

classification	statistics.	We	further	tested	whether	combining	these	with	CSF	

p-tau181	and	hippocampal	volume	improved	detection	of	fast	decliners.	We	

observed	that	within	2	years,	24.6%	(ADC,	n=244)	and	34.0%	(ADNI,	n	=	

247)	 of	 prodromal	 Alzheimer’s	 disease	 patients	 progressed	 to	 dementia.	

Using	the	grey	matter	network	cut-offs	for	progression,	we	could	detect	fast	

progressors	with	65%	accuracy	 in	ADNI.	Combining	grey	matter	network	

measures	 with	 CSF	 p-tau	 and	 hippocampal	 volume	 resulted	 in	 the	 best	
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model	fit	for	classification	of	rapid	decliners,	increasing	detecting	accuracy	

to	 72%.	 These	 data	 suggest	 that	 single-subject	 grey	 matter	 connectivity	

networks	indicative	of	a	more	random	network	organisation	can	contribute	

to	 identifying	 prodromal	 Alzheimer’s	 disease	 individuals	 who	 will	 show	

rapid	disease	progression.	Moreover,	we	 found	 that	 combined	with	p-tau	

and	 hippocampal	 volume	 this	 resulted	 in	 highest	 accuracy.	 This	 could	

facilitate	 clinical	 trials	 by	 increasing	 chances	 to	 detect	 effects	 on	 clinical	

outcome	measures.	
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Introduction	

Alzheimer’s	disease	(AD)	starts	with	aggregation	of	amyloid-b	(Ab)	 in	the	

brain,	 after	which	 it	 can	 take	up	 to	20	years	 for	an	 individual	 to	develop	

dementia	(Jack	et	al.	2018;	Scheltens	et	al.	2021).	It	has	been	proposed	that	

AD	 clinical	 trials	 are	 most	 likely	 to	 be	 effective	 when	 individuals	 have	

biomarker	evidence	for	the	presence	of	Ab	pathology	and	do	not	yet	show	

large	 scale	 irreversible	 neuronal	 damage	 (Selkoe	 2011;	 Cummings	 et	 al.	

2019).	This	makes	Aβ	positive	individuals	with	mild	cognitive	impairment	

(MCI),	 i.e.,	 prodromal	 AD,	 a	well-suited	 population	 for	 disease-modifying	

therapies	 in	 AD	 clinical	 trials.	 However,	 a	 challenge	 faced	 in	 secondary	

prevention	 trials	 is	 that	 individuals	with	prodromal	AD	 show	 substantial	

heterogeneity	 in	 clinical	 progression	 rates	 (Vos	 et	 al.	 2015).	 This	

heterogeneity	hampers	the	ability	to	detect	treatment	effects	on	cognitive	

outcomes	 within	 a	 typical	 1	 to	 2	 year	 clinical	 trial	 (Jutten	 et	 al.	 2021).	

Biomarkers	 are	 needed	 that	 can	 help	 to	 distinguish	 individuals	 with	

prodromal	AD	who	will	show	rapid	disease	progression	from	those	who	will	

remain	stable	within	a	trial	time-frame.		

Previous	 work	 has	 found	 that	 disrupted	 brain	 grey	 matter	 (GM)	

network	measures,	 reflecting	 covariance	patterns	 in	GM	morphology,	 are	

related	 to	 increased	 risk	 of	 cognitive	 decline	 and	 progression	 to	 AD	

dementia	(Pereira	et	al.	2016;	Dicks	et	al.	2018a;	Tijms,	ten	Kate,	et	al.	2018;	

Verfaillie	et	al.	2018).	Across	those	studies,	disrupted	whole	brain	network	

measures	gamma	(i.e.	normalized	values	of	the	clustering	coefficient)	and	

small-world,	i.e.	indicative	of	an	increasingly	random	network	and	reduction	

in	small	world	organisation,	were	most	robustly	associated	with	cognitive	

decline,	adding	 information	to	hippocampal	volume	and/or	cerebrospinal	

fluid	(CSF)	tau	measures.	However,	it	remains	unknown	to	what	extent	grey	
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matter	networks	can	be	used	to	 identify	single	 individuals	who	will	show	

fast	progression.		

Here	 we	 studied	 this	 question	 in	 individuals	 with	 prodromal	 AD	

from	 two	 independent	 cohorts,	 i.e.,	 we	 first	 established	 cut-offs	 in	 the	

Amsterdam	 Dementia	 Cohort	 (ADC)	 and	 then	 tested	 whether	 these	 GM	

network	cut-offs	could	predict	if	prodromal	AD	subjects	remained	stable	or	

progressed	 to	 dementia	 within	 2	 years	 in	 the	 Alzheimer's	 Disease	

Neuroimaging	Initiative	(ADNI).	We	then	compared	the	performance	of	the	

grey	 matter	 network	 markers	 with	 two	 other	 biomarkers	 known	 to	 be	

associated	with	decline	in	prodromal	AD	(i.e.,	hippocampal	volume	and	CSF	

phosphorylated	 tau	 [p-tau]	 levels;	 van	 Rossum,	 Visser,	 et	 al.	 2012;	 van	

Rossum,	Vos,	et	al.	2012).	and	determined	an	optimal	model	for	detecting	

fast	 progressors.	 Finally,	 we	 calculated	 if	 stratification	 of	 prodromal	 AD	

subjects	 by	 abnormal	 GM	 network	 markers	 would	 reduce	 sample	 size	

requirements	in	a	hypothetical	randomised	control	trial.		

	

Materials	and	Methods	

Participants		

We	studied	 two	cohorts:	 the	Amsterdam	Dementia	Cohort	 (ADC)	and	 the	

Alzheimer's	Disease	Neuroimaging	Initiative	(ADNI).	The	ADC	is	a	memory	

clinic-based	cohort	where	participants	are	re-evaluated	on	a	6-month	basis	

as	part	of	regular	care	(Van	Der	Flier	and	Scheltens	2018).	The	patients	in	

the	present	study	visited	the	memory	clinic	between	November	2003	and	

July	 2019.	 ADNI	 is	 an	 ongoing	 longitudinal	 research	 cohort,	 for	 which	

criteria	 are	 described	 in	 more	 detail	 at	 http://adni.loni.usc.edu/.	 It	 was	

launched	 in	 2003	 as	 a	 public-private	 partnership,	 led	 by	 Principal	

Investigator	Michael	W.	Weiner,	MD.	The	primary	goal	of	ADNI	has	been	to	

test	whether	serial	magnetic	resonance	 imaging	(MRI),	positron	emission	
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tomography	 (PET),	 other	 biological	 markers,	 and	 clinical	 and	

neuropsychological	 assessment	 can	 be	 combined	 to	 measure	 the	

progression	of	MCI	and	early	AD.	For	up-to-date	information,	see	www.adni-

info.org.	 The	 data	 used	 in	 the	 present	 study	 were	 collected	 between	

December	 2005	 and	April	 2016.	Diagnosis	was	 evaluated	 at	 3–12-month	

intervals.	 For	 both	 cohorts,	 we	 selected	 individuals	 who	 fulfilled	 the	

consensus	criteria	for	MCI	as	described	by	Petersen	et	al.	(1999)	and	Albert	

et	 al.	 (2011),	 had	 abnormal	 levels	 of	 CSF	 Ab(1–42),	 an	 available	 baseline	

structural	 MRI	 scan,	 and	 at	 least	 one	 follow-up	 neuropsychological	

assessment.	 In	ADNI,	conversion	form	MCI	to	AD	is	reviewed	by	a	central	

review	 committee	 that	 applies	 the	 NINCDS-ADRDA	 diagnostic	 criteria	

(McKhann	 et	 al.	 1984)	 for	 diagnosis	 of	 AD	 dementia.	 In	 the	 ADC,	 AD	

dementia	is	also	defined	according	to	the	NINCDS-ADRDA	diagnostic	criteria	

(McKhann	et	al.	1984)	and	from	2011	on	the	NIA-AA	criteria	were	applied	

(McKhann	et	al.	2011;	Van	Der	Flier	et	al.	2014).	Disease	modifying	trials	

recruiting	 prodromal	 AD	 individuals	 typically	 have	 a	 trial	 duration	 of	 24	

months	or	less	(Supplementary	Table	1;	Cummings	et	al.	2021),	therefore	

we	 defined	 individuals	 as	 fast	 progressors	 when	 they	 progressed	 to	

dementia	within	2	years.	In	both	ADNI	and	ADC	all	participants	gave	written	

informed	consent	 for	participation	 in	 the	study	and	 for	reuse	of	 the	data.	

Ethical	approval	was	given	by	the	regional	ethics	committees.	

	

MRI	Acquisition	and	Pre-processing	

In	 ADC,	 structural	 T1-weighted	 images	 were	 acquired	 on	 nine	 different	

scanners,	using	a	standardized	protocol	as	part	of	routine	patient	care,	of	

which	 the	 acquisition	 parameters	 are	 described	 in	 detail	 in	 the	

Supplementary	material.	 In	ADNI,	T1-weighted	 scans	were	performed	on	

1.5T	or	3T	scanners	using	previously	described	standardized	protocols	(Jack	
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et	al.	2008),	typically	a	sagittal	3D	MP-RAGE	with	a	voxel	size	of	1.2	mm3.	All	

images	were	segmented	into	grey	matter,	white	matter,	and	CSF	using	the	

Statistical	 Parametric	 Mapping	 (SPM12,	

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/)	running	in	MATLAB	

(v2011a).	The	segmented	grey	matter	 images	were	resliced	to	2x2x2	mm	

isotropic	voxels	to	reduce	the	dimensionality	of	the	data.	Total	intracranial	

volume	(TIV)	was	computed	as	the	sum	of	grey	matter,	white	matter,	and	

CSF	volumes.	The	automated	anatomical	labelling	atlas	was	used	to	obtain	

hippocampal	 GM	 volume	 estimates	 (Tzourio-Mazoyer	 et	 al.	 2002).	 A	

previously	 determined	 cut-off	 was	 applied	 to	 determine	 hippocampal	

abnormality	in	ADNI	with	a	mean	hippocampal	volume	corrected	for	TIV	of	

>	3.68	mL	(Wisse	et	al.	2015).	All	GM	segmentations	were	visually	checked	

for	quality.	

	

Single-Subject	Grey	Matter	Networks	

Single-subject	grey	matter	networks	were	constructed	from	the	native	grey	

matter	 images	 as	 described	 in	 the	 freely	 available	 MATLAB	 scripts:	

https://github.com/bettytijms/Single_Subject_Grey_Matter_Networks	 and	

in	more	detail	 in	Tijms	 et	 al.	 (2012).	 For	 each	 individual,	 a	 network	was	

determined	from	the	native	space	grey	matter	segmentations.	First,	nodes	

were	defined	as	cubes	of	3	x	3	x	3	voxels	(6x6x6	mm3)	using	an	atlas	free	

approach.	The	nodes	keep	the	3D	structure	of	the	cortex	intact,	and	thereby	

contain	information	on	GM	intensity	as	well	as	spatial	information	between	

the	voxels.	Next,	connections	were	defined	when	nodes	showed	structural	

similarity	 as	 determined	with	 the	 Pearson	 correlation	 coefficients	 across	

corresponding	voxels.	In	order	to	find	the	maximum	correlation	value	with	

a	target	cube	across	the	curved	cortex,	each	cube	was	rotated	by	an	angle	

with	multiples	of	45°	over	all	axes.	The	resulting	similarity	matrix	containing	
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all	pairwise	correlations	was	binarized	using	a	threshold	that	reduced	the	

chance	of	spurious	correlations	in	the	network	to	5%.	This	corresponds	to	a	

significance	 level	 of	p	 <	 0.05	 corrected	 for	multiple	 comparisons	 using	 a	

permutation-based	procedure	(Noble	2009).		

For	each	individual	grey	matter	network,	we	calculated	g,	l,	and	the	

small	world	coefficient,	as	our	previous	studies	showed	that	these	measures	

most	robustly	associated	with	cognitive	decline	(Dicks	et	al.	2018b;	Tijms,	

ten	 Kate,	 et	 al.	 2018;	 Verfaillie	 et	 al.	 2018).	 Briefly,	 g	 quantifies	 how	 a	

network’s	clustering	coefficient	(the	fraction	of	a	node’s	neighbours	that	are	

also	neighbours	of	each	other)	is	higher	than	that	of	a	random	network.	l	

quantifies	how	a	network’s	path	length	(the	shortest	path	length	between	all	

pairs	of	nodes	 in	 the	network)	deviates	 from	a	random	network.	 In	more	

detail,	in	order	to	determine	how	the	clustering	and	path	length	measures	

deviate	 from	 randomly	 organised	 networks,	 we	 divided	 the	 average	

clustering	 coefficient	 and	 path	 length	 values	 by	 those	 values	 of	 five	

randomised	 reference	 networks	 of	 identical	 size	 and	 degree	 distribution	

(Maslov	and	Sneppen	2002).	The	ratio	of	g	to	l,	is	defined	as	the	small-world	

coefficient	 s,	 indicative	 of	 the	 optimal	 balance	 between	 information	

segregation	and	 integration.	The	network	measures	were	 computed	with	

scripts	 from	 the	 Brain	 Connectivity	 Toolbox	

(https://sites.google.com/site/bctnet/;	 Bullmore	 and	 Sporns	 2009),	

modified	for	large	scale	networks.		

	

Cerebrospinal	Fluid	Analysis	

Lumbar	puncture	was	performed	as	described	in	Mulder	et	al.	(2010)	and	

Engelborghs	 et	 al.	 (2017)	 for	 ADC,	 and	 for	 ADNI	 according	 to	 the	 ADNI	

procedures	 manual	 (http://www.adni-info.org/).	 CSF	 concentrations	 of	

Aβ(1–42)	 and	 tau	 phosphorylated	 threonine	 181	 were	 measured	 using	
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sandwich	ELISAs	(Innotest,	Innogenetics,	Belgium),	at	the	Neurochemistry	

laboratory	 of	 the	 department	 of	 Clinical	 Chemistry	 of	 the	 Amsterdam	

University	Medical	 Center	 (ADC),	 and	 for	 ADNI	with	 the	multiplex	 xMAP	

Luminex	platform	(Luminex	Corp,	Austin,	TX,	USA)	and	INNO-BIA	AlzBio3	

(Innogenetics,	Ghent,	Belgium)	 immunoassay	kit-based	reagents.	The	cut-

offs	for	CSF	Aβ(1–42)	and	p-tau	abnormality	have	previously	been	determined	

and	were	 813	 pg/mL	 and	 52	 pg/mL	 for	 ADC	 (Mulder	 et	 al.	 2010;	 Tijms,	

Willemse,	et	al.	2018),	and	192	pg/mL	and	23	pg/mL	for	ADNI	(Shaw	et	al.	

