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Abstract	

An	abdominal	aortic	aneurysm	(AAA)	 is	a	degenerative	disease,	 characterized	by	

advanced	 inflammation	 and	 extracellular	 matrix	 (ECM)	 remodelling.	 Enhanced	

protease	activity	mediated	by	cytokines	results	in	the	degradation	of	ECM	proteins,	

leading	to	the	generation	of	different	bioactive	fragments.	Some	of	these	generated	

fragments	 are	 released	 from	 the	 vascular	 basement	 membrane	 (VBM),	 a	 highly	

specialized	ECM.	VBM	provides	mechanical	 and	 structural	 stability	 and	 regulates	

many	 important	 cellular	 functions	 of	 the	 vascular	 system.	 Type	 IV	 and	 XVIII	

collagens	are	two	structural	proteins	 in	VBM,	with	crucial	roles	 in	maintaining	of	

the	VBM	integrity	and	vascular	architecture.	Circulating	levels	of	type	IV	and	XVIII	

collagen	 fragments	 are	 found	physiologically,	 but	have	also	been	associated	with	

many	 diseases.	 Remodelling	 of	 VBM	 and	 expression	 of	 its	 components	 has	 not	

been	as	well	studied	in	AAA	as	that	of	the	interstitial	ECM.	

Here	we	investigate	these	VBM	collagens,	their	expression	and	possible	association	

with	aortic	diameter	and	expansion	rate	in	individuals	with	an	AAA	in	comparison	

with	different	 control	 groups.	 Further	we	 study	whether	 there	 is	 a	 link	 between	

the	 circulating	 VBM	 collagen	 fragments	 and	 several	 inflammatory	 markers,	 all	

highly	 involved	 in	 AAA	 pathogenesis.	 Lastly,	 we	 study	 the	 impact	 of	 surgical	

intervention	on	plasma	levels	of	VBM	collagens	in	patients	treated	by	either	open	

surgical	repair	(OSR)	or	endovascular	aortic	aneurysm	repair	(EVAR).	

Methods	

Circulating	 levels	 of	 type	 IV	 and	 XVIII	 collagen	 fragments	 were	 analysed	 in	

individuals	 with	 an	 AAA	 and	 compared	 with	 healthy	 controls	 and	 patients	 with	

peripheral	artery	disease	(paper	I).	A	possible	association	between	VBM	collagen	

fragments	 and	 the	 aortic	 diameter	 and	 expansion	 was	 studied	 in	 a	 large	

population-based	 cohort	 of	 615	men	 stratified	 into	 three	 aortic	 diameter	 groups	

based	 on	 initial	 maximum	 aortic	 diameter	 (paper	 II).	 Furthermore,	 159	

individuals	 were	 followed	 up	 over	 time	 with	 repeated	 measurements	 of	 aortic	
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diameter	 and	 blood	 samples.	 The	 follow	 up	 cohort	 were	 divided	 into	 two	

subgroups	 based	 on	 expansion	 rate	 of	 AAA.	 Moreover,	 the	 location	 of	 VBM	

collagens	 in	tissue	 from	aortic	wall	 in	 individuals	with	an	AAA	was	characterized	

and	the	expression	pattern	was	compared	with	normal	aorta	(paper	II).	In	paper	

III,	the	association	between	the	plasma	levels	of	VBM	collagens	and	inflammatory	

markers;	IL-1	(IL-1α	and	IL-1β),	IL-6,	IL-8,	TNF-α	INF-γ	and	hs-CRP	were	studied	

in	same	cohort	as	paper	II.	Finally,	the	effect	of	surgical	intervention	on	circulating	

levels	 of	 VBM	 collagen	 fragments	 was	 investigated	 in	 AAA	 patients	 who	 had	

undegone	 either	 OSR	 or	 EVAR	 by	 comparison	 of	 plasma	 levels	 before	 and	 after	

AAA	repair.		

Ultrasound	technique	was	used	for	measurements	of	aortic	diameter	(paper	I,	II,	

III	and	IV).	Analysis	of	circulating	VBM	collagens	and	inflammatory	markers	were	

performed	 by	 ELISA-assay	 (Paper	 I,	 II,	 III	 and	 IV)	 and	 Multiplex-assays,	

respectively	 (paper	 III).	 Aortic	wall	 tissues	were	 analysed	 by	 haematoxylin	 and	

eosin	(H&E)	and	immunofluorescence	staining	(Paper	II).		

Results	

There	 were	 significantly	 increased	 plasma	 levels	 of	 VBM	 collagen	 fragments	 in	

individuals	with	 an	AAA,	 compared	with	 healthy	 controls	 and	 individulas	with	 a	

peripheral	artery	disease	 (PAD),	 (Paper	 I).	The	 levels	of	 type	 IV	collagen	 in	AAA	

patients	 did	 not	 differ	 from	 the	 group	 with	 PAD,	 and	 there	 were	 no	 significant	

differences	 between	 the	 control	 groups	 regarding	 plasma	 levels	 of	 both	 VBM	

collagen	 fragments	 (Paper	 I).	 The	 increased	 levels	 of	 VBM	 collagen	 fragments	

were	significantly	associated	with	aortic	diameter	with	highest	levels	in	the	group	

with	 an	 AAA	 (Paper	 II).	 Altered	 expression	 of	 the	 VBM	 collagens	 and	

fragmentation	of	elastic	fibres	were	observed	in	tissue	from	AAA	patients	(Paper	

II).	A	significant	association	between	the	levels	of	pro-inflammatory	cytokines	IL-6	

and	 IL-8,	 and	 VBM	 collagens	 was	 found.	 Additionally,	 there	 were	 a	 significant	

association	 between	 the	 plasma	 levels	 of	 IL-8,	 TNF-α	 and	 hs-CRP	 and	 an	 AAA	

(Paper	III).	Aneurysms	with	faster	expansion	rate	had	significantly	higher	levels	of	

IL-6,	 IL-1β,	 and	 type	 XVIII/endostatin	 collagen.	 Additionally,	 IL-6,	 type	
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XVIII/endostatin	 collagen	 and	 baseline-aortic	 diameter	 were	 significantly	

associated	 with	 expansion	 rate	 (Paper	 III).	 AAA	 repair	 was	 associated	 with	

changes	in	plasma	levels	of	VBM	collagens	(Paper	IV).	

Conclusion	

Circulating	 levels	 of	 VBM	 collagens	were	 increased	 in	 patients	with	 an	AAA,	 and	

significantly	associated	with	aortic	diameter	and	expansion	rate.	The	expression	of	

VBM	collagens	was	altered	in	AAA	tissue	compared	with	normal	aorta.	In	addition,	

plasma	 levels	 of	 several	 inflammatory	 markers	 were	 associated	 as	 with	 VBM	

collagens,	 aortic	 diameter	 and	 expansion	 rate.	 The	 levels	 of	 both	 VBM	 collagens	

were	altered	at	short	and	long	time	after	AAA	repair.	
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I.	Introduction		

1. AAA	Definition	

An	 aneurysm	 is	 a	 permanent	 and	 localized	 widening	 of	 the	 vessel	 wall.	 Normal	

abdominal	aortic	diameter	for	men	and	women	>50	years	is	estimated	to	be	16.8	

mm	 (2.9	 SD)	 and	 14.6	 mm	 (1.9	 SD),	 respectively	 (Pedersen	 et	 al.,	 1993).	 The	

definition	of	an	abdominal	aortic	aneurysm	is	based	on	the	aortic	diameter.	Many	

definitions	 have	 been	 proposed	 (McGregor	 et	 al.,	 1975),	 (Sterpetti	 et	 al.,	 1987),	

(Collin,	 1988),	 (Johnston	 et	 al.,	 1991).	 These	 definitions	 are	 based	 on	 different	

imaging	methods,	and	with	consideration	regarding	age,	gender	and	body	surface	

area,	in	the	respective	populations,	since	all	these	factors	affect	the	aortic	diameter.	

In	a	Swedish	evaluation,	some	issues	with	the	different	definitions	and	their	impact	

on	 the	 prevalence	 of	 abdominal	 aortic	 aneurysms	 (AAAs)	 have	 been	 highlighted	

(Wanhainen,	2008).	

The	most	recognized	and	widespread	used	definition	of	an	AAA	is	as	a	maximum	

infrarenal	aortic	diameter	of	30	mm	or	more.	This	definition	has	been	confirmed	to	

be	well	above	the	average	(2	SD)	regardless	of	age	and	body	surface	area	for	both	

men	 and	 women.	 It	 is	 therefore	 a	 clinically	 relevant	 cut-off	 between	 the	 non-

aneurysmal	aorta	and	an	AAA	(Lederle	et	al.,	1997b),	(Wanhainen,		2008).	