2009),	Because	CSF	p-tau	was	used	as	one	of	the	predictors	for	decline,	we	

only	used	an	amyloid	marker	to	define	prodromal	AD.		

	

Statistical	Analysis	

Prognostic	cut-offs	for	GM	network	measures	(g,	l,	s)	to	predict	progression	

to	 dementia	within	 2	 years	were	 determined	 in	 the	 ADC	 cohort	 through	

time-dependent	 receiver	 operating	 characteristic	 (tROC)	 analysis	 from	

censored	survival	data	using	nearest	neighbour	estimation	(Heagerty	et	al.	

2000).	The	advantage	of	tROC	analyses	over	standard	ROC	is	that	tROC	takes	

the	time	to	an	event	into	account	when	calculating	the	sensitivity,	specificity,	

and	 area	 under	 the	 curve	 (AUC)	 for	 a	 specific	marker.	 For	 each	 network	

measure,	 we	 determined	 the	 optimal	 cut-off	 value	 in	 the	 ADC	 that	 best	

separated	prodromal	AD	patients	with	 a	 high	or	 low	 risk	 for	 fast	 clinical	

decline	at	two	years	post	baseline.	We	then	used	these	cut-offs	in	ADNI	to	

evaluate	detecting	of	fast	progressors	using	logistic	regression	analysis,	and	

reported	accuracy,	sensitivity,	and	specificity.	We	further	evaluated	whether	

GM	 network	 measures	 provide	 additive	 information	 to	 more	 commonly	

used	biomarkers	for	AD,	CSF	p-tau	and	hippocampal	volume,	by	adding	the	

latter	markers	to	the	logistic	regression	model	and	compared	model	fit	using	

the	Akaike’s	Information	Criterion	(AIC).	Analyses	were	initially	performed	



Chapter	6	

	208	

without	covariates	as	such	a	model	would	be	easiest	to	apply	in	practice.	We	

repeated	 the	 analyses	 adding	 sex,	 age,	 education,	 and	 MRI	 scanner	 as	

covariates.		

Next,	 we	 tested	 the	 extent	 to	which	 one,	 two,	 or	 three	 abnormal	

biomarkers	 (small-world,	 p-tau,	 hippocampal	 volume)	 could	 predict	who	

progressed	 to	 dementia	 within	 2	 years	 using	 logistic	 regression.	 Finally,	

sample	 sizes	 were	 estimated	 for	 a	 hypothetical	 2-year	 randomized-

controlled	trial	with	two	arms,	showing	an	expected	treatment	effect	of	25%	

reduction	of	decline	on	the	Mini-Mental	State	Examination	(MMSE;	Folstein	

et	al.	1983)	and	the	Clinical	Dementia	Rating	scale	-	Sum	of	Boxes	(CDR-SB;	

Williams	et	al.	2013)	when	stratifying	for	GM	network	abnormality	using	the	

following	formula:	

Sample	size	/	arm	=	2(z1-a/2	+	z1-b)2	x	(sb2	+	se2	/	S(ti	–	tmean)2)	/	D2	

where	a	is	equal	to	the	type	I	error	of	a	2-sided	significance	test	set	at	0.05,	

and	the	power	(1-b)	is	80%.	From	the	linear	mixed	model,	sb2	and	se2	are	

the	 variance	 in	 random	 subject	 slopes	 and	 the	 residual	 error	 variance	

respectively.	ti	is	the	measurement	at	time	i	and	tmean	is	the	average	follow-

up	time,	D	is	the	difference	in	mean	rate	of	decline	in	the	treatment	versus	

control	group	using	a	25%	treatment	effect.	Analyses	were	conducted	with	

R	version	4.1.1.	using	the	survival	and	survivalROC	packages	(Heagerty	et	al.	

2000).	
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Results	

Study	Population	

A	total	of	491	prodromal	AD	patients	were	available	for	this	study	(Table	

1).	The	participants	from	ADNI	were	older	and	had	on	average	more	years	

of	 education	 compared	 to	 ADC	 participants.	 After	 2	 years,	 60	 (24.6%)	

subjects	 in	 ADC	 and	 84	 (34.0%)	 subjects	 in	 ADNI	 showed	 clinical	

progression	to	dementia.	

	

Table	1.	Subject	characteristics	
		 ADC		 ADNI		
n	 244	 247	
Age,	[y]	 67.5	(7.4)	 72.9	(7.0)	
Sex,	[f]	 113	(46.3%)	 104	(42.1%)	
Education,	[y]	 11.7	(3.2)	 15.8	(2.8)	
MMSE	 26.4	(2.4)	 27.5	(1.8)	
Progression	to	dementia,	[2y]	 60	(24.6%)	 84	(34.0%)	
APOEe4	carrier	 157	(73.0%)	 164	(66.4%)	
Data	are	presented	as	mean(SD)	or	n(%);	ADC	=	Amsterdam	Dementia	
Cohort;	ADNI	=	Alzheimer's	Disease	Neuroimaging	Initiative;	y	=	years;	
f	 =	 female;	 MMSE	 =	 Mini	 Mental	 State	 Examination;	 APOE	 =	
Apolipoprotein	E.	

	
 

	

Cut-Points	for	Grey	Matter	Network	Measures	

First,	 we	 determined	 cut-points	 in	 ADC	 optimising	 classification	 of	

prodromal	 AD	 individuals	 who	 remained	 stable	 versus	 those	 who	

progressed	to	dementia	within	2	years.	Applying	the	tROC	analysis	yielded	

the	 following	 cut-offs:	1.627	 for	 g,	 1.106	 for	l,	 and	1.479	 for	 small-world	

coefficient.	These	cut-offs	resulted	in	AUCs	of	0.60	for	g	(sensitivity	=	64%,	

specificity	=	54%),	0.51	for	l	(sensitivity	=	93%,	specificity	=	16%),	and	0.59	

for	small-world	coefficient	(sensitivity	=	60%,	specificity	=	63%;	Fig.	1).	This	

was	comparable	to	the	AUCs	of	0.58	for	p-tau	(sensitivity	=	72%,	specificity	
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=	44%)	and	0.61	for	hippocampal	volume	(sensitivity	=	70%,	specificity	=	

52%).	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	 1.	 tROC	 analyses	 of	 prognostic	 biomarkers	 for	 predicting	 clinical	
progression	within	2	years	in	ADC.	tROC	curves	and	corresponding	areas	under	
the	curves	to	determine	the	most	optimal	cut-off	for	grey	matter	network	markers	
together	 and	 CSF	 phosphorylated	 tau	 and	 normalised	 hippocampal	 volume	 to	
assess	accuracy	when	predicting	clinical	progression	to	dementia	within	two	years	
post-baseline	in	prodromal	AD	individuals	(n=244).	
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Predicting	Fast	Clinical	Progression	using	Grey	Matter	Network	Measures	

We	 next	 performed	 logistic	 regression	 analysis	 in	 ADNI	 to	 evaluate	

detection	of	fast	progression	using	ADC	determined	cut-points.	GM	network	

measures	 (g	 and	s)	 showed	 an	 accuracy	 of	 65%	 (sensitivity	 =	 33	 -	 42%,	

specificity	 =	 77	 -	 82%)	 for	 predicting	 stable	 vs	 progressing	 individuals.	

Compared	to	individuals	with	normal	g	values,	those	with	abnormal	g	values	

were	 2.4	 times	 [95%	 CI=	 1.4	 -	 4.3]	more	 likely	 to	 progress	 to	 dementia	

within	 a	 2-year	 period	 (Table	 2;	 Fig.	 2).	 Similar	 odds-ratios	 (OR)	 were	

observed	 for	 individuals	 with	 abnormal	 small-world	 values	 (Odds=2.2,	

[95%	CI=1.2	–	4.1]),	and	abnormal	hippocampal	volume	(Odds=2.9,	[95%	

CI=	1.6	-	5.2];	Table	2;	Fig.	2).	 Individuals	with	abnormal	l	and	CSF	p-tau	

values	showed	a	higher	risk	of	progression	to	dementia,	that	is	an	odds	of	

6.5,	[95%	CI=2.2	–	18.9]	and	an	odds	of	3.1,	[95%	CI=1.0	–	9.4]	respectively,	

however	 this	was	 accompanied	with	 larger	 confidence	 intervals	 and	 low	

accuracy	 values	 <.5.	 When	 correcting	 for	 sex,	 age,	 education,	 and	 MRI	

scanner	 the	 odds	 ratios	 for	 abnormal	 biomarkers	 to	 predict	 progression	

increased	(Supplementary	Table	3).	

In	 addition,	 mixed	 model	 analysis	 showed	 that	 individuals	 with	

abnormal	GM	network	values	showed	steeper	decline	on	the	MMSE	(b±SE,	

g:-1.00±0.25;	 l:-0.78±0.30;	 s:-0.92±0.26),	 and	 faster	 deterioration	 as	

measured	 by	 the	 CDR-sb	 (b±SE,	 g:0.60±0.15;	 l:0.53±0.19;	 s:0.62±0.16),	

compared	to	individuals	with	normal	GM	network	metrics	(Supplementary	

Fig.	1).	
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Table	2.	Odds	ratios	of	abnormal	biomarkers	to	predict	clinical	
progression	in	ADNI.		 	
		 Odds	(CI)	 Se	 Sp	 Acc	 p-value	  

Gamma	 2.43	(1.38	-	4.29)	 0.42	 0.77	 0.65	 .002*	  

Lambda	 6.50	(2.24	-	18.88)	 0.95	 0.25	 0.49	 <.001*	  

Small-world		 2.22	(1.21	-	4.05)	 0.33	 0.82	 0.65	 .010*	  

P-tau	 3.12	(1.04	-	9.38)	 0.95	 0.13	 0.41	 .043*	  

Hippocampal	vol.	 2.90	(1.61	-	5.20)	 0.40	 0.81	 0.67	 <.001*	  
Odds	ratios	of	logistic	regression	analysis	for	progression	of	prodromal	AD	subjects	to	
dementia	within	two	years.	GM	network	cut-offs	were	determined	in	ADC	and	applied	to	
ADNI.	Results	are	shown	for	every	abnormal	biomarker	with	95%	confidence	intervals;	
CI:	confidence	interval;	Se:	sensitivity;	Sp:	specificity;	Acc:	accuracy;	*	p<0.05.		

 

	
 
 

	

Optimal	Biomarker	Model	to	Identify	Fast	Progression	

Next,	 we	 assessed	 in	 ADNI	 whether	 GM	 network	 measures	 contained	

information	 on	 disease	 progression	 complementary	 to	 p-tau	 and	

hippocampal	 volume.	 For	 these	 analyses	 we	 assessed	 the	 small-world	

coefficient	only,	as	it	can	be	considered	a	summary	measure	of	both	g	and	l.	

A	model	including	only	p-tau	resulted	in	an	AUC	of	0.54	(AIC=316),	adding	

hippocampal	volume	improved	the	model	fit	(AUC=0.64;	AIC=304,	p<.001).	

When	 adding	 the	 small-world	 coefficient	 the	 model	 did	 not	 improve	

significantly	 (AUC=0.67;	 AIC=303,	 p=.082)	 for	 classification	 of	 rapid	

Table	3.	Combining	prognostic	biomarkers	for	predicting	rapid	
progression	to	dementia.	 	
		 Odds	(CI)	 Se	 Sp	 Acc	 P-value	  

1	abnormal	
biomarker		 2.40	(0.52	-	11.07)	 0.95	 0.12	 32%	 .262	  

2	abnormal	
biomarkers		 6.40	(1.35	-	30.37)	 0.94	 0.29	 55%	 .019*	  

3	abnormal	
biomarkers		

10.89	(1.99	-	
59.72)	 0.88	 0.61	 72%	 .006*	  

Odds	 ratios	 of	 logistic	 regression	 analysis	 in	 ADNI	 for	 the	 combination	 of	 abnormal	
biomarker	 predictors.	 Biomarker	 combination	 contains	 abnormal	 small-world	
coefficient,	 p-tau,	 and	 hippocampal	 volume;	 Reference	 category	 is	 all	 normal	
biomarkers;	Se:	sensitivity;	Sp:	specificity;	Acc:	accuracy;	*	p<0.05.	
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decliners	 (Supplementary	 Table	 4).	 Note	 that	 the	 CSF	 p-tau	 and	

hippocampal	 volume	 cut-offs	 were	 previously	 established	 using	 ADNI-

specific	 cut-points	 (Shaw	et	al.	2009;	Wisse	et	 al.	2015),	while	 the	 small-

world	cut-off	was	based	on	the	independent	ADC,	which	suggests	that	the	p-

tau	 and	 hippocampal	 volume	 might	 provide	 over-optimistic	 model	

performance.	When	 the	 small-world	 cut-off	was	 also	 based	 on	ADNI,	 the	

model	 did	 improve	 significantly	 (AUC=0.70;	 AIC=291,	 p<.001;		

Supplementary	Table	4).	

We	then	tested	whether	combining	the	biomarkers	would	improve	

detection	of	fast	progressors,	by	labelling	individuals	as	having	no,	one,	two,	

or	three	abnormal	predictors.	A	gradual	increase	in	rapid	progression	risk	

was	observed	with	 the	number	of	abnormal	biomarkers	 (Table	3;	Fig.	3).	

Showing	 a	 6.4	 times	 increased	 risk	 of	 rapid	 clinical	 decline	 with	 two	

abnormal	 prognostic	 biomarkers	 when	 compared	 to	 individuals	 with	

abnormal	Aβ	only.	This	risk	increased	steeply	to	an	odds	of	10.9	for	three	

abnormal	prognostic	biomarkers	(Table	3;	Fig.	3).	Rapid	progression	could	

be	 most	 accurately	 identified	 for	 individuals	 with	 all	 three	 biomarkers	

abnormal,	with	an	accuracy	of	72%	(sensitivity	=	88%,	specificity	=	61%).		
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Figure	3.	Kaplan-Meier	curves	of	progression	from	prodromal	AD	to	dementia	
within	2	years	in	ADNI.	Separate	lines	represent	individuals	with	zero,	one,	two,	
or	 three	 abnormal	 biomarkers	 (grey	 matter	 network	 small-world	 topology,	
cerebrospinal	fluid	phosphorylated	tau,	and	hippocampal	volume).	
	

Sample	Size	Estimates	

We	next	studied	if	sample	size	estimates	for	clinical	trials	to	detect	a	25%	

slowing	 in	 rate	 of	 decline	 on	 the	MMSE	 and	 CDR-sb	would	 reduce	when	

adding	network	measures.	Table	4	shows	for	the	prodromal	AD	cohort	(Ab+	

column)	without	additional	markers	an	estimated	sample	size	of	729	(95%	

CI=[444	-	1364])	for	the	MMSE,	and	486	95%	CI=	[348	-	737])	for	the	CDR-

SB.	 Estimated	 sample	 sizes	were	 smallest	when	 restricting	 enrolment	 to	

prodromal	 AD	 participants	 with	 abnormal	 p-tau,	 abnormal	 hippocampal	

volume,	and	abnormal	small-world	status	(Ab+	s+	p-tau+	HV+,	Table	4).		
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Table	4.	Sample	size	estimates	for	a	hypothetical	
2-year	trial	in	prodromal	AD	subjects	by	
biomarker	abnormality	

	
 

		 MMSE	 CDR-sb	  

Aβ+			 729	[444	-	1364]	 486	[348	-	737]	  

Aβ+	σ+	 493	[231	-	1530]	 370	[214	-	833]	  

Aβ+	p-tau+	 717	[430	-	1377]	 445	[318	-	676]	  

Aβ+	HV+	 385	[195	-	965]	 310	[192	-	609]	  

Aβ+	σ+	p-tau+		 467	[218	-	1471]	 347	[201	-	779]	  

Aβ+	σ+	HV+	 398	[151	-	2162]	 263	[133	-	820]	  

Aβ+	p-tau+	HV+	 392	[194	-	1047]	 284	[174	-	569]	  

Aβ+	σ+	p-tau+	HV+	 358	[138	-	1864]	 262	[131	-	853]	  

Sample	 size	 estimates	 and	 95%	 confidence	 intervals	 for	 a	
hypothetical	 2-year	 randomised-controlled	 trial	 with	 two	 arms	
required	to	detect	a	25%	reduction	of	decline	in	cognitive	outcome	
measures	with	 a	power	of	80%	using	ADNI	data.	Abbreviations:	
Aβ+	=	MCI	individuals	who	have	abnormal	CSF	amyloid	β1-42	levels;	
Aβ+	 σ+	 =	 MCI	 individuals	 who	 both	 have	 abnormal	 Aβ	 and	
abnormal	grey	matter	network	small-worldness;	Aβ+	p-tau+	=	MCI	
individuals	who	both	have	abnormal	Aβ	and	abnormal	p-tau181	CSF	
levels;	Aβ+	HV+	=	MCI	individuals	who	both	have	abnormal	Aβ	and	
abnormal	 hippocampal	 volume;	 etc.;	 MMSE	 =	Mini-Mental	 State	
Examination;	 CDR-sb	 =	 Clinical	 Dementia	 Rating	 scale	 -	 sum	 of	
boxes.	

 

	
 
 
 
 
 
 
 
 

Discussion	

The	main	finding	of	the	present	study	is	that	GM	network	measures	can	aid	

in	identifying	individuals	with	prodromal	AD	who	are	likely	to	progress	to	

dementia	within	the	next	2	years.	Models	combining	small-world	coefficient,	

p-tau	 and	 hippocampal	 volume	 showed	 the	 best	 ability	 to	 detect	

progression.	These	findings	could	increase	power	in	AD	trials	by	selecting	

those	individuals	with	abnormal	GM	network	characteristics	at	high	risk	for	

clinical	progression	within	a	time	frame	of	24	months.		

Most	 studies	 so	 far	 that	 investigated	 prognostic	 markers	 in	

individuals	with	MCI,	studied	also	subjects	with	normal	Ab	values	(Vos	et	al.	

2015;	ben	Bouallègue	et	al.	2017;	Hansson	et	al.	2018;	Blennow	et	al.	2019;	
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van	Maurik	et	al.	2019;	Cicognola	et	al.	2021;	Cullen	et	al.	2021;	Palmqvist	et	

al.	 2021).	 Such	 an	 approach	makes	 it	 difficult	 to	distinguish	between	 the	

effects	caused	by	Aβ,	tau,	and	neuronal	injury	on	cognition,	as	abnormalities	

in	tau	and	neurodegeneration	are	closely	related	to	Aβ	pathology	(Sato	et	al.	

2018;	Barthélemy	et	al.	2020;	Milà-Alomà	et	al.	2020).	Moreover,	it	can	also	

inflate	 accuracy	 statistics,	 because	 abnormal	 Aβ	 has	 a	 strong	 predictive	

effect	of	decline	(Vos	et	al.	2013;	Lim	et	al.	2014).	Predicting	progression	

within	 Ab	 positive	 individuals	 is,	 however,	 more	 difficult	 and	 the	 few	

longitudinal	studies	that	investigated	prognostic	markers	within	prodromal	

AD	 patients	 have	 demonstrated	 a	more	modest	 predictive	 value	 over	Aβ	

(van	Rossum,	Vos,	et	al.	2012;	Jang	et	al.	2019).	This	is	also	reflected	by	the	

relatively	modest	AUC	values	in	the	present	study.		

Moreover,	 in	 contrast	 to	 previous	 studies	 showing	 that	 a	 more	

disorganised	GM	network	is	associated	with	cognitive	decline	(Dicks	et	al.	

2018b;	 Tijms,	 ten	 Kate,	 et	 al.	 2018;	 Pelkmans	 et	 al.	 2021),	 our	 findings	

indicate	 that	 an	 individual’s	 GM	 network	 measure	 can	 be	 classified	 as	

normal	or	abnormal	which	is	relevant	for	clinical	application	and	inclusion	

of	subjects	in	therapeutic	trials	to	select	those	individuals	who	will	show	fast	

progression	over	a	relatively	short	time	frame	(Cummings	et	al.	2021).	

GM	network	measures	start	to	change	early	in	the	disease	process:	

previous	 studies	 indicate	 that	 the	 presence	 of	 Ab	 significantly	 alters	 GM	

networks,	 and	 that	 these	 alterations	 may	 precede	 tau	 and	

neurodegeneration	(Oh	et	al.	2011;	Tijms	et	al.	2016;	ten	Kate	et	al.	2018;	

Voevodskaya	 et	 al.	 2018),	 and	 can	 predict	 future	 hippocampal	 atrophy	

(Dicks	et	al.	2020).	It	could	be	hypothesized	that	the	AD	neuropathological	

changes	 contribute	 to	 the	 observed	 brain	 network	 disruptions,	 and	

represent	a	close	biological	substrate	for	disease	progression	and	cognitive	

decline	in	AD.	
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In	the	current	study,	we	show	that	individuals	with	a	more	random	

network,	as	reflected	by	an	abnormal	small-world	topology,	were	more	than	

twice	 as	 likely	 to	 progress	 to	 dementia	 compared	 to	 those	 with	 normal	

values.	 Still,	 single	 biomarkers	 showed	 modest	 accuracy	 to	 predict	 fast	

progression	(Pascoal	et	al.	2017;	Blennow	et	al.	2019).	In	the	present	study,	

we	found	that	the	highest	predictive	accuracy	was	obtained	when	the	small-

world	coefficient	was	combined	with	both	p-tau	and	hippocampal	volume.	

This	resulted	in	an	OR	of	greater	than	10	(sensitivity	88%,	specificity	61%,	

accuracy	72%)	for	progression	to	dementia	within	2	years	for	individuals	

with	all	three	biomarkers	abnormal	and	a	46	-	60%	reduction	in	required	

sample	size	to	detect	at	25%	treatment	effect	in	a	hypothetical	2-year	trial	

compared	to	abnormal	amyloid	alone.	This	is	in	line	with	previous	studies	

(Lorenzi	 et	 al.	 2010;	 van	 Rossum	 et	 al.	 2010;	 Bertens	 et	 al.	 2017)	 that	

showed	 reduced	 sample	 size	 estimates	when	 tau	 and/or	 neuronal	 injury	

markers	are	abnormal.	We	show	that	GM	network	measures	may	 further	

improve	predictive	models.	Together,	these	studies	and	our	results	provide	

further	support	for	the	idea	that	combining	multiple	markers	may	facilitate	

clinical	 trials	 by	 increasing	 chances	 to	 detect	 effects	 on	 clinical	 outcome	

measures.	

Strengths	 of	 this	 study	 include	 that	 GM	 network	 cut-offs	 were	

determined	 in	 one	 cohort	 and	 then	 showed	 to	 be	 generalisable	 to	 an	

independent	 cohort.	 Secondly,	 our	 approach	 allows	 for	 patient-level	

application.	 However,	 a	 follow	 up	 study	 is	 likely	 needed	 to	 further	

investigate	 the	 prognostic	 value	 of	 the	 determined	 cut-offs	 in	 a	 larger	

sample.	 Another	 important	 next	 step	 would	 be	 to	 develop	 more	 user-

friendly	 software	 and	 investigate	whether	GM	network	 cut-points	 can	be	

applied	to	challenges	in	a	clinical	setting,	such	as	aiding	in	short-term	care	

planning	for	dementia	patients.		
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Conclusion	

In	 conclusion,	 we	 showed	 that	 GM	 network	measures	 can	 be	 applied	 to	

identify	 individuals	 with	 prodromal	 AD	 at	 risk	 for	 fast	 progression.	

Moreover,	 when	 combined	 with	 p-tau	 and	 hippocampal	 volume	 this	

resulted	 in	 the	 highest	 prognostic	 accuracy,	 which	 could	 contribute	 to	

detecting	treatment	effects	in	AD	clinical	trials.		
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Supplementary	information	2.	MRI	acquisition	parameters	in	ADC.	

Structural	T1-weighted	images	were	acquired	as	part	of	routine	patient	care	
from	 nine	 different	 scanners.	 The	 following	 parameters	 were	 used:	 1.5T	
Siemens	Avanto:	Magnetization	 prepared	 rapid	 acquisition	 gradient	 echo	
(MPRAGE),	 coronal	 plane,	 repetition	 time	 (TR)	 2700	ms,	 echo	 time	 (TE)	
5.2	ms,	 inversion	 time	 (TI)	 950	ms,	 flip	 angle	 (FA)	 8°,	 voxel	 size	
1×1×1.5	mm3;	3T	GE	Discovery	MR750:	FSPGR,	sagittal	plane,	TR	7.8	ms,	TE	
3ms,	 FA	 12°,	 voxel	 size	 1	mm3;	 1T	 Siemens	Magnetom	 Impact:	MPRAGE,	
coronal	 plane,	 TR	 15	ms,	 TE	 7	ms,	 TI	 300	ms,	 FA	 15°,	 voxel	 size	
1×1×1.5	mm3;	3T	Philips	Ingenuity	PET/MR	system:	sagittal	turbo	field	echo	
(TFE),	sagittal	plane,	TR	7	ms,	TE	3	ms,	FA	12°,	voxel	size	1×1×1	mm3;	1.5T	
GE	SignaHDxt:	sagittal	fast	spoiled	gradient	echo	(FSPGR),	sagittal	plane,	TR	
12.4	ms,	TE	5.17	ms,	TI	450	ms,	FA	12°,	voxel	size	0.98×0.98×1.5	mm3;	3T	
GE	SignaHDxt:	FSPGR,	sagittal	plane,	TR	708	ms,	TE	7	ms,	FA	12°,	voxel	size	
0.98×0.98×1	mm3;	 1.5T	 Siemens	 Sonata:	 MPRAGE,	 coronal	 plane,	 TR	
2700	ms,	 TE	3.97	ms,	 TI	 950	ms,	 FA	8°,	 voxel	 size	 1×1×1.5	mm3;	 Toshiba	
Titan	3T:	sagittal	fast	field	echo	(FFE)	sequence	(TR	=	9,	TE	=	3,	TI	=	800,	FA	
=	7°,	1.00	x	1.00	x	1.00	mm	voxels);	1.5T	Siemens	Vision:	MPRAGE,	coronal	
plane,	TR	15	ms,	TE	7	ms,	FA	8°,	voxel	size	0.98×0.98×1.5	mm3.	
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Supplementary	Table	3.	Odds	ratios	of	abnormal	
biomarkers	to	predict	clinical	progression	in	ADNI	

	
		 Odds	(CI)	 p-value	  

Gamma	 3.35	(1.65	-	6.80)	 .001*	  

Lambda	 7.05	(2.27	-	21.92)	 .001*	  

Small-world	coefficient	 2.99	(1.43	-	6.25)	 .004*	  

P-tau	 3.86	(1.06	-	14.07)	 .040*	  

Hippocampal	volume	 2.46	(1.22	-	4.95)	 .012*	  

Odds	ratios	of	 logistic	regression	analysis	for	progression	of	prodromal	
AD	 subjects	 to	 dementia	 within	 two	 years.	 GM	 network	 cut-offs	 were	
determined	 in	 ADC	 and	 applied	 to	 ADNI.	 Results	 are	 shown	 for	 every	
abnormal	biomarker	with	95%	confidence	intervals;	Model	is	adjusted	for	
age,	sex,	education,	and	MRI	scanner;	CI:	confidence	interval;	*	p<0.05.	