2.	AAA	epidemiology	

2.1	Prevalence		
Clinical	 data	 from	 the	 early	 1990s	 to	 the	 beginning	 of	 the	 2000s,	 including	

randomized	 screening	 programs	 and	 autopsy	material,	 indicated	 high	 and	 rising	

prevalence	 of	 AAAs	 (Eickhoff,	 1993),	 (Wanhainen	 et	 al.,	 2001),	 (Choke	 et	 al.,	

2012b).	 Old	 age,	 male	 sex,	 smoking,	 heredity,	 hypertension	 and	 dyslipidaemia	

were	 shown	 to	 be	 the	 most	 important	 risk	 factors	 (Brown	 and	 Powell,	 1999),	

(Brady	 et	 al.,	 2004),	 (Chun	 et	 al.,	 2014),	 (Gianfagna	 et	 al.,	 2016),	 which	 also	

accounted	for	the	variation	in	reported	AAA	prevalence	(4-18%).	However,	recent	
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data	from	the	Western	world	indicate	declining	prevalence	of	AAA,	and	a	change	in	

AAA	epidemiology	(Svensjo	et	al.,	2011),	(Anjum	and	Powell,	2012),	(Choke	et	al.,	

2012a).	

The	 prevalence	 of	 AAA	 is	 strongly	 correlated	 to	 the	 risk	 factor	 profile	 in	 a	

population,	 but	 also	 ethnicity	 and	 geography	matter	 (Lederle	 et	 al.,	 1997a).	 The	

observed	reduction	in	AAA	prevalence	in	the	Western	world	is	considered	largely	

to	be	due	 to	a	 changing	risk	 factor	profile	 in	populations,	 in	particular	 related	 to	

smoking	habits,	but	also	improvements	in	the	treatment	of	cardiovascular	disease	

(Lederle,	2011),	(Ullery	et	al.,	2018).		

According	 to	a	population	based	study,	 the	 current	prevalence	of	AAA	among	65	

year	old	men	in	Sweden	is	2.2%,	of	which	1.7%	detected	at	screening	(Svensjo	et	

al.,	2011).	

2.2	Natural	course	and	expansion	

The	natural	course	of	an	AAA	is	gradual	expansion,	and	eventually	rupture.	Overall	

mortality	is	as	high	as	80-90%	at	rupture,	and	the	worldwide	AAA	rupture	related	

death	has	 been	 estimated	 to	 150000-200000	patients	 annually	 (Golledge,	 2018).	

Currently,	a	decision	for	elective	repair	of	an	AAA	is	mainly	based	on	the	aneurysm	

diameter,	which	is	considered	to	be	the	strongest	predictor	of	the	expansion	rate	

(Lederle	et	al.,	2002a).		

An	AAA	is	commonly	asymptomatic	and	mostly	with	staccato	growth	but	can	also	

present	with	a	continuous	linear	growth	pattern	(Michel	et	al.,	2011),	(Kurvers	et	

al.,	 2004).	 The	 expansion	 rate	 and	 pattern	 is	 unpredictable	 and	 with	 a	 large	

individual	variability.		

Annual	 growth	 for	 an	 AAA	 is	 about	 5-10%	 of	 the	 initial	 aneurysm	 diameter	

(Collaborators	 et	 al.,	 2013),	 (Wanhainen	 et	 al.,	 2016b).	 While	 small	 aneurysms	

have	 a	 slow	 average	 growth,	 larger	 aneurysms	 tend	 to	 grow	 faster	 (Powell	 and	

Brady,	 2004),	 although	with	 heterogeneity	 in	 reported	 studies.	 The	 rupture	 risk	
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increases	 with	 larger	 size	 (Brown	 et	 al.,	 2003a),	 (Lederle	 et	 al.,	 2002a),	 and	 a	

average	 diameter	 of	 70-80	 mm	 at	 rupture	 has	 been	 reported	 (Lederle	 et	 al.,	

2002a),	 (Heikkinen	et	 al.,	 2002).	 In	addition	 to	aneurysm	size,	 also	 rapid	growth	

influences	 rupture	 risk,	with	 aneurysms	 having	 grown	 >10mm/year	 being	more	

prone	to	rupture.	A	faster	mean	expansion	rate	has	been	reported	in	ruptured	vs.	

unruptured	AAAs	of	equivalent	size	(8.4mm/year	vs.	3.9mm/year	in	AAA	≥60mm),	

(Brown	et	al.,		2003b).	

2.3	Risk	factors	for	growth	and	rupture	

Among	 risk	 factors	 for	 an	AAA,	 current	 smoking	has	 been	 associated	with	 faster	

aneurysm	 growth	 by	 15-20%	 and	 rupture	 rate	 is	 two	 times	 higher	 in	 smokers	

(Brady	 et	 al.,	 2004).	 An	 increase	 in	 blood	 pressure	 has	 furthermore	 been	

associated	 to	 growth	 (Santilli	 et	 al.,	 2002)	 and	 rupture	 (Sweeting	 et	 al.,	 2012)	

although	 there	 is	 a	 heterogeneity	 in	 reported	 studies	 regarding	 the	 association	

between	 hypertension	 and	 expansion	 rate	 and	 rupture	 (Brady	 et	 al.,	 2004).	 In	

contrary,	 diabetes	 mellitus	 and	 chronic	 limb	 ischemia	 more	 consistently	 have	

shown	 a	 negative	 and	 reverse	 association	 with	 AAA	 diameter,	 expansion	 and	

rupture	 rate	 (Vega	 de	 Ceniga	 et	 al.,	 2006),	 (Brady	 et	 al.,	 2004),	 (Lederle	 et	 al.,	

2000).	

Although	there	is	a	4-6	fold	higher	prevalence	of	AAA	in	men,	the	growth	rate	and	

rupture	 risk	 is	 larger	 in	 women,	 even	 for	 aneurysms	 of	 equal	 size	 (Brown	 and	

Powell,	 1999),	 (Brown	et	 al.,	 2003b),	 (Mofidi	 et	 al.,	 2007),	 (Villard	 and	Hultgren,	

2018).		

The	 fact	 that	 small	 aneurysms	do	 rupture	and	 large	aneurysm	can	 remain	 stable	

during	 patient’s	 lifetime	 (Baxter	 et	 al.,	 2008),	 (Thompson	 et	 al.,	 2002)	 indicates	

that	aneurysm	diameter	merely	is	a	surrogate	marker	of	AAA	growth	and	rupture.	

Patient-specific	 risk	 factors	 as	 well	 as	 haemodynamic	 conditions,	 aneurysm-

specific	 geometry	 and	 morphology,	 presence	 and	 the	 thickness	 of	 intraluminal	

thrombus	(ILT),	appear	to	be	of	importance	to	the	growth	and	fate	of	the	aneurysm	

(Golledge,		2018).	
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3.	AAA	management	

3.1	Diagnostic	techniques	

The	detection	and	measurement	of	an	AAA	by	manual	palpation	of	the	abdomen	is	

accurate,	but	has	low	sensitivity	and	specificity.	The	use	of	ultrasound	imaging	has	

thus	become	the	golden	choice	in	AAA	surveillance	and	screening	programs	(Fink	

et	al.,	2000).	Despite	high	intra-	and	inter-observation	variability	from	2-7	mm	to	

2-10	mm,	respectively	(Wanhainen	et	al.,	2016b)	ultrasound	is	preferred	to	other	

modalities	 such	as	CT	and	MRI.	CT-scan	 is	most	 suitable	 in	elective	preoperative	

evaluation	or	when	AAA	rupture	is	suspected.	

3.2	Surgical	treatment	

Several	large	randomized	controlled	trials	(RCTs),	demonstrated	that	early	repair	

of	small	AAAs	was	neither	beneficial	nor	safe.	Based	on	these	findings	a	cutoff	at	55	

mm	 was	 recommended	 for	 repair	 of	 an	 asymptomatic	 AAA	 in	 surgery-suitable	

individuals,	while	a	surveillance	program	with	repeated	measurements	until	time	

for	surgery	for	the	smaller	AAAs	was	advocated	(United	Kingdom	Small	Aneurysm	

Trial	 et	 al.,	 2002),	 (Lederle	 et	 al.,	 2002b).	 Current	 guidelines	 thus	 recommend	

elective	repair	of	asymptomatic	AAA	in	men	with	a	maximum	diameter	of	≥55	mm	

and	≥50	mm	in	women	(Chaikof	et	al.,	2018).	In	addition,	repair	is	recommended	

for	individuals	with	an	AAA	expansion	rate	of	>10mm/year,	presence	of	symptoms	

with	or	without	rupture.	

In	appropriate	cases,	 intervention	 is	offered	either	by	conventional	open	surgical	

reconstruction	 (OSR;	 resection	 of	 the	 aneurysm	 sack	 and	 replacement	 by	 a	

synthetic	graft)	or	endovascular	aortic	aneurysm	repair	(EVAR)	with	placement	of	

a	stent	graft.	OSR,	 introduced	in	the	1950s,	was	the	dominating	choice	of	therapy	

for	 more	 than	 four	 decades	 until	 the	 beginning	 of	 1990s	 (Dubost	 et	 al.,	 1952),	

(Volodos	et	al.,	1986).	
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EVAR	has	become	 the	most	utilized	method	 in	AAA	 repair	 in	 the	 recent	decades	

and	shown	to	be	superior	 in	terms	of	short-term	outcomes	(Lederle	et	al.,	2007),	

(Becquemin	et	al.,	2011).	Despite	the	many	advantages	for	EVAR,	the	technique	is	

associated	with	a	high	level	of	re-intervention	due	to	serious	complications	such	as	

endoleak,	sack	expansion	and	even	rupture	(Stather	et	al.,	2012).	According	to	the	

annual	report	from	the	national	Swedish	vascular	registry	(Swedvasc	2017),	EVAR	

accounted	for	60%	of	all	AAA	repairs,	with	a	lower	30-day	mortality	compared	to	

OSR	(0,8%	versus	2,0%	in	intact	AAA).		