 

	

 

 
	

Supplementary	Table	4.	Model	fit	comparisons	for	predicting	rapid	
progression	to	dementia.	 	
		 AUC	(CI)	 AIC	 p-value		  

Model	1:	p-tau	 0.54	(0.51	-	0.58)	 315.6	 	  

Model	2:	p-tau	+	HV	 0.64	(0.57	-	0.70)	 304.0	 <.001*	  

Model	3a:	p-tau	+	HV	+	small-world	 0.67	(0.60	-	0.73)	 303.0	 .082	  

Model	3b:	p-tau	+	HV	+	small-world	 0.70	(0.64	-	0.77)	 291.4	 <.001*	  
Output	of	logistic	regression	analyses	in	ADNI.	The	AIC	represents	the	model	fit.	The	P-
value	for	model	difference	compares	a	model	with	a	less	complex	model	(that	is	model	
2	 vs	 model	 1,	 and	 model	 3	 vs	 2).	 Model3a	 small-world	 abnormality	 cutpoint	
determined	in	ADC;	Model3b	small-world	abnormality	cutpoint	determined	in	ADNI.	
Abbreviations:	 AUC	 =	 Area	 under	 Curve;	 CI	 =	 	 Confidence	 Interval;	 AIC	 =	 Akaike’s	
Information	Criterion;	HV	=	Hippocampal	Volume.	
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SUMMARY	&	GENERAL	DISCUSSION	
In	the	following	sections,	the	key	findings	of	this	thesis	are	summarised,	and	

their	implications,	methodological	considerations	and	future	directions	are	

discussed	in	the	light	of	the	current	literature.	

	

Preclinical	pathological	changes	associated	with	future	cognitive	

decline		

Ab	positivity	in	cognitively	normal	(CN)	older	individuals	has	been	related	

to	an	increased	risk	of	future	cognitive	decline	(Donohue	et	al.	2017;	van	der	

Kall	 et	 al.	 2020).	 Moreover,	 the	 prevalence	 of	 amyloid	 abnormality	 in	

cognitive	normal	individuals	increases	with	age	(from	14%	at	age	50	to	47%	

at	 age	 90;	 Jansen	 et	 al.	 2022),	 with	 an	 increase	 in	 dementia	 prevalence	

occurring	approximately	20	years	later.	However,	the	relationship	between	

amyloid	 abnormality	 and	 cognitive	 decline	 in	 CN	 oldest-to-old	 (90+)	 has	

been	debated	(Richard	et	al.	2012;	Herrup	2015;	Morris	et	al.	2018).	Mostly	

by	cross-sectional	studies	that	have	demonstrated	extensive	AD	pathology	

at	 autopsy	 in	CN	 individuals	 (Haroutunian	 et	 al.	 2008;	 Savva	 et	 al.	 2009;	

Corrada	et	al.	2012),	however	in	order	to	better	understand	this	relationship	

repeated	cognitive	measures	are	necessary.	

In	chapter	2	we	observed	that	CN	individuals	from	the	EMIF-AD	90+	study	

with	abnormal	Ab	pathology	on	PET,	showed	regional	cortical	thinning	and	

a	faster	decline	on	memory	and	processing	speed	performance	over	time.	

This	 is	 in	 line	 with	 the	 findings	 of	 other	 nonagenarian	 and	 centenarian	

studies	(Zhao	et	al.	2018),	indicating	that	Ab	pathology	is	not	benign	and	is	

still	associated	with	cognitive	decline,	even	in	individuals	who	had	normal	

cognition	at	a	very	advanced	age.	Furthermore,	we	found	that	neuronal	loss	

in	 the	 parahippocampal	 cortex	 mediated	 the	 effects	 of	 Ab	 pathology	 on	

memory	and	language	decline.	This	is	consistent	with	previously	proposed	
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independent	 and	 synergistic	 effects	 of	 Ab	 and	 neurodegeneration	 on	

cognitive	 impairment	 in	younger	populations	and	 in	accordance	with	 the	

amyloid	cascade	hypothesis	(Chételat	et	al.	2011;	Wirth	et	al.	2013;	Bilgel	et	

al.	2018;	Svenningsson	et	al.	2019).		

In	 addition,	 we	 observed	 in	 CN	 90+	 individuals	 that	 atrophy,	

predominantly	 in	 the	 medial	 temporal	 lobe	 (MTL),	 was	 associated	 with	

cognitive	 decline,	 regardless	 of	 the	 presence	 of	 Ab	 pathology.	 This	

observation	may	be	explained	by	the	presence	of	other	pathologies	besides	

amyloid	 plaques.	 As	 TDP-43,	 a-synuclein,	 cerebrovascular	 burden,	 and	

hippocampal	sclerosis	are	common	in	the	oldest-old	and	important	factors	

contributing	to	non-amyloid	neuronal	damage	and	cognitive	decline	(Yu	et	

al.	2020;	Boyle	et	al.	2021;	Kawas	et	al.	2021).	This	hypothesis,	however,	

should	be	further	verified	by	future	autopsy	studies	in	this	cohort.	

The	effect	of	neurodegenerative	markers	on	cognitive	decline	was	

examined	 in	 greater	 detail	 in	chapter	3	 by	 comparing	 imaging,	 CSF,	 and	

blood-based	 'N'	 biomarkers.	 Using	 data	 from	 the	 subjective	 cognitive	

impairment	cohort	(SCIENCe),	we	found	that	the	N	markers	CSF	t-tau,	visual	

read	 of	medial	 temporal	 lobe	 atrophy	 (MTA),	 hippocampal	 volume	 (HV),	

serum	 neurofilament	 light	 (NfL),	 and	 serum	 glial	 fibrillary	 acidic	 protein	

(GFAP)	 only	moderately	 correlated	with	 each	 other.	 According	 to	 expert	

groups	 (Jack	 et	 al.	 2018),	 different	 N	 measures	 are	 considered	

interchangeable.	 The	 findings	 of	 our	 study,	 however,	 indicate	 that	 they	

cannot	 be	 used	 interchangeably	 since	 each	marker	 measures	 a	 different	

aspect	 of	 neurodegeneration.	 As	 per	 definition,	 tau	 and	NfL	 proteins	 are	

important	 for	 maintaining	 axonal	 integrity,	 (van	 Rossum	 et	 al.	 2012),		

whereas	MTA	and	HV	on	MRI	reflect	a	more	generic	loss	of	neuronal	tissue	

and	neuropil	(Bobinski	et	al.	1999;	Barkhof	et	al.	2007),	and	GFAP	indicates	

astroglial	 reactivity	 (Teunissen	 et	 al.	 2021).	While	 our	 study	 focused	 on	
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individuals	 with	 intact	 cognition,	 other	 studies	 have	 also	 reported	

discordances	between	biomarkers	within	an	ATN	category,	N	in	particular,	

across	the	AD	spectrum	(Guo	et	al.	2020;	Mattsson-Carlgren	et	al.	2020;	Lin	

et	 al.	 2021).	 Discordances	 between	 biomarkers	 may	 have	 significant	

implications,	such	as	when	used	as	outcome	measures	in	clinical	trials.	

	 Furthermore,	we	 investigated	 the	 predictive	 value	 of	 different	N	

biomarkers	 and	 found	 that	 HV,	 NfL,	 and	 GFAP	 contributed	 to	 clinical	

progression	beyond	the	effects	of	amyloid	and	tau.	This	is	in	accordance	with	

previous	studies	demonstrating	the	predictive	value	of	neurodegeneration	

markers	for	cognitive	decline,	and	indicate	that	the	 link	between	HV,	NfL,	

and	GFAP	pathology	with	clinical	progression	is	not	necessarily	dependent	

on	Ab	and	tau	pathology	(Altomare	et	al.	2019;	Jack	et	al.	2019;	Soldan	et	al.	

2019;	Ebenau	et	al.	2020;	Ingala	et	al.	2021).			

	

Understanding	brain	network	breakdown	in	Alzheimer’s	disease	

Both	 structural	 and	 functional	 network	 studies	 have	 shown	 that	 brain	

networks	of	individuals	with	AD	are	characterized	by	a	loss	of	small-world	

features,	 i.e.	 show	an	 increasingly	 random	network	 topology	 (Brier	 et	 al.	

2014;	Stam	2014;	Yu	et	al.	2021).	Changes	in	grey	matter	(GM)	networks	can	

be	observed	early	in	the	course	of	the	disease,	when	amyloid	is	becoming	

abnormal	 and	 before	 overt	 neuronal	 damage	 and	 clinical	 symptoms	

manifest	(Tijms	et	al.	2016;	ten	Kate	et	al.	2018;	Voevodskaya	et	al.	2018;	

Dicks	et	al.	2020).	Investigating	brain	network	changes	in	response	to	key	

pathological	 aggregates	 of	 AD	 may	 therefore	 contribute	 to	 a	 deeper	

understanding	of	the	pathophysiological	processes	in	pre-dementia	stages.	

In	chapter	4	we	examined	the	relationship	between	tau	aggregation	

and	 GM	 network	 alterations	 in	 individuals	 from	 the	 bioFINDER	 study	

spanning	the	continuum	of	CN	amyloid	negative,	CN	amyloid	positive,	MCI	
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due	 to	 AD,	 and	 AD	 dementia.	We	 found	 that	 a	 higher	 tau-PET	 load	 was	

associated	with	worse	 GM	 network	 abnormalities.	 It	 is	 possible	 that	 the	

relationship	between	tau	burden	and	GM	network	abnormalities	could	be	

primarily	driven	by	differences	in	disease	stage,	since	both	are	affected	by	

disease	severity.	However,	we	observed	this	association	within	each	disease	

stage	as	well,	suggesting	that	tau	aggregation	and	network	breakdown	are	

closely	interrelated	and	progressively	worsen	as	the	disease	progresses.	In	

Ab	 negative	 CN	 individuals,	 no	 relationship	 was	 observed	 between	 tau	

signal	 and	 GM	 network	 changes,	 suggesting	 that	 Ab	 positivity	 is	 a	

prerequisite	for	these	changes	to	occur.	At	a	regional	 level,	we	found	that	

default	 mode	 network	 (DMN)	 regions	 show	 the	 strongest	 correlation	

between	 tau	signals	and	 local	network	disruptions	 in	clustering	and	path	

length,	 whereas	 tau-associated	 changes	 in	 network	 degree	 were	 most	

profound	 in	 the	 MTL.	 We	 hypothesize	 that	 the	 observed	 relationship	

between	tau	pathology	and	brain	network	disruptions	may	be	explained	by	

findings	 from	 previous	 cellular	 and	 molecular	 studies	 showing	 that	 tau	

aggregates	 contribute	 to	 impaired	 axonal	 transport,	 resulting	 in	 further	

synaptic	loss	and	cortical	atrophy,	causing	substantial	network	damage	and	

impaired	 cognition	 (Ittner	 et	 al.	 2010;	 Spires-Jones	 and	 Hyman	 2014a;	

Menkes-Caspi	 et	 al.	 2015).	 For	 a	 better	 understanding	 of	 the	 underlying	

mechanism	 in	 humans,	 future	 studies	 must	 combine	 our	 measures	 with	

different	biomarkers.	Furthermore,	we	found	that	the	effect	of	tau	pathology	

on	 lower	 cognitive	 performance	was	 partially	mediated	 by	 a	 decrease	 in	

small-world	values.	Thus,	tau	and	small-world	values,	although	related,	also	

explain	unique	aspects	of	cognitive	decline.	

In	chapter	5	we	investigated	the	hypothesis	that	cortical	myelin	is	

decreased	 in	 AD	 using	 the	 T1/T2-weighted	 ratio	 in	 the	 Amsterdam	

Dementia	 Cohort.	 Contrary	 to	 our	 hypothesis,	 we	 observed	 a	 higher	
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T1w/T2w	signal	in	AD	dementia	patients	as	compared	to	healthy	controls,	

with	 the	 largest	 differences	 observed	 in	 DMN	 regions.	 Previous	 studies	

showing	 that	 lower	 T1w/T2w	 values	 are	 observed	 frequently	 in	 non-AD	

brain	diseases	such	as	multiple	sclerosis,	suggest	that	these	values	reflect	a	

loss	of	myelin	content.	In	contrast,	associations	between	a	higher	T1w/T2w	

ratio	and	higher	amyloid	load	in	preclinical	AD	subjects	has	been	reported	

as	well	(Yasuno	et	al.	2017).		

The	T1w/T2w	ratio	was	introduced	as	a	myelin	proxy	in	2011	and	

has	 shown	 close,	 albeit	 qualitative,	 correspondence	with	 histology-based	

myelin	maps	 (Glasser	 and	 van	 Essen	 2011;	 Glasser	 et	 al.	 2014),	 myelin-

associated	genes	(Ritchie	et	al.	2018),	and	sensitivity	to	myelin	disruptions	

in	 a	 variety	 of	 diseases	 including	 multiple	 sclerosis,	 schizophrenia,	 and	

bipolar	 disorder	 (Iwatani	 et	 al.	 2015;	 Ishida	 et	 al.	 2017;	Nakamura	 et	 al.	

2017;	 Righart	 et	 al.	 2017).	 However,	 concerns	 have	 also	 been	 raised	

regarding	 the	microstructural	 correlates	of	 the	T1w/T2w	ratio,	 including	

studies	 showing	 stronger	 associations	with	 neurite	 and	 dendrite	 density	

than	with	myelin	density	(Righart	et	al.	2017;	Petracca	et	al.	2020;	Preziosa	

et	 al.	 2021).	 Furthermore,	 studies	 investigating	 other	 pathological	

conditions,	 such	as	Huntington’s	disease,	Parkinson	disease,	 and	Multiple	

System	Atrophy	have	also	 reported	 increased	T1w/T2w	values	 (Du	et	al.	

2018;	Rowley	et	al.	2018;	Ponticorvo	et	al.	2021;	Boaventura	et	al.	2022).	

The	higher	T1w/T2w	ratio	in	our	study	was	associated	with	higher	CSF	t-

tau	concentrations	and	worse	cognition,	indicating	pathological	changes.	A	

possible	explanation	for	the	increased	T1w/T2w	signal	in	AD	is	increased	

iron	depositions.	As	iron	colocalizes	with	myelin	and	is	frequently	present	

around	Aβ	plaques,	 it	 can	 strongly	 decrease	 the	T2w	 signal,	which	 could	

have	contributed	to	the	higher	T1w/T2w	ratio	observed	in	AD	(Fukunaga	et	

al.	2010;	Ward	et	al.	2014).	This	iron	hypothesis	is	supported	by	the	finding	
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that	brain	regions	known	to	be	vulnerable	in	AD	and	to	have	a	high	amyloid	

burden,	 such	 as	 the	 precuneus	 and	 cingulate	 cortex,	 showed	 the	 highest	

T1w/T2w	ratios.	However,	a	recent	study	by	Luo	et	al.	(2019)	found	lower	

T1w/T2w	ratios	in	the	hippocampus	and	the	inferior	parietal	lobule	of	AD	

patients	compared	to	healthy	controls,	and	Rokicki	et	al.	(2021)	found	no	

differences	between	AD	dementia	patients	and	healthy	controls	in	cortical	

T1w/T2w	ratios.	