3.3	Medical	therapy	and	modification	of	risk	factors	

Currently	there	is	no	novel	medical	therapy	targeting	growth	and	expansion	rate	of	

small	AAAs	with	the	aim	to	prevent	progression	and	eventually	rupture.	It	has	thus	

been	suggested	that	potential	medication	should	be	directed	at	AAA	pathogenesis	

(Golledge,	2018).	

Atherosclerosis	might	have	an	 important	 role	 in	development	of	AAA	 (Lederle	et	

al.,	 2000),	 (Golledge,	 2018).	Medical	 therapeutic	 strategies	 for	AAA	have	 focused	

on	cardiovascular	risk	 factors,	as	patients	with	an	AAA	have	a	high	prevalence	of	

cardiovascular	comorbidity.	Having	an	AAA	 is	associated	 to	 the	degree	of	carotid	

artery	 stenosis	 (Alund	 et	 al.,	 2008),	 and	 coronary	 heart	 disease	 is	 a	 strong	

predictor	 of	 future	 AAA	 related	 events	 (Hernesniemi	 et	 al.,	 2015).	 Improved	

protective	 medical	 treatment	 and	 secondary	 preventive	 treatment	 of	 coexisting	

cardiovascular	disease	is	of	major	importance	in	AAA	patients.	

A	substantial	proportion	of	individuals	with	AAA	have	a	smoking	history,	whereas	

the	prevalence	of	AAA	 in	non-smokers	 is	very	 low	(Ahmed	et	 al.,	 2016).	A	meta-

analysis	on	clinical	risk	factors	for	AAA,	reported	that	current	smoking	is	strongly	

associated	to	rapid	expansion,	with	a	mean	increase	in	AAA	expansion	rate	of	0,35	

mm/year	 in	 current	 smoker	 compared	 with	 non-smoker	 or	 former	 smoker	

(Sweeting	et	al.,	2012).	Smoking	is	the	only	modifiable	and	strongest	evident	risk	

factor	associated	 to	development,	progression	and	rupture	of	an	AAA	(Lederle	et	

al.,	 2000),	 (Powell	 et	 al.,	 2011),	 (Golledge,	 2018).	 The	 prevalence	 of	 AAA	 is	
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declining,	 and	 it	 occurs	 in	 parallel	 with	 simultaneous	 decrease	 in	 smoking	

prevalence	(Svensjo	et	al.,	2011),	(Lederle,	2011).	

Furthermore,	 higher	 mean	 arterial	 blood	 pressure	 was	 associated	 with	 rupture	

(Sweeting	et	al.,	2012),	 indicating	the	importance	of	smoking	cessation	and	blood	

pressure	control	in	patients	with	AAA.		

Experimental	and	cohort	studies	have	shown	that	the	cholesterol-reducing	agents	

statins	reduce	inflammation	and	stabilize	plaques	in	vessel	walls	(Kurosawa	et	al.,	

2013),	 but	 there	 is	 no	 evidence	 for	 influence	of	 statins	 on	AAA	growth.	Recently	

published	guidelines	thus	do	not	suggest	using	statins	with	the	purpose	to	reduce	

risk	of	AAA	growth	or	rupture	(Chaikof	et	al.,	2018).		

4.	AAA	Screening	

4.1	Benefit	of	AAA	screening	

In	order	to	detect	AAAs	at	an	early	stage	and	to	prevent	mortality	in	ruptured	AAA,	

screening	 with	 ultrasound	 was	 initiated	 in	 many	 countries	 (Scott	 et	 al.,	 1995),	

(Lindholt	 et	 al.,	 1998),	 (Lederle	 et	 al.,	 2000).	 Based	 on	 estimations	 of	 AAA	

prevalence	of	4-7.6	%	in	men	aged	64-83	year	and	≈	1.3%	in	women,	no	evidence	

of	benefit	 from	screening	women	was	 found	 (Fleming	et	 al.,	 2005).	 Several	RCTs	

have	 demonstrated	 that	 single	 scan	 screening	with	 ultrasound	 of	men	 aged	 ≥65	

can	 significantly	 reduce	 AAA	 specific	 mortality,	 and	 that	 it	 is	 feasible,	 easy	 to	

implement	and	cost-effective	(Lindholt	et	al.,	2005),	(Ashton	et	al.,	2002),	(Fleming	

et	al.,	2005),	 (Svensjo	et	al.,	2014).	Those	with	normal	aortic	diameter	(≤25	mm)	

are	discharged	from	the	screening	programs,	and	individuals	with	an	AAA	<55	mm	

are	 followed	up	according	 to	 surveillance	programs.	There	 are	however	no	 clear	

guidelines	for	the	group	with	aortic	diameters	between	26-29	mm,	also	recognized	

as	 ectatic	or	 sub-aneurysmal	 aorta	 (SAA).	Based	on	 results	 from	many	 screening	

studies	 a	 significant	 proportion	 (>50	%)	of	 individuals	with	 a	 SAA	developed	 an	

AAA	over	a	median	of	5	years	(Hafez	et	al.,	2008),	(Svensjo	et	al.,	2014).	Moreover,	
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individuals	 with	 an	 abnormal	 aortic	 diameter	 of	 26-29	 mm	 have	 a	 similar	 risk	

factor	profiles	and	aortic	diameter	growth	pattern	as	those	with	an	AAA	(Basnyat	

et	 al.,	 2003).	 Individuals	 with	 a	 SAA	 also	 have	 a	 higher	 all	 cause	 mortality	

compared	with	individuals	with	a	normal	aortic	diameter	(Svensjo	et	al.,	2011).	Re-

screening	those	with	a	SAA	after	5	year	has	thus	been	recommended	(d'Audiffret	

et	al.,	2002),	(Lindholt	et	al.,	2005),	(Thompson	et	al.,	2005),	(Wild	et	al.,	2013).		

The	psychological	side	effects	of	screening	and	impact	on	health	related	quality	of	

life	(HRQoL)	have	been	debated	from	the	start	(Lindholt	et	al.,	2002),	(Brown	and	

Powell,	1999),	but	recently	also	cost-effectiveness	of	AAA	screening	is	questioned	

as	increasing	evidence	suggests	that	the	epidemiology	of	AAA	has	changed	during	

last	decades	and	the	prevalence	is	falling.	Instead	screening	of	high-risk	subgroups,	

such	 as	 men	 aged	 >65	 who	 ever	 smoked,	 has	 been	 advocated	 (Lederle,	 2011).	

Recently	 results	 from	some	nationwide	screening	programs	confirmed	persisting	

cost-effectiveness	 of	 AAA	 screening,	 with	 reduced	 AAA-specific	 and	 all-cause	

mortality,	 in	 line	 with	 previous	 reports	 from	 screening	 trials	 (Wanhainen	 et	 al.,	

2016a).	 However,	 the	 cost-effectiveness	 and	 psychological	 effects	 of	 screening	

should	be	further	investigated.	

4.2	Screening	in	Sweden	

In	Sweden,	a	general	screening	programme,	targeting	men	aged	≥65	was	launched	

in	 Uppsala	 County	 in	 2006,	 and	 implemented	 in	 all	 of	 Sweden	 by	 2015.	 All	

individuals	 are	 identified	 through	 the	 National	 Population	 registry,	 with	 regular	

updates	of	data.	Individuals	with	a	previous	history	of	AAA	surveillance	or	surgery	

are	 excluded.	 All	 participants	 are	 asked	 to	 complete	 a	 standardized	 health	

questionnaire	 about	 medical	 history	 and	 medications.	 The	 diameter	 of	 the	

abdominal	aorta	is	measured	with	a	single	ultrasound	scan	(Svensjo	et	al.,	2011).	A	

maximum	 of	 anteroposterior	 (AP)	 diameter	 of	 the	 abdominal	 aorta	 ≥30	 mm	 is	

defined	 as	 AAA.	 Individuals	 with	 an	 AAA	 are	 referred	 to	 a	 vascular	 surgeon	 or	

specialized	nurse.	

The	time	for	follow	up	within	the	surveillance	programme	is	based	on	initial	aortic	
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diameter	 and	 individuals	 with	 an	 aortic	 diameter	 of	 26-29	mm	 are	 followed	 up	

every	5	years,	30-39	mm	every	2	years,	40-44	mm	every	year,	45-49	mm	every	6	

months	 and	 50-55	 mm	 every	 3	 months.	 Recently	 publishes	 guidelines	 have	

advocated	extended	ranges	between	these	examinations	(Chaikof	et	al.,	2018).		