Taken	together,	the	heterogeneity	of	results	across	studies	suggest	

that	the	T1w/T2w	ratio	does	not	only	reflect	myelin	content.	It	is	likely	that	

factors	other	than	demyelination	influence	the	T1w/T2w	signal	in	AD,	since	

signal	 intensities	 can	 be	 influenced	 by	 a	 variety	 of	 biological	 and	 non-

biological	 factors.	 Combined	 imaging	 and	 histological	 research	 is	 needed	

since	we	currently	do	not	have	a	comprehensive	understanding	of	what	the	

T1w/T2w	ratio	is	measuring	and	how	it	may	be	affected	by	factors	such	as	

iron	deposition	and	inflammation	in	AD.	

	

Predicting	clinical	progression	in	pre-dementia	Alzheimer’s	disease		

Preceding	 sections	 summarised	 our	 findings	 regarding	 the	 relationship	

between	 AD	 pathology	 and	 structural	 brain	 changes,	 as	 well	 as	 the	

association	of	Ab	plaques,	tau	tangles,	neurodegeneration	and	GM	network	

disruptions	with	clinical	decline.	 In	chapter	6	we	examined	whether	 this	

knowledge	 can	 be	 applied	 to	 accurate	 prognosis	 at	 the	 patient	 level.	 In	

prodromal	AD	individuals,	we	developed	cut-offs	for	abnormal	GM	network	

measures	 that	were	 predictive	 of	 the	 progression	 to	 dementia	within	 24	

months.	The	cut-offs,	which	were	determined	in	the	Amsterdam	Dementia	

Cohort,	 were	 able	 to	 detect	 fast	 disease	 progression	 in	 an	 independent	

cohort	with	65%	accuracy	in	MCI	patients	with	biomarker	evidence	of	Ab	

pathology.	We	further	showed	that	when	combining	GM	network	measures	
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with	CSF	p-tau	and	hippocampal	volume	measures,	the	accuracy	of	detecting	

prodromal	AD	individuals	with	rapid	progression	in	the	validation	cohort	

increased	to	72%.	

Selection	 of	 individuals	 who	 are	 likely	 to	 show	 cognitive	 decline	

within	a	typical	AD	trial	window	of	18-24	months	is	of	great	importance	as	

this	can	substantially	increase	the	power	to	detect	treatment	effects,	which	

in	 turn	will	 reduce	 the	required	sample	size	 (Cummings	et	al.	2019).	Our	

work	showed	that	a	hypothetical	24-month	study	to	reach	80%	power	for	

detecting	a	25%	slowing	in	the	annual	rate	of	decline	on	the	CDR-sb	would	

require	 ±	 490	MCI	 subjects	 with	 proven	 amyloid	 pathology.	 Taking	 into	

account	abnormal	small	world	values,	this	sample	size	decreased	by	24%	to	

370	individuals,	and	by	46%	to	262	individuals	when	hippocampal	volume	

and	 p-tau	 values	 were	 also	 abnormal.	 This	 suggests	 that	 GM	 network	

measures	might	be	helpful	in	addition	to	p-tau	and	hippocampal	values	to	

select	 those	 individuals	 who	 will	 show	 fast	 disease	 progression	 over	 a	

relatively	short	period	of	time.	

	

Implications	and	future	directions	

In	 this	 thesis,	 a	 central	 concept	 is	 that	 different	 measures	 of	

neurodegeneration	 in	 Alzheimer's	 disease	 play	 distinct	 roles	 in	 cognitive	

decline.	Additionally,	we	demonstrated	that	Ab	abnormality	in	individuals	

who	remain	cognitively	intact	over	the	age	of	90	is	still	associated	with	an	

increased	 risk	 of	 cognitive	 decline	 in	 the	 future.	 A	 common	 argument	 to	

argue	 that	 there	 is	no	causal	 link	between	amyloid	plaques	and	cognitive	

decline	is	that	such	very	old	individuals	can	demonstrate	abnormal	levels	of	

amyloid	 while	 their	 cognition	 remains	 intact.	 However,	 this	 argument	 is	

largely	based	on	cross-sectional	research	from	which	it	is	unknown	whether	

cognition	will	still	decline	when	individuals	live	long	enough.	Based	on	our	
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findings	 in	 the	 oldest-old,	we	 conclude	 that	 Ab	 deposition	 should	 not	 be	

considered	 to	 be	 a	 part	 of	 the	 ‘normal’	 ageing	 process,	 since	 it	 was	 a	

significant	predictor	of	cognitive	decline	over	time.	Furthermore,	our	results	

suggest	 that	 other	 pathologies	 may	 also	 contribute	 to	 cognitive	 decline,	

since	atrophy,	in	addition	to	Ab,	was	also	associated	with	cognitive	decline.	

In	 order	 to	 better	 study	 these	 relationships	 in	 the	 oldest-old,	 further	

development	of	specific	markers	of	other	common	pathological	processes,	

such	as	a-synuclein	or	TDP-43,	is	highly	anticipated.	

The	 results	 in	 this	 thesis	 also	 emphasize	 the	 complexity	 and	

multifactoriality	of	the	neurobiological	mechanisms	underlying	AD.	In	order	

to	improve	the	understanding	of	these	pathophysiological	processes,	future	

studies	should	examine	a	wide	range	of	biomarkers	which	cover	many	of	

these	processes	in	the	same	individual.	In	addition,	longitudinal	modelling	

within	 the	 same	 individuals	 would	 enhance	 our	 understanding	 of	 the	

temporal	trajectories	and	interactions	of	biomarker	changes	and	their	utility	

in	 predicting	 disease	 progression.	 This	 thesis	 demonstrates,	 for	 example,	

that	different	'N'	biomarkers	reflect	different	disease	aspects,	which	may	be	

further	complicated	by	the	possibility	that	pathological	events	may	occur	at	

distinct	points	during	disease	progression,	and	their	interrelationships	may	

differ	depending	on	disease	stage,	as	well	as	by	 individual.	Several	recent	

developments	 in	 other	 non-specific	markers	 of	 synaptic	 dysfunction	 (i.e.	

SV2A-PET,	CSF	Ng,	CSF	SNAP-25),	and	neuroaxonal	degeneration	(i.e.	CSF	

and	 plasma	 NfL)	 may	 contribute	 to	 an	 improved	 determination	 of	 an	

individual’s	 position	 in	 the	 pathophysiological	 continuum	 and	 provide	

prognostic	 information,	 which	 is	 highly	 important	 when	 selecting	

participants	and	assessing	treatment	effects	in	clinical	trials.	Furthermore,	

the	integration	of	neuroimaging	data	with	omics	data	may	provide	valuable	

contributions	to	precision	medicine.		
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Additionally,	our	research	highlights	the	role	of	brain	networks	 in	

further	understanding	the	pathophysiology	of	AD.	GM	networks	have	been	

found	to	be	sensitive	to	early	disease	changes	in	AD.	These	changes	might	

not	be	evident	yet	from	other	structural	imaging	measures	such	as	atrophy	

and	DTI	 since	GM	networks	also	account	 for	 the	 intrinsic	organization	of	

cortical	 morphology	 (Zhou	 et	 al.	 2011;	 Reid	 and	 Evans	 2013;	 Guo	 et	 al.	

2014).	Ab	accumulation	has	previously	been	related	to	synaptic	dysfunction	

(Oddo	 et	 al.	 2003;	 Spires-Jones	 and	 Hyman	 2014b)	 and	 changes	 in	 GM	

networks	already	in	preclinical	AD	stages	(ten	Kate	et	al.	2018;	Voevodskaya	

et	 al.	 2018).	 GM	 network	 alterations	 may	 indicate	 increased	 axonal	 loss	

(Vermunt	2020)	due	to	tau	phosphorylation	(Spires-Jones	et	al.	2009).	This	

is	consistent	with	our	work	showing	a	close	association	between	increased	

tau	burden	and	GM	network	disruptions.	In	turn,	this	leads	to	an	increase	in	

neuronal	loss,	resulting	in	cognitive	impairments	(Figure	1).	

Abnormalities	 in	 grey	 matter	 networks	 have	 shown	 to	 robustly	

predict	clinical	progression.	There	is	a	high	need	for	markers	able	to	predict	

rapid	short-term	disease	progression	considering	the	large	heterogeneity	in	

disease	 progression	 among	 individuals	 with	 abnormal	 Ab,	 with	 some	

individuals	 remaining	 stable	 for	 several	 years	 (Donohue	 et	 al.	 2017).	 In	

addition,	for	individual-level	application	of	predictive	biomarkers,	reliable	

cut-offs	must	be	established.	Since	imaging	markers	are	largely	influenced	

by	 interindividual	 factors	such	as	age	and	sex,	 it	can	be	rather	difficult	 to	

determine	abnormality.	We	demonstrated	that	robust	cut-off	determination	

was	 possible	 for	 GM	 network	 measures,	 since	 the	 cut-offs	 performed	

similarly	in	ADNI	and	ADC,	which	are	two	very	different	cohorts.	This	opens	

the	door	for	selecting	the	best	candidates	for	AD	clinical	trials,	which	enrol	

individuals	from	different	centres	that	frequently	use	different	scanners	and	

scanner	 settings.	 Moreover,	 our	 results	 suggest	 that	 one	 marker	 is	 not	



Chapter	7	

	244	

sufficient	 to	 capture	 fast	 decline,	 since	 the	 best	 predictive	 accuracy	 was	

observed	 when	 abnormal	 GM	 network	 measures	 were	 combined	 with	

hippocampal	 volume	 and	 tau	 pathology.	 Further	 studies	 are	 needed	 to	

determine	 which	 combination	 of	 markers	 is	 most	 effective	 at	 capturing	

decline	in	the	short	timeframe	of	a	clinical	trial.	
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Methodological	considerations	

The	results	presented	in	this	thesis	must	be	interpreted	in	light	of	several	

methodological	considerations.	First,	we	constructed	brain	networks	using	

a	 single-subject	 grey	matter	 network	 approach,	 resulting	 in	 networks	 of	

different	 size	 and	 degree.	 Although	 this	 preserves	 inter-individual	

differences,	 it	 may	 also	 influence	 the	 subsequent	 higher	 level	 network	

measures,	which	have	been	shown	to	be	dependent	on	the	total	number	of	

connections	in	a	network	(van	Wijk	et	al.	2010;	van	den	Heuvel	et	al.	2017).	

To	 overcome	 this	 bias,	 our	 analyses	 were	 performed	 using	 normalised	

network	measures,	 in	which	 the	network	of	 interest	 and	 the	 randomised	

networks	 are	 of	 equal	 size	 and	degree	which	may	 largely	 cancel	 out	 this	

effect.	 Furthermore,	 we	 included	 the	 network’s	 connectivity	 density	

(degree/size)	as	a	covariate	during	statistical	analysis	to	limit	the	possibility	

of	 confounding	 effects.	 An	 alternative	 approach	 would	 have	 been	 to	

normalise	 all	 networks	 to	 be	 of	 the	 same	 size	 and	 degree.	 However,	 in	

dysconnectivity	disorders	such	as	AD,	such	a	procedure	could	introduce	a	

large	 number	 of	 false	 positive	 connections,	 resulting	 in	 an	 artificially	

random	network	(Tijms	et	al.	2013).	It	remains	a	challenging	problem	how	

to	 best	 deal	 with	 this	 methodological	 issue	 in	 the	 context	 of	 disease.	

Additionally,	GM	networks	reflect	the	organisation	of	grey	matter	structure	

in	the	brain,	and	their	relationship	with	axonal	connectivity	as	captured	with	

DTI,	 as	well	 as	with	 functional	 connectivity	 as	measured	with	 functional	

MRI,	remains	 largely	unclear.	 It	 is	 likely	that	the	different	modalities	may	

capture	 different	 aspects	 of	 dysconnectivity	 in	 AD,	 which	 remains	 to	 be	

explored	in	greater	depth.	Furthermore,	 the	biomarkers	presented	 in	this	

thesis	are	by	no	means	exhaustive.	A	large	range	of	other	neuronal,	axonal	

and	 synaptic	 injury	 biomarkers	 are	 available	 today,	 including	

fluorodeoxyglucose	 (FDG)-PET,	 SV2A-PET,	 structural	 and	 functional	
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connectivity,	 SNAP-25,	 VILIP1,	 and	 neurogranin	 (Zetterberg	 and	 Bendlin	

2021).	

	

Conclusion	

Rapid	 advances	 in	 in	 vivo	 AD	 pathology	 biomarkers	 have	 tremendously	

contributed	 to	 the	 understanding	 of	 the	 pathophysiological	 processes	

leading	 to	 dementia,	 while	 also	 exposing	 the	 complexity	 of	 the	

pathophysiology	 of	 AD.	 This	 thesis	 investigated	 the	 interplay	 among	 Ab	

deposition,	 tau	 aggregation,	 brain	 network	 alterations,	 and	 atrophy	

mechanisms	underlying	clinical	progression.	By	studying	early	biomarker	

changes	and	their	relationship	to	clinical	progression,	we	are	able	to	gain	a	

better	 understanding	 of	 how	 these	 biological	 processes	 contribute	 to	 AD	

progression	 which	 will	 be	 essential	 to	 developing	 early	 and	 targeted	

effective	treatments	as	well	as	more	accurate	individual-specific	prognoses.	
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Inleiding	

	
Het	Alzheimer	continuüm		

De	 ziekte	 van	 Alzheimer	 is	 een	 progressieve	 neurodegeneratieve	

aandoening	en	de	meest	voorkomende	vorm	van	dementie.	Van	oudsher	is	

de	diagnose	Alzheimer	gebaseerd	op	de	klinische	presentatie	van	de	patiënt;	

progressieve	stoornissen	in	meerdere	cognitieve	domeinen	die	interfereren	

met	activiteiten	van	het	dagelijks	leven.	Een	definitieve	biologische	diagnose	

was	alleen	mogelijk	door	autopsie	te	verrichten.	Bij	pathologisch	onderzoek	

bleek	 echter	 ongeveer	 een	 derde	 van	 de	 patiënten	 met	 een	 klinische	

Alzheimer	 dementie	 diagnose,	 géén	 neuropathologische	 verschijnselen	 te	

vertonen	die	passend	zijn	bij	de	ziekte	van	Alzheimer.		

	 Gedurende	 de	 laatste	 twee	 decennia	 heeft	 de	 ontwikkeling	 van	

biomarkers,	 die	 de	 aanwezigheid	 van	 Alzheimer	 pathologie	 in	 levende	

mensen	aan	kunnen	tonen,	het	Alzheimer	onderzoeksveld	getransformeerd.	

De	 belangrijkste	 pathologische	 kenmerken	 van	 de	 ziekte	 van	 Alzheimer,	

amyloïd-b	 (Ab)	 plaques	 en	 tau	 neurofibrillaire	 kluwens,	 kunnen	 in	 vivo	

aangetoond	worden	met	behulp	van	positron	emissie	tomografie	(PET),	in	

het	hersenvocht	(liquor)	en	sinds	kort	ook	in	het	bloed.	Daarnaast	kan	het	

afsterven	 van	 de	 hersencellen	 (neurodegeneratie)	 goed	 in	 kaart	 worden	

gebracht	met	behulp	van	structurele	magnetische	resonantie	beeldvorming	

(MRI).	 Deze	 ontwikkelingen	 hebben	 bijgedragen	 aan	 het	 inzicht	 dat	 de	

eerste	pathologische	veranderingen	al	 zo’n	20	 jaar	aanwezig	zijn	vòòr	de	

presentatie	van	de	eerste	dementie	symptomen.		
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	 Volgens	de	amyloïd	cascade	hypothese	speelt	de	ophoping	van	Ab	

een	 initiërende	 rol	 in	 het	 ontstaan	 van	 de	 ziekte	 en	 ontketent	 deze	 een	

cascade	 van	 gebeurtenissen	 die	 zorgen	 voor	 synaptische	 disfunctie,	 de	

vorming	 van	neurofibrillaire	 kluwens,	 inflammatie,	 verlies	 van	neuronen,	

cognitieve	stoornissen	en	uiteindelijk	dementie.	Dit	inzicht	heeft	geleid	tot	

een	 conceptuele	 verschuiving	 van	 een	 puur	 klinisch	 op	 symptomen	

gebaseerde	 ziekte	 van	 Alzheimer,	 tot	 een	 biologisch	 construct	 met	 een	

continuüm	 van	 preklinische,	 prodromale	 en	 dementie	 fases.	 Met	 andere	

woorden,	ongeacht	de	klinische	presentatie	definiëren	nu	biomarkers	van	

de	 onderliggende	 pathologie	 de	 ziekte	 van	 Alzheimer.	 Deze	 inzichten	

hebben	 geleid	 tot	 de	 publicatie	 van	 het	 ‘ATN’	 onderzoeksmodel	 dat	 een	

binaire	 classificering	 van	 drie	 Alzheimer	 biomarkers	 (A	 =	 Amyloïd,	 T	 =	

hypergefosforyleerd	 Tau,	 N	 =	 Neurodegeneratie)	 gebruikt,	 waardoor	 de	

ziekte	 van	 Alzheimer	 gedefinieerd	 kan	 worden	 op	 basis	 van	 de	

aanwezigheid	van	A+T+	pathologie,	terwijl	N	biomarkers	niet	specifiek	zijn	

voor	de	ziekte	van	Alzheimer	maar	gebruikt	kunnen	worden	voor	stadiëring	

van	de	ziekte.		

	

Beeldvormende	correlaten	van	neurodegeneratie	

Het	 toenemende	 verlies	 van	 synapsen	 en	 neuronen	 zijn	 karakteristieke	

neurodegeneratieve	 kenmerken	 van	 de	 ziekte	 van	 Alzheimer	 en	 deze	

hangen	 nauw	 samen	 met	 cognitieve	 achteruitgang.	 De	 grijze	 stof	 in	 de	

hersenen	bestaat	uit	neuronale	cellen	en	hun	verbindingen,	veranderingen	

in	 de	 grijze	 stof	 kan	 in	 vivo	 door	 middel	 van	 structurele	 MRI	 in	 kaart	

gebracht	worden.	Verschillende	grijze	stof	integriteit	biomarkers	laten	een	

nauwe	 samenhang	 zien	 met	 cognitieve	 stoornissen	 en	 bevatten	

prognostische	waarde	om	al	 in	 een	 vroeg	 ziektestadium	achteruitgang	 te	

voorspellen.	 Echter	 kan	 tot	 op	 heden	 het	 mechanisme	 van	 cognitieve	
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achteruitgang	 in	 de	 ziekte	 van	Alzheimer	 niet	 volledig	 verklaard	worden	

door	 de	 grijze	 stof	 integriteit.	 Ook	 is	 het	 nog	 niet	 volledig	 duidelijk	 hoe	

neurodegeneratie	 samenhangt	 met	 Alzheimer	 pathologie	 biomarkers	 in	

verschillende	 ziektestadia.	 In	 dit	 proefschrift	 hebben	 we	 vier	

neurodegeneratieve	 maten	 onderzocht	 die	 veranderen	 gedurende	 de	

ontwikkeling	van	de	ziekte	van	Alzheimer:	hippocampaal	volume,	corticale	

dikte,	grijze	stof	netwerken	en	corticale	myeline.	Daarnaast	hebben	we	 in	

kaart	 gebracht	 hoe	 deze	 maten	 samenhangen	 met	 Alzheimer	 pathologie	

biomarkers	en	klinische	progressie.		

	

Het	doel	van	dit	proefschrift	

Het	doel	van	dit	proefschrift	 is	om	de	complexe	relaties	tussen	Alzheimer	

pathologie	markers	(amyloïd	en	tau)	met	structurele	hersenveranderingen	

(waaronder	maten	van	neuronale	schade	en	hersennetwerkveranderingen)	

beter	 te	 begrijpen	 en	 de	 samenhang	 met	 cognitieve	 achteruitgang	 en	

klinische	progressie	in	verschillende	stadia	van	de	ziekte	van	Alzheimer	te	

onderzoeken.		

De	onderzoeken	richten	zich	op	drie	specifieke	doelstellingen:	

1. Het	 in	 kaart	 brengen	 van	 de	 directe	 en	 indirecte	 effecten	 van	
amyloïd	pathologie	en	verschillende	neurodegeneratieve	maten	op	

cognitieve	 achteruitgang	 in	 de	 toekomst	 bij	mensen	met	 normale	

cognitie	(H.	2,	3).	

2. Een	beter	begrip	 van	hoe	grijze	 stof	netwerken	en	myeline	proxy	
maten	veranderen	in	reactie	op	pathologische	eiwitten	in	de	ziekte	

van	Alzheimer	(H	4,	5).	

3. Onderzoeken	of	grijze	stof	netwerken,	alleen	danwel	gecombineerd	
met	 andere	 prognostische	 biomarkers,	 patiënten	met	 prodromale	
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Alzheimer	 kan	 identificeren	 die	 snelle	 klinische	 progressie	 zullen	

vertonen.		

	

De	hoofdlijnen		

In	hoofdstuk	2	hebben	we	onderzocht	hoe	abnormaal	Ab	samenhangt	met	

cognitieve	achteruitgang	in	cognitief	normale	mensen	die	ouder	zijn	dan	90	

jaar	en	in	hoeverre	deze	effecten	gemedieerd	worden	door	corticale	atrofie.	

In	 hoofdstuk	 3	 hebben	 we	 verschillende	 neurodegeneratieve	 maten	

vergeleken	 en	 hun	 voorspellende	 waarde	 voor	 klinische	 progressie	

berekend	in	mensen	met	subjectieve	cognitieve	achteruitgang.		

In	hoofdstuk	4	 hebben	we	de	 relatie	 tussen	 tau	deposities	 en	 grijze	 stof	

netwerkveranderingen	 onderzocht	 in	 patiënten	 binnen	 het	 Alzheimer	

spectrum.		

In	hoofdstuk	 5	 hebben	we	 T1-w/T2-w	 ratio	waardes	 vergeleken	 tussen	

mensen	 met	 normale	 cognitie	 en	 patiënten	 met	 Alzheimer	 dementie,	 en	

onderzocht	in	hoeverre	neuronale	schade,	witte	stof	hyperintensiteiten	en	

cognitief	functioneren	leidden	tot	veranderingen	in	T1-w/T2-w	waarden.	

In	hoofdstuk	6	 hebben	we	 onderzocht	 of	 grijze	 stof	 netwerken	 gebruikt	

kunnen	worden	om	patiënten	met	prodromale	Alzheimer	 te	 identificeren	

die	snelle	ziekteprogressie	zullen	vertonen.		
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Samenvatting	en	discussie	

In	 de	 volgende	 sectie	 worden	 de	 belangrijkste	 bevindingen	 van	 dit	

proefschrift	samengevat	en	geplaatst	in	de	context	van	de	huidige	literatuur,	

mede	 als	 de	 implicaties,	 methodologische	 kanttekeningen	 en	

toekomstperspectieven.		

	

De	samenhang	van	preklinische	pathologische	veranderingen	met	

cognitieve	achteruitgang.	

Abnormaal	 Ab	 in	 cognitief	 normale	 (CN)	 ouderen	 is	 gerelateerd	 aan	 een	

verhoogd	risico	op	cognitieve	achteruitgang	in	de	toekomst.	De	prevalentie	

van	abnormaal	Ab	in	CN	mensen	neemt	toe	met	de	leeftijd	(»14%	50	jaar	tot	

47%	 90	 jaar),	 gevolgd	 door	 een	 toename	 in	 de	 dementie	 prevalentie	

ongeveer	20	jaar	later.	Echter,	in	de	‘oudste	ouderen’	(90+	jaar)	worden	er	

vraagtekens	 gezet	 bij	 de	 samenhang	 tussen	 abnormaal	 amyloïd	 in	 CN	

ouderen	en	cognitieve	achteruitgang.	Met	name	als	gevolg	van	resultaten	uit	

cross-sectioneel	autopsie	onderzoek	dat	uitgebreide	pathologie	passend	bij	

de	ziekte	van	Alzheimer	laat	zien	in	CN	ouderen.	Echter,	om	deze	samenhang	

beter	te	kunnen	begrijpen	zijn	herhaalde	cognitieve	metingen	noodzakelijk.		

In	hoofdstuk	2	hebben	we	geobserveerd	dat	CN	deelnemers	van	de	

EMIF-AD	 90+	 studie	 met	 een	 abnormale	 amyloïd	 PET	 scan,	 regionale	

corticale	 krimp	 en	 een	 snellere	 achteruitgang	 in	 het	 geheugen	 en	

verwerkingssnelheid	 lieten	 zien.	 Deze	 bevindingen	 komen	 overeen	 met	

eerdere	studies	met	negentig-	en	honderdjarige	deelnemers,	en	suggereert	

dat	 Ab	 pathologie	 niet	 benigne	 is	 en	 geassocieerd	 is	 met	 cognitieve	

achteruitgang,	zelfs	in	individuen	met	normale	cognitie	op	zeer	oude	leeftijd.	

Bovendien	 hebben	 we	 in	 dit	 onderzoek	 aangetoond	 dat	 het	 verlies	 van	

neuronen	 in	de	parahippocampale	cortex	het	effect	van	Ab	pathologie	op	

achteruitgang	van	het	geheugen	en	taal	medieert.	Dit	is	in	overeenstemming	
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met	eerder	voorgestelde	onafhankelijke	en	synergistische	effecten	van	Ab	

en	neurodegeneratie	op	cognitieve	stoornissen	in	jongere	populaties	en	in	

lijn	met	de	amyloïd	cascade	hypothese.		

Daarnaast	 observeerden	 we	 in	 CN	 negentigplussers	 dat	 atrofie,	

voornamelijk	 in	 de	 mediaal	 temporaal	 kwab,	 geassocieerd	 was	 met	

cognitieve	achteruitgang	ongeacht	de	aanwezigheid	van	Ab	pathologie.	Deze	

observatie	 kan	 mogelijk	 verklaard	 worden	 door	 de	 aanwezigheid	 van	

andere	 pathologieën	 dan	 amyloïde	 plaques.	 TDP-43,	 a-synucleïne,	

cerebrovasculaire	 aandoeningen	 en	 hippocampale	 sclerose	 komen	 vaak	

voor	 in	 de	 oudste-ouderen	 en	 zijn	 tevens	 belangrijke	 drijvers	 van	 niet-

amyloïd	gerelateerde	neuronale	schade	en	cognitieve	achteruitgang.	Echter	

dient	 deze	 hypothese	 verder	 geverifieerd	 te	 worden	 met	 toekomstig	

autopsie	onderzoek	in	dit	cohort.		

In	 hoofdstuk	 3	 hebben	 we	 het	 effect	 van	 neurodegeneratieve	

markers	 op	 cognitieve	 achteruitgang	 verder	 in	 kaart	 gebracht	 door	

verscheidene	 ‘N’	biomarkers	uit	het	hersenvocht,	bloed	en	hersenscans	te	

vergelijken.	Met	 behulp	 van	 data	 van	 het	 subjectieve	 cognitieve	 klachten	

cohort	(SCIENCe),	hebben	we	vastgesteld	dat	de	N	markers	liquor	totaal-tau	

(t-tau),	visuele	beoordeling	van	atrofie	in	de	mediaal	temporaalkwab	(MTA),	

hippocampaal	 volume	 (HV),	 serum	 neurofilament	 lichte	 keten	 (NfL)	 en	

serum	 gliaal	 fibrillair	 zuur	 eiwit	 (GFAP)	 maar	 matig	 met	 elkaar	

correleerden.	Op	dit	moment	beschouwen	expertgroepen	de	verschillende	

N	maten	als	onderling	verwisselbaar.	Onze	bevindingen	wijzer	er	echter	op	

dat	deze	niet	geschikt	zijn	om	uitwisselbaar	te	gebruiken	omdat	elke	marker	

een	ander	aspect	van	neurodegeneratie	meet.	Bovendien	zijn	per	definitie	

tau	en	NfL	belangrijke	eiwitten	voor	axonale	integriteit,	terwijl	MTA	en	HV	

op	 MRI	 meer	 generiek	 het	 verlies	 van	 neuronaal	 weefsel	 en	 neuropil	

weergeven	 en	 GFAP	 als	 een	 marker	 voor	 reactieve	 astrogliose	 wordt	
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beschouwd.	 Ons	 onderzoek	 richtte	 zich	 op	 mensen	 waarbij	 de	 cognitie	

volledig	intact	was;	andere	studies	hebben	ook	binnen	het	gehele	Alzheimer	

spectrum	de	discordantie	tussen	biomarkers	binnen	een	ATN	categorie,	met	

name	N,	aangetoond.	Biomarker	discordanties	kunnen	belangrijke	gevolgen	

hebben	 voor	 klinische	 trials,	 bijvoorbeeld	 als	 deze	 gebruikt	 worden	 als	

uitkomstmaat.		