Recently,	 the	 outcome	 of	 the	 Swedish	 nationwide	 screening	 programme	 during	

2006	to	2014	was	evaluated.	In	a	total	of	302957	men	aged	65,	invited	for	an	one	

time	 scan	 by	 ultrasound,	 with	 an	 attendance	 rate	 of	 84%,	 the	 study	 reported	 a	

prevalence	of	 1.5%	of	 screen-detected	AAA	 (the	 lowest	 reported	prevalence	 in	 a	

population	of	Caucasian	origin)	 and	a	prevalence	of	2.2%	 in	 the	 total	population	

(Wanhainen	 et	 al.,	 2016a).	 It	 is	 estimated	 that	 400-500	 deaths	 annually	 in	 men	

aged	 ≥65	 are	 AAA	 rupture	 related.	 The	 number	 needed	 to	 screen	 and	 treat	was	

667	 and	1.5	 respectively.	 A	 significant	 reduction	 in	AAA	 specific	mortality	 and	 a	

slightly	 decrease	 in	 all-cause	 mortality	 has	 been	 shown	 during	 the	 screening	

programme	in	Sweden	(Wanhainen	et	al.,	2016a).			

5.	The	normal	structure	of	the	abdominal	aortic	wall	

The	wall	 of	 aorta	 consists	 of	 tree	 layers;	 tunica	 intima,	 tunica	media	 and	 tunica	

externa	(adventitia),	Figure	1.	Tunica	intima	is	separated	from	blood	stream	by	a	

single	 layer	 of	 endothelial	 cells	 (ECs).	 The	 endothelium	 is	 an	 active	 barrier,	

providing	 exchange	 of	 substances	 but	 also	 flexibility	 of	 the	 vessel	 wall	 by	

regulation	 of	 vessel	 diameter	 to	 forces	 from	 the	 blood	 stream.	 Endothelial	

dysfunction	 is	 associated	 with	 many	 CVDs	 and	 considered	 to	 be	 involved	 in	

development	of	atherosclerosis	(Savoia	et	al.	2011).		

The	medial	 layer	 of	 the	 aortic	wall	 is	 composed	mainly	 of	 elastic	 fibres,	 smooth	

muscle	cells	(SMCs)	and	collagens.	The	elastic	fibres	consist	of	concentric	layers	of	

elastin	and	SMCs,	forming	”lamellar	units”.	The	number	of	lamellar	units	differs	in	

diffrernt	 segments	 of	 aorta	 (Thompson	 et	 al.,	 2002).	 Elastic	 fibres	 and	 collagens	

provide	 extensibility	 and	 tensile	 strength	 of	 the	 wall,	 while	 SMSs	 produce	

numerous	components	of	the	extracellular	matrix	(ECM),	such	as	collagens,	elastin	



 

 21 

and	integrins.	The	tunica	media	in	normal	infrarenal	aortic	wall	is	suggested	to	be	

avascular,	 making	 this	 region	 prone	 to	 development	 of	 diseases,	 including	 AAA	

(Thompson	et	al.,	2002).	

	

Figure	1.	The	structures	of	the	abdominal	aortic	wall.		

The	outermost	adventitial	layer	of	aortic	wall	consists	of	a	loose	connective	tissue	

with	 fibroblasts,	 nerve	 endings	 and	 vasa	 vasorum.	 The	 collagen	 network	 in	 the	

adventitial	layer	provides	tensile	strength	to	the	aortic	wall	and	the	vasa	vasorum	

promotes	nutrition	to	the	vessel	wall	by	delivery	of	blood	and	oxygen	(Wang	et	al.,	

2017).	 Besides	 having	 a	 structural	 role,	 the	 adventitial	 layer	 seems	 to	 have	 a	

critical	 role	 in	 inflammatory	 processes	 in	 the	 aortic	 wall	 and	 development	 of	

atherosclerosis	(Moos	et	al.,	2005).	
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6.	The	histological	changes	in	the	vessel	wall	in	an	AAA	

An	 AAA	 is	 characterized	 by	 a	 ubiquitous	 chronic	 medial	 and	 adventitial	

inflammation,	 fragmentation	 of	 structural	 proteins	 such	 as	 elastin	 and	 collagens,	

loss	 of	 SMCs	 and	 degeneration	 of	 ECM.	 This	 transmural	 inflammation	 recruits	

many	types	of	inflammatory	cells	and	mediators	such	as	monocytes,	macrophages,	

lymphocytes	 and	 cytokines.	 The	 action	 of	 these	 leads	 to	 increased	 expression	 of	

proteases,	 which	 contribute	 to	 degeneration	 and	 remodelling	 of	 the	 ECM,	 thus	

leading	to	a	dilatation	of	the	aortic	wall	and	development	of	an	aneurysm	(Dale	et	

al.,	2015).	Vascular	(ECs,	SMCs)	and	inflammatory	cells	are	a	major	source	of	these	

proteases,	including	matrix	metalloproteases	(MMPs),	cathepsins	(Cats)	and	serine	

proteases	(Qin	et	al.,	2013),	which	all	play	an	important	role	in	the	remodelling	of	

the	 ECM	 both	 in	 normal	 conditions,	 as	 well	 as	 in	 different	 diseases	 such	 as	

atherosclerosis	and	AAA.	

7.	Proteases	in	AAA	

7.1	Matrix	metalloproteases	(MMPs)	

MMPs	 belong	 to	 a	 zinc-depended	 family	 of	 proteases,	 with	 many	 members	 and	

substrate	specifities.	MMPs	are	synthesized	as	inactive	pro-enzymes,	and	activated	

extracellularly	mostly	by	other	MMPs.	MMPs	have	a	key	role	 in	 turnover	of	ECM.	

The	activity	of	MMPs	is	balanced	by	activity	of	their	endogenous	inhibitors,	TIMPs.	

MMPs	have	 been	 implicated	 in	AAA	pathogenesis	 by	 their	 degradation	 of	 elastin	

and	 collagen	 (Hobeika	 et	 al.,	 2007).	 Among	 many	 MMPs,	 especially	 MMP-2	 and	

MMP-9	 have	 been	 extensively	 studied	 in	 AAA,	 and	 increased	 levels	 of	 these	

proteases	 have	 been	 demonstrated	 in	 both	 serum	 and	 aneurysm	 tissue	 of	 AAA	

patients.	 While	 MMP-2	 is	 thought	 to	 be	 involved	 mainly	 in	 early	 stages	 of	 AAA	

development,	 MMP-9	 is	 considered	 to	 have	 an	 essential	 role	 in	 expansion	 and	

rupture	of	AAAs.	MMP-2	and	MMP-9	are	produced	by	many	different	inflammatory	

cells,	but	also	by	other	cell	types	of	the	vasculature	such	as	SMCs.	Both	MMP-2	and	

MMP-9	are	suggested	to	be	important	in	migration	of	SMCs	by	degradation	of	BMs	
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and	 matrices	 rich	 in	 elastin	 (Thompson	 et	 al.,	 2002).	 The	 levels	 of	 TIMP-1,	 an	

endogenous	inhibitor	of	MMPs,	are	reduced	in	AAA	reflecting	an	imbalance	in	the	

activity	 of	 these	 proteases	 in	 individuals	 with	 an	 AAA	 (Lindholt	 et	 al.,	 2000),	

(Petersen	et	al.,	2000).		

7.2	Cathepsins	(Cats)	

Cathepsins	 are	 potent	 lysosomal	 cysteine	 proteases,	 with	 elastolytic	 and	

collagenolytic	 properties,	 that	 are	 able	 to	 degrade	 all	 ECM	 and	 BM	 components.	

Infiltrating	macrophages,	SMCs	and	ECs	are	the	source	of	these	proteases.		

Decreased	 levels	 of	 their	 natural	 extracellular	 inhibitor,	 cystatin	 C	 has	 been	

demonstrated	 in	 both	 plasma	 and	 aneurysm	 tissue	 and	 further	 associated	 with	

aortic	 diameter	 expansion	 and	 rupture	 of	 AAA	 (Abisi	 et	 al.,	 2007).	 Furthermore,	

higher	levels	of	cathepsins	have	been	associated	with	cardiovascular	disease,	such	

as	hypertension,	caused	by	vascular	EC	dysfunction.	Among	the	many	subtypes	of	

cathepsins,	 higer	 levels	 of	 Cats	 S,	 K	 and	 L	 have	 been	 shown	 in	 tissue	 from	 AAA	

patients	 compared	 with	 healthy	 controls	 and	 individuals	 with	 aortic	 occlusive	

disease	(Shi	et	al.,	1999),	(Maegdefessel	et	al.,	2014),	(Abisi	et	al.,	2007).		

7.3	Serine	proteases	

Plasmin,	 tissue-type	 plasminogen	 activator	 (tPA),	 urokinase-type	 plasminogen	

activator	 (u-PA)	 and	 neutrophil	 elastase	 are	 produced	 by	 vascular	 and	

inflammatory	cells	such	as	SMCs,	ECs	and	macrophages.	Elevated	plasma	levels	of	

tPA	 have	 been	 reported	 in	 both	 occlusive	 and	 aneurysmal	 aorta	 compared	 to	

controls	 with	 normal	 aorta	 (Parry	 et	 al.,	 2009),	 (Wanhainen	 et	 al.,	 2016b),	

(Siennicka	et	al.,	2013).	Plasmin,	an	important	member	in	the	fibrinolytic	system,	is	

regulated	 by	 t-PA,	 u-PA	 and	 plasminogen	 activator	 inhibitor-1	 (PAI-1).	 Elevated	

levels	 of	 plasmin	 have	 been	 shown	 in	 AAA	 tissue	 and	 an	 association	 between	

plasmin-anti-plasmin	complex	and	AAA	growth	has	been	reported	(Wanhainen	et	

al.,	2007),	(Parry	et	al.,	2009).	Plasmin	is	moreover	involved	in	degradation	of	ECM	

by	activation	of	MMPs	(Shimizu	et	al.,	2006),	(Wanhainen	et	al.,	2007).		
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8.	The	structure	of	basement	membrane	

The	 basement	 membrane	 (BM)	 is	 a	 50-100nm	 thick	 structure	 and	 a	 highly	

specialized	 ECM.	 This	 structure	 separates	 the	 endothelium	 and	 epithelium	 from	

the	 stroma,	 provides	 a	mechanical	 barrier	 but	 also	 regulates	many	 different	 cell	

activities	such	as	adhesion,	proliferation,	differentiation	and	migration	(Figure	2).	

Furthermore,	BMs	also	surround	muscle	cells,	fat	cells	and	nerve-axons.	

	

	

Figure	2:	The	basement	membrane.	

The	BM	consists	mainly	of	 type	 IV	 collagen,	 laminin,	 nidogen,	perlecan,	 and	 type	

VIII	 and	 XVIII	 collagens.	 The	 constituents	 of	 BM	 are	 organ-specific,	 but	 with	

diversity	of	 function.	Type	 IV	collagen	and	 laminin	are	capable	 to	“self-assemble”	

into	sheets	with	a	high	complexity	thus	forming	two	supramolecular	networks	that	

provide	strength	and	stability	to	the	BM	and	the	vascular	system	(Kalluri,	2003).		

8.1	Type	IV	collagen	

Type	IV	collagen	is	a	non-fibrillar	collagen	and	the	main	protein	component	of	all	

BMs.	 This	 collagen	 makes	 up	 50%	 of	 the	 protein	 mass	 in	 BMs.	 There	 are	 six	

genetically	distinct	type	IV	collagen	α-chains	(α1-α6).	A	single	α-chain	(monomer)	

consists	 of	 an	 amino-terminal	 7S	 domain,	 a	 middle	 triple-helical	 domain,	 and	 a	

carboxy-terminal	 globular	 non-collagenous	 (NC-1)	 domain.	 The	 α-chains	 form	
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different	 protomers,	 which	 further	 assemble	 into	 sheet-like	 structures	 by	

interactions	 between	 the	 7S	 domain	 and	 the	NC-1	 domain	 (Hudson	 et	 al.,	 1993)	

(Figure	3).		

	

Figure	3:	Schematic	illustration	of	type	IV	collagen.	

Among	proteases,	MMP-2	and	MMP-9	are	capable	of	degenerating	type	IV	collagen,	

and	releasing	bioactive	 fragments	by	proteolytic	cleavage	of	 the	7S	domain.	Type	

IV	collagen	has	a	crucial	role	in	the	integrity	and	stability	of	vascular	BMs,	and	the	

mutations	 in	 type	 IV	 collagen	observed	 in	Alports	 syndrome	 are	 associated	with	

essential	structural	changes	in	the	vascular	system	(Hudson	et	al.,	1993).	

8.2	Type	XVIII	collagen	

Type	 XVIII	 collagen,	 a	 heparin	 sulphate	 proteoglycan,	 consists	 of	 a	 central	

interrupted	triple	helical	domain,	non-collagenous	C-terminal	domain	(NC1)	and	a	

non-collagenous	N-terminal	domain	(N-terminal	domain),	(Figure	4).		



 

 26 

	

Figure	 4:	 Schematic	 illustration	 of	 type	 XVIII	 collagen	 and	 the	 endostatin	 domain.	
Modified	from	the	original	in	Iozzo	et	al	2005.	
	
There	are	two	isoforms	in	humans,	a	short	and	long	isoform,	out	of	which	the	long	

isoform	 is	 found	exclusively	 in	 the	 liver	 (Iozzo,	2005).	Otherwise	 in	 all	 epithelial	

and	endothelial	BMs,	type	XVIII	collagen	is	found	as	the	short	isoform	(Walia	et	al.,	

2015).	 Beside	 the	 tissue	 distribution	 the	 isoforms	 differ	 regarding	 function	

(Heljasvaara	et	al.,	2017).	

Proteolytic	 cleavage	 of	 the	 NC1	 terminal	 domain,	 at	 a	 “protease-sensitive-site”	

releases	 endostatin,	 a	 potent	 anti-angiogenic	 fragment	 of	 20kDa,	 into	 the	

circulation	 (Marneros	 and	 Olsen,	 2005).	 Endostatin	 participates	 in	 angiogenesis	

and	remodelling	of	ECM,	by	affecting	cell	proliferation,	migration,	interacting	with	

growth	factors,	proteases	and	upregulation	of	anti-angiogenesis	(Heljasvaara	et	al.,	

2017).	 Increased	 levels	of	 circulating	 levels	of	 endostatin	are	associated	 to	many	

CVDs	(Mitsuma	et	al.,	2007).	Mutations	in	type	XVIII	collagen	have	been	associated	

with	Knobloch	syndrome	(Kalluri,	2003).	
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9.	Biomarkers	associated	with	an	AAA	

AAA	is	a	multifactorial	disease	influenced	by	different	patient-specific	risk	factors,	

genetic	 and	 environmental	 factors	 but	 also	 biomechanical	 properties	 of	 the	

aneurysm,	which	reflect	the	large	heterogeneity	of	biomarkers	studied	in	the	AAA	

context.	Many	markers	have	been	associated	with	an	AAA,	its	expansion	or	rupture	

but	few	have	shown	to	be	clinically	useful	or	having	a	predictive	value.		

9.1	Biomarkers	associated	with	inflammation	in	AAA	

Among	 inflammatory	 cells	 and	 mediators,	 interest	 in	 cytokines	 has	 been	

prominent.	 Many	 inflammatory	 cells,	 ECs	 and	 SMCs	 produce	 cytokines,	 which	

regulate	the	activity	of	proteases	and	thus	affect	AAAs	in	different	ways.	Increased	

levels	 of	 pro-inflammatory	 IL-6	 and	 IL-8	 in	 both	 plasma	 and	 tissue	 have	 been	

associated	with	the	size	of	AAA	(Golledge	et	al.,	2008),	while	INF-γ	and	TNF-α	have	

been	correlated	to	the	expansion	and	symptoms	of	an	AAA,	respectively	(Golledge	

et	al.,	2008),	(Urbonavicius	et	al.,	2008).		

Association	 of	 the	 inflammatory	 marker	 C-reactive	 protein	 (CRP)	 to	 aneurysm	

diameter,	but	not	to	expansion,	has	been	demonstrated.	Instead	CRP	is	considered	

to	 be	 a	 risk	 factor	 for	 future	 cardiovascular	 events	 such	 as	myocardial	 ischemia,	

stroke	and	death	(Brown	and	Bittner,	2008).		

Both	 fibrinogen	 and	D-dimer	have	been	 associated	with	AAA	 size	 and	 expansion	

(Sidloff	 et	 al.,	 2014)	 and	 higher	 concentration	 of	 fibrinogen	 being	 shown	 in	

symtomatic	unruptured	AAA	(Al-Barjas	et	al.,	2006).	Further	biomarkers	linked	to	

inflammatory	system,	such	as	proteins	of	the	plasmin-anti-plasmin	complex	(PAP),	

t-PU,	PAI-1,	have	been	associated	with	AAA-expansion	(Parry	et	al.,	2009),	(Davies	

et	al.,	2011),	(Golledge	et	al.,	2011),	(Wanhainen	et	al.,	2016b).	

Many	 of	 these	 findings	 are	 however	 from	 studies	 with	 small	 sample	 size	 and	
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importantly	these	inflammatory	biomarkers	are	not	AAA-specific.		

9.2	Biomarkers	associated	with	ECM	degeneration	in	AAA	

Elastin	 derived	 degeneration	 products,	 serum	 elastin	 peptides	 (SEP),	 have	 been	

associated	 with	 small	 AAA	 diameter	 in	 a	 screening	 population.	 Elevated	 levels	

were	 significantly	 correlated	 to	 the	 diameter	 of	 ruptured	 compared	 with	 un-

ruptured	AAA	at	 follow	up,	 indicating	a	predictive	role	 for	SEP	 in	AAA	expansion	

(Lindholt	et	al.,	1997).	Type	III	collagen	is	a	fibrillar	ECM	collagen,	and	as	a	result	

of	 degeneration	 and	 increased	 turnover	 of	 this	 protein,	 an	 aminoterminal	

propeptide	 of	 type	 III	 collagen	 (PIIINP)	 enters	 the	 circulation.	 Elevated	 serum	

levels	 of	 PIIINP	 have	 been	 associated	 to	 both	 the	 expansion	 rate	 and	 rupture	 of	

AAA	(Satta	et	al.,	1997).	