Vervolgens	hebben	we	in	deze	studie	ook	de	voorspellende	waarde	

van	verschillende	N	biomarkers	getest	en	zagen	we	dat	HV,	NfL	en	GFAP	

bijdragen	aan	klinische	progressie	bovenop	het	effect	van	amyloïd	en	tau.	

Dit	 is	 in	 lijn	 met	 eerdere	 studies	 die	 de	 voorspellende	 waarde	 van	

neurodegeneratieve	markers	voor	cognitieve	achteruitgang	aantoonden	en	

laat	zien	dat	het	verband	tussen	HV,	NfL	en	GFAP	pathologie	met	klinische	

progressie	niet	afhankelijk	hoeft	te	zijn	van	Ab	en	tau	pathologie.		

	

Verstoringen	in	hersennetwerken	bij	de	ziekte	van	Alzheimer	

Zowel	 structurele	 als	 functionele	 netwerkstudies	 hebben	 laten	 zien	 dat	

hersennetwerken	 in	patiënten	met	Alzheimer	dementie	 een	verminderde	

‘small-world’	organisatie	laten	zien,	m.a.w.	in	toenemende	mate	een	random	

netwerk	topologie	weergeven.	Veranderingen	in	grijze	stof	(GS)	netwerken	

kunnen	al	in	een	vroege	fase	van	de	ziekte	geobserveerd	worden,	oftewel	op	

het	 moment	 dat	 amyloïd	 abnormaal	 wordt	 en	 nog	 voordat	 er	 duidelijke	

neuronale	schade	en	klinische	symptomen	zijn.	Inzicht	in	hoe	pathologische	

eiwit	aggregaten	veranderingen	in	het	hersennetwerk	teweegbrengen	kan	

ons	daarom	meer	duidelijkheid	geven	in	de	pathofysiologische	processen	in	

het	pre-dementie	stadium	van	de	ziekte.		

	 In	hoofdstuk	4	hebben	we	de	relatie	tussen	tau	aggregatie	en	GS-

netwerkveranderingen	onderzocht	in	deelnemers	van	de	bioFINDER	studie	

die	het	gehele	spectrum	van	CN	amyloïd	negatieve,	CN	amyloïd	positieve,	
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prodromale	Alzheimer	 en	Alzheimer	 dementie	 omvatten.	We	 vonden	 dat	

een	hogere	hoeveelheid	tau	pathologie	gemeten	met	PET,	gerelateerd	was	

aan	 meer	 GS-netwerkafwijkingen.	 Aangezien	 zowel	 de	 mate	 van	 tau	

pathologie	als	GS-netwerkafwijkingen	toenemen	wanneer	de	ernst	van	de	

ziekte	 toeneemt,	 kan	 deze	 relatie	 voornamelijk	 terug	 te	 leiden	 zijn	 naar	

verschillen	in	ziektestadium.	Echter,	observeerden	we	deze	associatie	ook	

binnen	 elk	 ziektestadium,	 hetgeen	 suggereert	 dat	 tau	 aggregatie	 en	

netwerkverstoring	 nauw	 verbonden	 zijn	 en	 verergeren	 verder	 in	 het	

ziekteproces.	 We	 zagen	 geen	 relatie	 tussen	 tau	 signaal	 en	 GS-

netwerkveranderingen	 in	 Ab	 negatieve	 deelnemers,	 wat	 impliceert	 dat	

afwijkend	Ab	 een	vereiste	 is	voor	deze	geobserveerde	veranderingen.	Op	

regionaal	 niveau	 vonden	 we	 dat	 hersengebieden	 in	 het	 default	 mode	

network	 (DMN)	 de	 sterkste	 samenhang	 tussen	 tau	 signaal	 en	 lokale	

netwerkverstoringen	 in	 ‘clustering’	 en	 ‘path	 length’	 maten	 lieten	 zien,	

terwijl	veranderingen	in	netwerk	‘degree’	door	tau	voornamelijk	zichtbaar	

waren	in	de	mediaal	temporaalkwab.	De	geobserveerde	samenhang	tussen	

tau	 pathologie	 en	 hersennetwerkverstoringen	 kan	 mogelijk	 verklaard	

worden	door	bevindingen	van	eerdere	cellulaire	en	moleculaire	studies	die	

aantonen	 dat	 tau	 aggregaten	 het	 axonaal	 transport	 belemmeren,	 wat	

vervolgens	 tot	 verder	 verlies	 van	 synapsen	 en	 corticale	 atrofie	 leidt,	

resulterend	 in	 substantiële	 netwerkschade	 en	 cognitieve	 stoornissen.	

Toekomstig	 onderzoek	 waarbij	 deze	 maten	 gecombineerd	 worden	 met	

andere	biomarkers	zijn	nodig	om	de	onderliggende	mechanismen	in	mensen	

beter	te	kunnen	begrijpen.	In	deze	studie	hebben	we	ook	door	middel	van	

mediatie	analyses	vastgesteld	dat	het	effect	van	tau	pathologie	op	slechtere	

cognitieve	 prestaties	 deels	 gemedieerd	 wordt	 door	 lagere	 small-world	

waarden,	hetgeen	suggereert	dat	ondanks	de	samenhang	van	tau	en	small-
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world	 waarden	 deze	 ook	 unieke	 aspecten	 van	 cognitieve	 achteruitgang	

verklaren.			

	 In	hoofdstuk	5	onderzochten	we	de	hypothese	dat	er	een	afname	is	

in	corticale	myeline	in	de	ziekte	van	Alzheimer,	door	gebruik	te	maken	van	

de	ratio	van	T1	en	T2	gewogen	beelden	uit	het	Amsterdam	Dementie	Cohort.	

In	tegenstelling	tot	onze	hypothese,	vonden	we	een	hoger	T1w/T2w	signaal	

in	Alzheimer	dementie	patiënten	ten	opzichte	van	gezonde	controles,	met	

de	grootste	verschillen	 in	DMN-regio’s.	Deze	bevindingen	 spreken	eerder	

werk	 tegen	 dat	 zich	 voornamelijk	 richtte	 op	 andere	 hersenziekten	 zoals	

multipele	 sclerose,	 deze	 rapporteerden	 lagere	 T1w/T2w	 waarden	 in	

patiënten,	wat	kenmerkend	is	voor	het	verlies	van	myeline.	Daarentegen	is	

in	een	preklinische	Alzheimerstudie,	d.w.z.	mensen	met	normale	cognitie	en	

abnormaal	amyloïd,	ook	een	verhoogd	T1w/T2w	ratio	gevonden.		

	 Toen	de	T1w/T2w	ratio	geïntroduceerd	werd	als	proxy	maat	voor	

myeline	 in	 2011,	 werd	 er,	 hoewel	 kwalitatief,	 grote	 overeenstemming	

gevonden	met	 op	 histologie	 gebaseerde	myeline	 hersenatlassen,	myeline	

geassocieerde	 genen	 en	 sensitiviteit	 voor	 myeline	 verstoringen	 in	

verscheidende	ziektebeelden	waaronder	multipele	sclerose,	schizofrenie	en	

bipolaire	stoornissen.	Tegelijkertijd	zijn	er	ook	zorgen	geuit	over	de	micro-

structurele	correlaten	van	de	T1w/T2w	ratio,	waaronder	de	bevinding	van	

een	sterkere	samenhang	met	neuriet	en	dendriet	dichtheid	dan	met	myeline	

dichtheid.	In	overeenstemming	met	onze	resultaten,	hebben	andere	studies	

in	 pathologische	 stoornissen	 tevens	 verhoogde	 T1w/T2w	 waarden	

gevonden	in	de	ziekte	van	Huntington,	de	ziekte	van	Parkinson	en	Multipele	

systeem	atrofie.	Wij	 vonden	dat	 een	hogere	T1w/T2w	ratio	 geassocieerd	

was	met	hogere	t-tau	concentraties	in	het	hersenvocht	en	slechtere	cognitie,	

hetgeen	pathologische	verandering	impliceert.	Een	mogelijke	verklaring	is	

dat	 het	 verhoogde	 T1w/T2w	 signaal	 een	 weergave	 is	 van	 een	 verhoogd	
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aantal	 ijzer	 deposities	 in	 de	 ziekte	 van	 Alzheimer.	 IJzer	 lokaliseert	 zich	

samen	met	myeline	en	is	vaak	aanwezig	rondom	Ab	plaques.	IJzer	kan	het	

T2w	signaal	sterk	verlagen,	hetgeen	mogelijk	geleid	heeft	tot	de	verhoogde	

T1w/T2w	ratio	in	Alzheimer	dementie.	Ook	werden	de	hoogste	T1w/T2w	

ratio’s	geobserveerd	in	kwetsbare	hersenregio’s	met	veel	amyloïd	stapeling,	

zoals	de	precuneus	en	gyrus	cinguli.	Maar	er	 is	ook	recentelijk	onderzoek	

dat	lagere	T1w/T2w	ratio’s	in	de	hippocampus	en	lobulus	parietalis	inferior	

heeft	 gevonden	 in	 patiënten	 met	 Alzheimer	 dementie	 ten	 opzichte	 van	

gezonde	controles.		

	 Samengevat,	suggereert	de	grote	variëteit	in	studieresultaten	dat	de	

T1w/T2w	ratio	niet	enkel	myeline	weergeeft.	Bij	de	ziekte	van	Alzheimer	

wordt	het	T1w/T2w	signaal	waarschijnlijk	beïnvloed	door	andere	factoren	

dan	 demyelinisatie,	 aangezien	 signaalintensiteiten	 beïnvloed	 kunnen	

worden	door	verscheidene	biologische	en	niet-biologische	factoren.	Op	dit	

moment	 is	 onderzoek	 waarbij	 histologisch	 en	 beeldvormend	 onderzoek	

gecombineerd	wordt	hard	nodig	omdat	er	geen	eenduidig	beeld	is	van	wat	

de	T1w/T2w	ratio	meet	en	hoe	deze	mogelijk	beïnvloed	wordt	door	factoren	

zoals	ijzer	deposities	en	inflammatie	in	de	ziekte	van	Alzheimer.		

	

Klinische	 achteruitgang	 voorspellen	 in	 de	 pre-dementie	 fase	 van	 de	

ziekte	van	Alzheimer	

In	de	voorgaande	paragrafen	heb	 ik	onze	bevindingen	besproken	over	de	

relatie	van	amyloïd	pathologie	met	structurele	hersenveranderingen,	en	de	

samenhang	van	Ab	plaques,	 tau	 tangles,	neurodegeneratie	en	GS-netwerk	

verstoringen	 met	 klinische	 achteruitgang.	 In	 hoofdstuk	 6	 hebben	 we	

vervolgens	onderzocht	of	deze	verkregen	kennis	toegepast	kan	worden	voor	

prognoses	op	patiëntniveau.	Hiervoor	ontwikkelden	we	afkapwaarden	die	

abnormale	 GS-netwerk	 maten	 in	 prodromale	 Alzheimerpatiënten	



	Nederlandse	samenvatting	

	 267	

weergeven	en	progressie	naar	dementie	binnen	24	maanden	voorspelden.	

Deze	afkapwaarden,	die	waren	bepaald	in	het	Amsterdam	Dementie	Cohort,	

konden	 in	een	ander	onafhankelijk	cohort	snelle	ziekteprogressie	 in	MCI-

patiënten	 met	 biomarker	 bevestiging	 van	 Ab	 pathologie	 vaststellen	 met	

65%	 zekerheid.	 Als	 vervolgens	 deze	 GS-netwerkmaten	 gecombineerd	

werden	 met	 informatie	 over	 de	 status	 van	 gefosforyleerd	 tau	 en	

hippocampaal	 volume,	 nam	 de	 nauwkeurigheid	 om	 prodromale	

Alzheimerpatiënten	 met	 snelle	 progressie	 te	 detecteren	 in	 het	 validatie	

cohort	toe	naar	72%.			

	 Het	 selecteren	 van	 deelnemers	 die	 zeer	 waarschijnlijk	 cognitieve	

achteruitgang	zullen	laten	zien	binnen	een	Alzheimermedicatie	trial	periode	

van	gemiddeld	18-24	maanden	is	van	groot	belang	aangezien	dit	de	power	

om	een	behandelingseffect	aan	 te	kunnen	 tonen	substantieel	verhoogt	en	

daarmee	de	benodigde	steekproefomvang	verkleint.	Ons	onderzoek	liet	zien	

dat	een	hypothetische	trial	van	24	maanden	met	een	power	van	80%	om	een	

25%	 vertraging	 in	 jaarlijkse	 achteruitgang	 op	 de	 CDR-sb	 te	 kunnen	

detecteren	 ongeveer	 490	 MCI	 patiënten	 met	 amyloïd	 pathologie	 vereist.	

Wanneer	abnormale	small-world	waarden	hierin	ook	meegenomen	werden,	

nam	de	steekproefgrootte	af	met	24%	naar	370	deelnemers,	en	met	46%	

naar	 262	 deelnemers	 als	 ook	 hippocampaal	 volume	 en	 p-tau	 waarden	

abnormaal	 waren.	 Dit	 suggereert	 dat	 in	 aanvulling	 op	 p-tau	 en	

hippocampaal	 volume,	 GS-netwerkmaten	 bij	 kunnen	 dragen	 in	 het	

selecteren	 van	 deelnemers	 die	 binnen	 een	 relatief	 kort	 tijdsbestek	 snelle	

ziekteprogressie	zullen	laten	zien.		