Degeneration	of	structural	proteins	in	the	ECM	requires	protease	activity.	MMPs,	in	

particular	MMP-9	 has	 a	 key	 roll	 in	 degeneration	 of	 ECM	 components.	 MMP-9	 is	

secreted	from	macrophages	in	the	adventitia,	a	site	for	inflammatory	activity.	High	

levels	of	MMP-9	have	been	associated	with	AAA,	and	higher	MMP-9	expression	in	

male	 compared	 to	 female	 in	 experimental	AAA	 formation	 in	 rats	 indicate	 gender	

differences	 (Ramella	 et	 al.,	 2017),	 (Hobeika	 et	 al.,	 2007),	 (Ailawadi	 et	 al.,	 2004).	

Increased	 levels	have	been	reported	 in	 ruptured	AAA	 tissue	compare	with	 tissue	

from	asymptomatic	AAA	patients	(Groeneveld	et	al.,	2018),	(Petersen	et	al.,	2000).	

9.3	Genetic	markers	in	AAA	

According	 epidemiological	 studies	 a	 family	 history	 is	 present	 in	 15-20%	 of	

individuals	with	AAA.	The	risk	 is	higher	among	 those	with	a	 first-degree	 relative	

with	AAA,	and	among	siblings	mostly	brothers	are	affected	with	an	incidence	of	9-

29%	versus	0-11%	in	sisters	(Golledge	and	Kuivaniemi,	2013),	(Linne	et	al.,	2017).	

In	 a	 Swedish	 twin	 study,	 the	 estimated	 probability	 for	 a	 monozygotic	 twin	 of	 a	

person	with	AAA	to	have	the	disease	was	24%,	a	risk	71	times	higher	than	that	for	

a	monozygotic	 twin	of	 an	 individual	without	 an	AAA	 (Wahlgren	 and	Magnusson,	

2011).	A	meta-analysis	of	 five	genome-wide	association	studies	 (GWAS)	suggests	
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different	 etiology	 between	 cardiovascular	 diseases	 and	 AAA,	 despite	 the	 large	

overlapping	 of	 pathophysiological	 factors	 (Harrison	 et	 al.,	 2018).	 However,	 no	

specific	single	gene	or	polymorphism	has	been	identified	for	AAA	disease.		

9.4	Biomechanical	markers	in	AAA	

Intra-luminal	 thrombus	 (ILT)	 is	 common	 in	 AAA	 and	 a	 considerable	 factor	 for	

aneurysm	growth	since	the	thrombus	is	rich	in	 inflammatory	cells	and	proteases.	

The	volume	of	ILT	has	been	associated	to	expansion	of	AAA	in	follow	up	studies	of	

patients	 using	 CT-scans.	 A	 larger	 volume	 of	 ILT	 has	moreover	 been	 reported	 in	

ruptured	 AAA	 (Siennicka	 et	 al.,	 2013),	 (Vorp	 et	 al.,	 2001),	 (Wanhainen	 et	 al.,	

2016b).	 The	 reported	 data	 about	 of	 ILT	 thickness,	 volume	 and	 its	 effect	 on	wall	

stress	have	been	conflicting	(Villard	and	Hultgren,	2018).	

Analysis	of	wall	stress	by	using	diffrent	imaging	methods,	including	finite	element	

analysis	 and	 computer-genereated	 models,	 have	 been	 of	 great	 interest	 in	

biomechanical	 studies	 of	 AAA	 (Stevens	 et	 al.,	 2017).	 Wall	 stress	 is	 different	 in	

different	parts	of	an	aneurysm	due	to	the	geometry	of	an	AAA.	It	has	been	assumed	

that	the	site	for	maximum	wall	stress	is	more	prone	to	rupture,	and	in	numerous	

studies	higher	peak	wall	stress	(PWS)	has	been	associated	with	ruptured	AAA	vs.	

asymptomatic	 AAA	 (Venkatasubramaniam	 et	 al.,	 2004).	 The	 higher	 risk	 for	 AAA	

rupture	 in	 women	 compared	 with	 men	 has	 been	 shown	 to	 be	 associated	 with	

lower	wall	 strength	due	 to	gender	differences	 in	biomechanical	properties	 in	 the	

aneurysm	wall	(Villard	and	Hultgren,	2018),	(Gasser	et	al.,	2014)	
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II.	Aims	

10.1	Overall	aim	

The	overall	 aim	of	 this	 thesis	was	 to	 study	 vascular	 basement	membrane	 (VBM)	

fragments,	 type	 IV	 and	 type	 XVIII	 collagens,	 in	 plasma	 and	 their	 expression	 in	

aortic	tissue	in	individuals	with	an	AAA	and	controls.	

10.2	Specific	aims	

Paper	I	

To	study	the	plasma	levels	of	type	IV	and	XVIII	collagens,	in	a	small	set	of	samples	

from	patients	with	an	AAA.		

To	 study	whether	 there	 is	 a	 difference	 in	plasma	 levels	 in	patients	with	 an	AAA,	

compared	to	patients	with	peripheral	artery	disease	and	healthy	controls.		

Paper	II	and	III	

To	 investigate	 a	 possible	 association	 between	 the	 plasma	 levels	 of	 type	 IV	 and	

XVIII	collagens	and	the	aortic	diameter	in	a	larger	cohort	(paper	II)		

To	 find	 a	 possible	 association	 between	 the	 plasma	 levels	 of	 collagens	 and	 the	

expansion	rate	of	the	aortic	diameter	in	patients	with	AAA	(paper	II)	

To	 characterize	 the	 expression	 pattern	 of	 type	 IV	 and	 XVIII	 collagens	 in	 aortic	

tissue	 in	 patients	 with	 an	 AAA,	 compared	 with	 tissue	 from	 individuals	 with	 a	

normal	aorta	(paper	II).	

To	 study	 whether	 there	 was	 an	 association	 between	 the	 plasma	 levels	 of	 VBM	

collagens	and	inflammatory	markers	at	baseline	and	follow	up	in	the	same	cohort	

(paper	III)	
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Paper	IV			

To	 study	 the	alternations	of	plasma	 levels	of	 the	VBM	collagens	before	 and	after	

AAA	repair	either	by	OSR	or	EVAR.	
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III.	Materials	and	Methods	

11.1	Study	populations	

Paper	I		

The	 study	 was	 conducted	 as	 a	 prospective	 pilot	 study,	 and	 included	 patients	

admitted	 to	 the	 Department	 of	 Surgery	 at	 Umeå	 University	 Hospital.	 The	

participants	were	 ten	patients	with	a	known	CT-verified	AAA	≥50mm,	who	were	

referred	for	elective	open	surgical	repair.	Two	control	groups	were	recruited	with	

ten	individuals	in	each	group.	The	first	group	consisted	of	individuals	undergoing	

elective	 open	 surgery	 by	 cholecystectomy	 representing	 healthy	 controls	 (CON),	

and	 the	 other	 group	 consisted	 of	 individuals	 with	 a	 known	 peripheral	 artery	

disease	(PAD),	representing	patients	with	general	atherosclerosis.	To	confirm	that	

the	patients	in	the	control	groups	did	not	have	an	undiagnosed	simultaneous	AAA	

they	were	examined	by	an	abdominal	ultrasound	scan.		

Blood	samples	were	collected	at	the	time	for	admission	on	the	day	before	surgery	

and	 stored	 at	 −70°C.	 All	 clinical	 characteristics	 were	 collected	 from	 electronic	

medical	 patients	 charts,	 and	 included	 medical	 history,	 medication,	 laboratory	

measurements	and	imaging	results.		

Paper	II	

To	test	 the	reproducibility	of	 the	results	 in	paper	 I	 in	a	 larger	cohort,	but	also	 to	

analyse	a	possible	association	between	the	VBM	collagens	and	the	aortic	diameter,	

a	 cohort	with	 a	 total	 of	 642	 individuals	 recruited	 at	Uppsala	University	Hospital	

was	used.		

The	 participants	 consisted	 of	 individuals	 from	 an	 on-going	 AAA	 screening	

programme	of	men	aged	≥	65	or	patients	with	an	AAA	that	had	been	referred	 to	

the	Vascular	Surgery	Unit	 at	 the	Uppsala	University	Hospital.	After	applying	pre-

determined	exclusion	criteria	the	final	cohort	consisted	of	615	individuals.	
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At	baseline	the	cohort	of	615	individuals	was	stratified	into	three	groups	based	on	

the	 initial	 aortic	 diameter;	 normal	 aorta	 (NA),	 sub-aneurysmal	 aorta	 (SAA)	 and	

AAA.	The	group	with	 the	NA	 (≤25mm)	was	used	as	a	 control	 group.	Participants	

with	 an	 SAA	 (26-29	 mm)	 and	 AAA	 (≥30mm)	 were	 followed	 up	 according	 the	

surveillance	programme.	At	 the	 time	point	of	 follow	up	a	 total	of	159	 individuals	

had	repeated	measurements	of	the	aortic	diameter	by	ultrasound	and	collection	of	

blood	samples.	

The	AAA	tissues	investigated	in	the	study	were	obtained	from	six	patients	with	an	

asymptomatic	 AAA	 who	 underwent	 open	 surgical	 repair.	 Their	 tissues	 were	

compared	with	aortic	wall	tissue	from	six	organ	donators	with	a	normal	aorta.	

All	 patient	 data	 were	 analysed	 based	 on	 self-estimated	 standardized	 health	

questionnaire,	 review	of	patients	electronic	medical	 records	and	 imaging	 results.	

The	characteristic	data	of	these	individuals	are	presented	in	the	published	paper	II.	

Paper	III	

In	 this	 paper	 the	 association	 of	 VBM	 collagens,	 inflammatory	 markers	 and	 the	

aortic	diameter	was	studied	in	the	same	baseline	cohort	and	follow	up	cohort	that	

was	used	in	paper	II.		

Paper	IV	

Nineteen	 male	 patients	 with	 an	 asymptomatic	 AAA	 ≥50mm	 who	 underwent	

surgical	 repair	at	 the	Vascular	Surgery	Unit	of	 the	University	Hospital	of	Uppsala	

were	recruited	into	this	pilot	study.	The	study	cohort	consisted	of	individuals	from	

an	 on-going	 surveillance	 programme	 with	 repeated	 measurements	 of	 aortic	

diameter	 by	 ultrasound	 until	 surgery.	 Preoperative	 evaluation	 for	 the	 choice	 of	

method	of	surgical	repair	was	based	on	CT-scan	for	all	patients.	Only	patients	with	

a	 standard	 procedure	 of	 either	 OSR	 or	 EVAR	 for	 a	 degenerative	 AAA	 with	 or	

without	iliac	artery	aneurysm	were	included.	The	choice	of	participants	was	based	

on	 availability	 of	 repeated	 blood	 samples	 preoperatively	 close	 to	 the	 time	 for	
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repair	and	postoperatively	at	one	month	and	one	year	after	treatment.		

11.2	AAA	definition	and	imaging	

All	 individuals	 in	 the	 studies	 were	 examined	 by	 an	 ultrasound	 scan	 with	 the	

purpose	 to	 identify	 an	AAA	or	 as	 a	 follow	up	 routine	 according	 to	 a	 surveillance	

programme.	A	maximum	AP	diameter	of	infrarenal	aorta	was	measured	according	

to	the	“leading	edge	to	leading	edge”	(LELE)	principle,	which	means	that	the	aortic	

diameter	 is	measured	between	 the	outer	 layer	of	 the	anterior	wall	and	 the	 inner	

layer	of	the	posterior	wall.	LELE	is	the	utilized	method	at	the	vascular	laboratories	

at	Umeå	and	Uppsala	University	Hospitals,	and	is	in	accordance	with	the	Swedish	

AAA	screening	programme.	An	AAA	was	defined	as	a	AP	diameter	of	≥30	mm.		

11.3	Analysis	of	blood	samples	

All	 blood	 samples	 from	participants	were	 collected	 into	 EDTA	 tubes	 and	 plasma	

was	 isolated	 and	 stored	 at	 −70°C	 until	 analysis.	 Enzyme-linked	 immunosorbent	

sandwich	 assays	 (ELISAs)	 were	 used	 to	 measure	 circulating	 levels	 of	 type	 IV	

collagen	 by	 (EIA)	 immunoanalysis	 (Argus	 Medical,	 Dublin,	 Irland)	 and	 Collagen	

XVIII/endostatin	 by	 Quantikine	 Human	 Endostatin	 immunoassay	 (R&D	 Systems,	

Minneapolis,	MN,	USA)	(Papers	I,	II,	III	and	IV).		

High	sensitivity	C-reactive	protein	(hs-CRP)	in	plasma	was	also	analysed	using	an	

ELISA-assay	 (Cloud	 Clone	 Corporation,	 Houston,	 Texas,	 USA).	 The	 inflammatory	

markers,	 interleukin	 1-alpha	 and	 beta	 (IL-1α	 and	 IL-1β),	 interleukin	 6	 (IL-6),	

interleukin	8	(IL-8),	 tumour	necrosis	 factor-alpha	(TNF-α)	and	 interferon-gamma	

(IFN-Υ)	were	analysed	using	the	Milliplex	MAP	Human	Circulating	Magnetic	Bead	

Immunoassay	(EMD	Millipore	Corporation,	Billerica,	MA,	USA).	This	multiplex	bead	

array	permits	measurement	of	multiples	proteins	at	the	same	time.	The	multiplex	

data	 was	 collected	 on	 a	 Bio-Plex	 200	 System	 (Bio-Rad,	 Hercules,	 CA,	 USA)	 and	

processed	using	the	Bio-Plex	manager	v4.1.1	Software	(Bio-Rad	Laboratories,	CA,	

USA)	(Paper	III).	
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All	 samples	 were	 run	 according	 the	manufactures’	 instruction	 for	 use.	 An	 intra-

assay	variation	of	<15%	was	accepted	otherwise	the	samples	were	rerun.	

11.4	Analysis	of	AAA	tissue	

All	tissue	samples	were	embedded	in	Tissue-Tek	OCT™,	and	immediately	frozen	in	

a	mixture	of	 isopentane	and	dry	 ice,	and	stored	 in	–70°C	until	use.	Haematoxylin	

and	eosin	(H&E)	staining	for	basic	histology,	and	immunofluorescence	staining	for	

analysing	 type	 I,	 IV	 and	 XVIII	 collagen/endostatin	 and	 CD31	 (endothelial	 cell	

marker)	expression	were	performed	on	four	micrometer	frozen	tissue	sections.	As	

a	 negative	 control,	 the	 primary	 antibodies	 were	 omitted	 and	 the	 sections	 were	

incubated	 with	 secondary	 antibodies	 alone.	 All	 tissue	 specimens	 were	 analysed	

with	 the	 same	 light	 and	 immunofluorescence	 microscope	 and	 using	 the	 same	

magnification	for	location,	pattern	and	the	intensity	of	expression	of	collagens	and	

CD31	and	compared	to	basic	histology	(Paper	II).	

11.5	Statistics	

Paper	I			

The	 data	 were	 normally	 distributed.	 The	 differences	 between	 the	 three	 groups	

were	analysed	by	one-way	analysis	of	variance	(ANOVA)	with	Bonferroni	post	hoc	

correction	 regarding	 continuous	 variables,	 which	 were	 presented	 as	mean	 (SD).	

Due	 to	 the	 small	 sample	 size	 (<20),	 for	 comparison	 of	 categorical	 variables	

between	the	groups	the	Fishers	exact	test	was	used		

A	p-value	of	<0.05	was	considered	as	significant.	 InStat3	software	(GraphPad	Inc.	

La	Jolla,	CA,	USA)	was	used.	

Paper	II		

Baseline	 cohort:	 All	 cohort	 characteristics	 were	 analysed	 and	 prevalence	 of	

continuous	 variables	 and	 categorical	 variables	 were	 presented	 as	 mean	 (SD)	 or	
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proportion	 (%),	 respectively.	 The	 differences	 between	 the	 three	 aortic	 diameter	

groups	were	analysed	by	ordinal	regression	analysis	with	aortic	diameter	group	as	

the	 response	 variable.	The	 correlation	between	 the	 type	 IV	 and	XVIII/endostatin	

collagen	levels	and	aortic	diameter	were	analysed	using	Persons	correlation	tests.	

Follow	up	 cohort:	 The	expansion	 rate	of	 aortic	diameter	 for	 the	 follow	up	 cohort	

was	estimated	as	a	difference	between	the	last	and	first	aortic	aneurysm	diameter	

during	 the	 observed	 time.	 The	 cut-off	 of	 expansion	 rate	 was	 calculated	 to	 0.2	

mm/month	(corresponding	75th	percentile)	and	the	cohort	was	divided	into	two	

subgroups	 based	 on	 the	 expansion	 rate.	 T-test	 (for	 continuous	 variables)	 and	

Fishers	exact	test	(for	categorical	variables)	were	used	to	compare	the	differences	

between	the	expansion	groups.	A	linear	regression	model	was	used	to	analyse	the	

association	between	the	circulating	levels	of	both	collagens	and	the	expansion	rate.	

Tissue	 analysis:	 As	 the	 data	 was	 not	 normally	 distributed,	 analyses	 of	 the	 tissue	

samples	were	performed	by	using	the	Mann-Whitney	U-test.		

A	p-value	of	<0.05	was	considered	significant.	SPSS	version	23	(IBM	Corp,	Armork,	

NY,	USA)	was	used.	

Paper	III	

To	 compare	 the	 differences	 between	 the	 aortic	 diameter	 groups	 in	 terms	 of	

inflammatory	markers	and	other	characteristics,	ANOVA	and	Chi2	tests	were	used	

for	continuous	and	categorical	variables	respectively.	The	association	between	the	

aortic	 diameter	 groups	 and	 inflammatory	markers	 was	 performed	 in	 an	 ordinal	

regression	analysis	adjusted	for	all	risk	factors.	

A	 linear	regression	model	was	performed	to	analyse	 the	association	between	the	

plasma	 levels	 of	 VBM	 collagens	 and	 inflammatory	 markers.	 Paired	 samples	 test	

was	used	to	analyse	the	alternation	in	levels	of	inflammatory	markers	between	the	

baseline	and	time	point	for	follow	up.		
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As	the	expansion	subgroups	were	considered	being	independent	of	each	other,	an	

independent-samples	 t-test	 was	 performed	 to	 compare	 the	 differences	 between	

the	subgroups.	

In	 addition,	 linear	 regression	 model	 was	 used	 for	 analysis	 of	 a	 possible	 link	

between	 the	 expansion	 rate	 (as	 a	 response	 variable)	 and	 all	 risk	 factors,	 VBM	

collagens	and	the	aortic	diameter.	