	

Implicaties	en	toekomstperspectieven	

In	dit	proefschrift	staan	verschillende	neurodegeneratieve	maten	centraal	

die	op	verschillende	wijze	betrokken	zijn	bij	cognitieve	achteruitgang	bij	de	
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ziekte	 van	 Alzheimer.	 Zo	 hebben	we	 in	 ouderen	 die	 tot	 hun	 negentigste	

levensjaar	 cognitief	 intact	bleven	aan	kunnen	 tonen	dat	Ab	 abnormaliteit	

nog	steeds	samenhangt	met	een	verhoogd	risico	op	cognitieve	achteruitgang	

in	 de	 toekomst.	Het	 feit	 dat	 deze	mensen	op	 zeer	 late	 leeftijd	 abnormaal	

amyloïd	laten	zien	en	tegelijkertijd	hun	cognitie	nog	steeds	intact	is,	wordt	

gebruikt	 als	 argument	 dat	 amyloïd	 niet	 causaal	 is	 voor	 cognitieve	

achteruitgang.	 Dit	 argument	 is	 echter	 voornamelijk	 gebaseerd	 op	 cross-

sectioneel	 onderzoek,	 waarvan	 het	 niet	 duidelijk	 is	 of	 als	 mensen	 lang	

genoeg	 zouden	 leven	 alsnog	 achteruit	 zouden	 gaan.	 Een	 belangrijke	

implicatie	van	ons	onderzoek	in	de	oudste-ouderen	is	dat	de	aanwezigheid	

van	Ab	deposities	niet	gezien	dient	te	worden	als	onderdeel	van	‘normale’	

veroudering,	 aangezien	 het	 een	 sterke	 voorspeller	 bleek	 voor	 cognitieve	

achteruitgang.	 Daarnaast	 tonen	 onze	 resultaten	 dat	 ook	 andere	

pathologieën	een	belangrijke	rol	spelen	aangezien	atrofie	gerelateerd	was	

aan	 cognitieve	 achteruitgang	 onafhankelijk	 van	 Ab.	 Naar	 de	 verdere	

ontwikkeling	 van	 specifieke	 markers	 voor	 andere	 veelvoorkomende	

pathologische	eiwitten	waaronder	a-synucleïne	en	TDP-43	wordt	dan	ook	

erg	 uitgekeken	 om	 deze	 relaties	 in	 de	 oudste-ouderen	 beter	 te	 kunnen	

bestuderen.		

	 De	resultaten	van	dit	proefschrift	benadrukken	ook	de	complexiteit	

van	 de	 multifactoriële	 neurobiologische	 mechanismen	 die	 ten	 grondslag	

liggen	 aan	 de	 ziekte	 van	 Alzheimer.	 Om	 ons	 begrip	 van	 deze	

pathofysiologische	 processen	 te	 vergroten,	 is	 het	 van	 groot	 belang	 dat	

toekomstige	 studies	 zich	 richten	 op	 een	 breed	 scala	 aan	 verschillende	

biomarkers	die	een	groot	deel	van	deze	processen	beslaan	binnen	eenzelfde	

individu.	Daarnaast	zouden	herhaalde	metingen	binnen	dezelfde	personen	

onze	kennis	over	het	ziektebeloop,	biomarker	interacties	en	het	voorspellen	

van	 ziekteprogressie	 aanzienlijk	 vergroten.	 Bijvoorbeeld,	 een	 van	 de	
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resultaten	 uit	 dit	 proefschrift	 laat	 zien	 dat	 verschillende	 ‘N’	 biomarkers	

verschillende	ziekte	aspecten	weergeven,	dit	wordt	verder	gecompliceerd	

doordat	pathologische	gebeurtenissen	op	verschillende	tijdspunten	 in	het	

ziekteproces	 kunnen	 plaatsvinden	 en	 daarnaast	 mogelijk	 ook	 kunnen	

verschillen	 tussen	 individuen.	 Recente	 ontwikkelingen	 in	 niet-stoornis	

specifieke	markers	voor	synaptische	disfunctie	(bv.	SV2A-PET,	CSF	Ng,	CSF	

SNAP-25)	 en	 neuroaxonale	 degeneratie	 (bv.	 CSF	 en	 plasma	 NfL)	 kunnen	

mogelijk	hieraan	bijdragen	zodat	we	beter	begrijpen	op	welke	positie	een	

patiënt	 zich	 bevindt	 binnen	 het	 pathofysiologisch	 continuüm	 en	 kunnen	

tevens	 prognostische	 informatie	 bieden.	Dit	 is	 van	 groot	 belang	 voor	 het	

selecteren	van	de	meest	geschikte	studiedeelnemers	en	voor	betere	toetsing	

van	 behandelingseffecten	 in	 klinische	 trials.	 Ook	 kan	 de	 integratie	 van	

neuroimaging	 en	 omics	 data	 de	 ontwikkelingen	 richting	 ‘precisie	

geneeskunde’	verder	bevorderen.			

	 Ons	werk	 toont	 eveneens	 de	meerwaarde	 van	 het	 toepassen	 van	

hersennetwerken	bij	het	doorgronden	van	de	pathofysiologie	van	de	ziekte	

van	Alzheimer,	mede	omdat	GS-netwerken	al	zeer	vroeg	veranderingen	in	

het	 ziekteproces	 laten	 zien.	 Dit	 wordt	 nog	 niet	 opgepikt	 door	 andere	

structurele	 beeldvormende	 maten	 zoals	 atrofie	 en	 DTI,	 terwijl	 GS-

netwerken	 ook	 rekening	 houden	 met	 de	 intrinsieke	 organisatie	 van	 de	

corticale	morfologie.	Ab	stapeling	is	gerelateerd	aan	synaptische	disfunctie	

en	 aan	 veranderingen	 in	 GS-netwerken	 al	 in	 de	 preklinische	 fase	 van	 de	

ziekte	 van	 Alzheimer.	 De	 schade	 aan	 GS-netwerken	 wordt	 mogelijk	

veroorzaakt	 door	 het	 toenemende	 verlies	 van	 axonen	 als	 gevolg	 van	 tau	

fosforylatie,	 deze	 bevinding	 komt	 overeen	 met	 ons	 werk	 dat	 een	 nauw	

verband	laat	zien	tussen	verstoringen	in	het	GS-netwerk	en	de	mate	van	tau	

pathologie.	Dit	resulteert	uiteindelijk	in	nog	meer	neuronaal	verlies	en	leidt	

vervolgens	tot	cognitieve	stoornissen	(Figuur	1).		
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	 Verstoringen	 in	 het	 GS-netwerk	 zijn	 een	 goede	 voorspeller	 voor	

klinische	 progressie.	 Aan	 markers	 die	 op	 korte	 termijn	 snelle	

ziekteprogressie	 kunnen	 voorspellen	 is	 grote	 behoefte,	 gezien	 de	 grote	

heterogeniteit	 in	 ziekte	 beloop	 waarbij	 sommige	 patiënten	 (ook	 met	

abnormaal	 Ab)	 nog	 jaren	 stabiel	 kunnen	 blijven.	 Maar	 voordat	

voorspellende	biomarkers	toegepast	kunnen	worden	op	individueel-niveau,	

dienen	 er	 betrouwbare	 afkapwaarden	 te	 worden	 vastgesteld.	 Het	 kan	

relatief	lastig	zijn	om	een	afkappunt	voor	abnormaliteit	vast	te	stellen	voor	

imaging	 markers	 omdat	 deze	 in	 zekere	 mate	 beïnvloed	 worden	 door	

interindividuele	factoren	zoals	leeftijd	en	geslacht.	In	dit	proefschrift	hebben	

wij	 laten	 zien	 dat	 het	 bepalen	 van	 robuuste	 afkapwaarden	 voor	 GS-

netwerkmaten	 mogelijk	 is,	 aangezien	 deze	 vergelijkbaar	 presteerden	 in	

zowel	het	ADNI	als	het	ADC	cohort,	terwijl	er	wezenlijke	cohort	verschillen	

bestaan.	Dit	opent	de	deuren	voor	het	 selecteren	van	de	meest	 geschikte	

kandidaten	 voor	 klinische	 Alzheimer	 trials,	 die	 vaak	 deelnemers	 uit	

verschillende	 centra	 includeren	 en	 dus	 ook	 vaak	 gebruik	 maken	 van	

verschillende	MRI-scanners	en	scannerinstellingen.	Een	andere	 implicatie	

van	onze	resultaten	is	dat	één	marker	waarschijnlijk	niet	voldoende	zal	zijn	

om	snelle	cognitieve	achteruitgang	op	te	pikken,	aangezien	dat	we	de	best	

voorspellende	 waarde	 vonden	 wanneer	 abnormale	 GS-netwerkmaten	

gecombineerd	 werden	 met	 hippocampaal	 volume	 en	 tau	 pathologie.	

Toekomstige	studies	dienen	zich	verder	te	richten	op	het	samenstellen	van	

de	optimale	combinatie	van	markers	die	het	best	achteruitgang	binnen	zo’n	

kort	tijdsbestek	kunnen	detecteren.		
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Methodologische	kanttekeningen	

Bij	de	interpretatie	van	de	resultaten	uit	dit	proefschrift	is	het	belangrijk	om	

rekening	 te	 houden	 met	 een	 aantal	 methodologische	 kanttekeningen.	

Allereerst	 hebben	 wij	 hersennetwerken	 berekend	 volgens	 een	 methode	

waarbij	 per	 individu	 één	 netwerk	 berekend	 wordt,	 als	 gevolg	 hiervan	

kunnen	 de	 netwerken	 tussen	 personen	 verschillen	 in	 grootte	 en	 aantal	

verbindingen.	 Een	 voordeel	 van	 deze	 methode	 is	 het	 behoud	 van	

interindividuele	 verschillen,	 maar	 het	 kan	 ook	 de	 netwerkmaten	

beïnvloeden	aangezien	aangetoond	is	dat	deze	afhankelijk	zijn	van	het	totaal	

aantal	 connecties	 van	 een	 netwerk.	 Om	 dit	 probleem	 te	 ondervangen,	

hebben	we	gebruik	 gemaakt	 van	genormaliseerde	netwerkmaten	waarbij	

het	 desbetreffende	 netwerk	 en	 de	 gerandomiseerde	 netwerken	 dezelfde	

grootte	 en	 totaal	 aantal	 connecties	 hebben,	 waardoor	 deze	 effecten	

grotendeels	 worden	 weggenomen.	 Daarnaast	 hebben	 we	 de	

connectiviteitsdichtheid	 (aantal	 connecties/totaal	 aantal	 mogelijke	

connecties)	 van	 een	 netwerk	 meegenomen	 als	 covariaat	 tijdens	 de	

statistische	analyses	om	op	deze	manier	de	invloed	van	deze	variabelen	te	

minimaliseren.	 Een	 alternatieve	 methode	 zou	 zijn	 om	 alle	 netwerken	 te	

normaliseren	 naar	 dezelfde	 grootte	 en	 aantal	 connecties.	 Echter,	 in	

disconnectiviteitsstoornissen	 zoals	 de	 ziekte	 van	 Alzheimer,	 zou	 deze	

aanpak	 zorgen	 voor	 een	 groot	 aantal	 vals	 positieve	 verbindingen	 en	

daardoor	artificieel	tot	een	meer	random	netwerk	kunnen	leiden.	Hoe	het	

beste	 om	 te	 gaan	met	deze	methodologisch	kwestie	 in	 een	pathologische	

context	 is	 tot	 op	 heden	 niet	 duidelijk.	 Daarnaast	 zijn	 GS-netwerken	 een	

weergave	 van	 de	 organisatiestructuur	 van	 de	 grijze	 stof	 in	 de	 hersenen,	

terwijl	de	relatie	met	axonale	connectiviteit	(bv	gemeten	met	DTI),	en	met	

functionele	 connectiviteit	 (bv	 gemeten	 met	 functionele	 MRI),	 nog	

grotendeels	 onduidelijk	 is.	 Het	 is	 aannemelijk	 dat	 verschillende	
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modaliteiten	ook	verschillende	aspecten	van	disconnectiviteit	 in	de	ziekte	

van	Alzheimer	weergeven,	maar	dit	dient	nog	uitgebreider	onderzocht	 te	

worden.	Vervolgens	is	de	lijst	van	behandelde	biomarkers	in	dit	proefschrift	

lang	niet	 compleet.	Er	bestaat	op	dit	moment	een	groot	 scala	aan	andere	

neuronale	 en	 axonale	 biomarkers	 voor	 synaptische	 schade,	 waaronder	

fluorodeoxyglucose	 (FDG)-PET,	 SVA-PET,	 structurele	 en	 functionele	

connectiviteit,	SNAP-25,	VILIP1	en	neurogranine.		

	

Conclusie	

De	snelle	ontwikkelingen	in	Alzheimer	pathologie	biomarkers	hebben	een	

enorme	bijdrage	geleverd	aan	een	beter	begrip	van	de	pathofysiologische	

processen	 die	 leiden	 tot	 dementie	 en	 geven	 tegelijkertijd	 ook	 de	

complexiteit	van	de	ziekte	van	Alzheimer	weer.	In	dit	proefschrift	hebben	

we	 de	 wisselwerking	 tussen	 Ab	 deposities,	 tau	 aggregaties,	

hersennetwerkveranderingen	 en	 atrofie	 mechanismen	 die	 ten	 grondslag	

liggen	aan	klinische	progressie	uitgebreid	onderzocht.	Door	het	bestuderen	

van	 vroege	 biomarker	 veranderingen	 en	 hoe	 deze	 samenhangen	 met	

klinische	 progressie	 krijgen	 we	 de	 mogelijkheid	 om	 deze	 biologische	

processen	gedurende	het	ziekteproces	beter	te	begrijpen,	wat	essentieel	is	

voor	 toekomstige	 patiënt-specifieke	 prognoses	 en	 de	 ontwikkeling	 van	

vroege	en	gerichte	effectieve	behandelingen.	
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