A	p-value	of	<0.05	was	considered	significant.	SPSS	version	23	(IBM	Corp,	Armork,	

NY,	USA)	was	used.		

Paper	IV	

The	 patient	 data	were	 presented	 as	 frequency	 or	mean	 (SD)	 or	 (range).	 As	 data	

was	 not	 normally	 distributed	 the	 Wilcoxon	 signed-rank	 test	 was	 performed	 to	

compare	 the	 VBM	 collagen	 levels	 before	 and	 after	 AAA	 repair.	 The	 differences	

between	 the	 two	 different	 surgical	 interventions	 were	 analysed	 by	 using	Mann-

Whitney	U-test.		

A	p-value	of	<0.05	was	considered	significant.	SPSS	version	23	(IBM	Corp,	Armork,	

NY,	USA)	was	used.	
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IV.	Results	

12.1	Demographic	data	of	AAA	and	control	groups	(paper	I)	

Individuals	 with	 an	 established	 AAA	 and	 the	 group	with	 PAD	were	 significantly	

older	than	the	healthy	controls	(CON).	The	presence	of	smoking,	hypertension	and	

hyperlipidaemia	 was	 higher	 in	 the	 group	 with	 an	 AAA.	 While	 these	 differences	

were	 significant	 between	 the	 AAA	 group	 and	 CON	 group,	 only	 smoking	 was	

significantly	different	between	 the	AAA	and	PAD	groups.	There	was	 a	 significant	

difference	 regarding	 hypertension	 and	 hyperlipidaemia	 between	 the	 two	 control	

groups,	but	no	difference	in	prevalence	of	smoking.		

12.2	VBM	collagens	in	AAA	and	control	groups	(paper	I)	

The	 patients	 with	 an	 AAA	 had	 significantly	 higher	 levels	 of	 circulating	 type	 IV	

collagen	 compared	 to	 the	 healthy	 controls	 (CON),	 but	 there	 were	 no	 significant	

differences	between	 the	AAA	and	PAD	groups	nor	 the	PAD	and	CON	groups.	The	

patients	 with	 an	 AAA	 also	 had	 significantly	 elevated	 circulating	 levels	 of	 type	

XVIII/endostatin	collagen	in	comparison	with	the	CON	and	PAD	groups,	but	there	

were	no	significant	differences	between	the	control	groups	(Figure	5).	

	

Figure	5:	Circulating	levels	of	type	XVIII	collagen/endostatin	(A)	and	type	IV	collagen	
(B)	 in	patientes	with	an	AAA	compared	 to	healthy	controls	 (CON)	and	patients	with	
peripheral	artery	disease	(PAD).	
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12.3	Demographic	data	of	aortic	diameter	groups	in	the	baseline	

cohort	(paper	II)	

In	 the	 final	 study	 cohort	 of	 615	 individuals	 in	 paper	 II,	 252	 had	 a	 normal	 aortic	

diameter	(NA	≤25mm),	156	a	sub-aneurysmal	aorta	(SAA;	26-29mm)	and	207	had	

an	abdominal	aortic	aneurysm	(AAA	≥	30mm).		

The	group	with	an	AAA	had	the	highest	prevalence	of	smoking,	hypertension,	CAD,	

CVD,	COPD,	statin	and	ASA	usage.	In	an	adjusted	ordinal	logistic	regression	model,	

with	 the	 aortic	 diameter	 group	 as	 a	 response	 variable;	 age,	 smoking	 and	

hypertension	 remained	 significantly	 associated	 to	 the	 aortic	 diameter	 group	

(Table	1).		
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12.4	VBM	collagen	 levels	and	 the	aortic	diameter	groups	 (paper	

II)		

A	significant	difference	 regarding	 levels	of	both	collagens	was	observed	between	

the	three	aortic	diameter	groups	with	highest	 levels	 in	the	AAA	group	(Table	2).	

The	levels	of	type	IV	collagen	were	105	ng/ml	(SD	42)	in	the	group	with	NA,	124	

ng/ml	(SD	46)	in	the	group	with	SAA	and	127ng/ml	(SD	47)	in	the	group	with	AAA.	

The	 levels	of	 type	XVIII/endostatin	collagen	were	136	ng/ml	 (SD	29),	154	ng/ml	

(SD	 45)	 and	 162	 ng/ml	 (SD	 46),	 respectively.	 Both	 type	 IV	 and	 XVIII	

collagen/endostatin	 showed	 a	 weak	 positive	 correlation	 to	 aortic	 diameter	

(r=0.221,	p<0.001),	(r=0.273,	p<0.001),	respectively.	

In	an	ordinal	regression	analysis	model	with	aortic	diameter	group	as	the	response	

variable	the	plasma	levels	of	type	IV	and	type	XVIII	collagen/endostatin	remained	

significantly	associated	with	the	diameter	group	after	adjustment	for	confounding	

factors	(Table	2).		

12.5	 Demographic	 data	 of	 expansion	 groups	 in	 the	 follow	 up	

cohort	(paper	II)		

Follow	 up	 measurements	 and	 samples	 were	 available	 from	 a	 total	 of	 of	 159	

individuals.	Out	of	these	two	individuals	with	NA,	31	with	a	SAA	and	126	with	an	

AAA.	The	mean	follow	up	time	was	35	months	(SD	18),	and	mean	expansion	rate	

was	estimated	to	0.14	mm/month	(SD	0.15).	Based	on	the	expansion	rate	(cut-off	

of	0.2	mm/month),	the	cohort	was	divided	into	a	group	with	slow	(0.2mm/month)	

and	fast	(≥0.2mm/month)	expansion.	

The	aortic	diameter	was	significantly	different	between	the	expansion	groups	and	

aortic	diameter	was	significantly	associated	with	the	expansion	rate	when	tested	in	

an	 adjusted	 linear	 regression	 analysis	 model.	 There	 was	 a	 significant	 difference	

between	 the	 groups	 with	 slow	 and	 fast	 expansion	 rates	 in	 terms	 of	 basic	

characteristics,	 with	 the	 group	 with	 faster	 expansion	 rate	 having	 a	 higher	
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proportion	 of	 current	 smokers	 but	 a	 lower	 proportion	 of	 diabetics.	 DM	 had	 an	

inverse	association	with	the	aortic	expansion	rate.		

12.6	VBM	collagen	levels	in	the	expansion	groups	(paper	II)	

Mean	 levels	 of	 type	 XVIII	 collagen/endostatin	 were	 higher	 in	 the	 group	 with	 a	

faster	expansion	rate	(173	ng/ml,	SD	45)	compared	with	the	group	with	a	slower	

expansion	 rate	 (153	 ng/ml,	 SD	 41).	 Plasma	 levels	 of	 type	 IV	 collagen	 were	 not	

associated	 to	 expansion	 rate.	 Despite	 a	 significant	 association	 between	 the	 type	

XVIII	collagen/endostatin	levels	and	expansion	rate	in	a	linear	regression	analysis	

(p=0.035),	the	significance	was	lost	when	adjusting	for	confounders.		

12.7	Tissue	analysis	from	human	aortic	wall	(paper	II)	

The	 expression	 pattern	 was	 altered	 both	 VBM	 collagens	 in	 tissue	 from	 patients	

with	 an	 AAA	 (Figure	 6).	 As	 expected	 the	 expression	 of	 both	 VBM	 collagens	 in	

aortic	 tissue	 from	 normal	 aorta	 were	 in	 association	 with	 elastic	 layers	 of	 aortic	

wall	 and	 in	 vascular	 BM	 structures.	 However,	 tissue	 from	 aortic	 wall	 in	 AAA	

patients	 revealed	 a	 disorganized	 structure,	 less	 abundant	 expression	 of	 both	

collagens	and	fragmentation	of	elastic	fibres	in	the	medial	layer	of	the	vessel	wall.	

Interestingly,	 nodular	 structures	 were	 more	 frequently	 observed	 in	 AAA	 tissue	

compared	 with	 normal	 aorta	 (p=0.01).	 To	 better	 characterize	 these	 nodular	

structures	staining	with	type	I	collagen	(as	a	marker	for	ECM	deposition)	and	CD31	

(as	a	marker	of	endothelial	cells)	were	performed.	The	nodular	structures	had	no	

sign	 of	 endothelial	 cells,	 while	 presence	 of	 type	 I	 collagen	 as	 a	 sign	 of	 ECM	

deposition	was	demonstrated	(Figure	6).			
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Figure	 6:	 A	 and	 B:	 H&E	 staining	 of	 aortic	 tissues.	 Nodular	 structures	 are	 noted	
(asterisk)	in	the	AAA.	C	and	D:	Immunofluorescence	(IF)	staining	of	type	IV	collagen	in	
red,	 cell	 nuclei	 in	 blue	 and	ECs	 by	 CD31	 in	 green.	 E	 and	 F:	 IF	 staining	 of	 type	XVIII	
collagen/endostatin	 in	 red,	 cell	nuclei	 in	blue	and	ECs	 in	 green.	A	 loss	of	both	VBM	
proteins	can	be	observed	in	the	fragmentation	of	the	elastin	layer.	An	intense	staining	
of	 VBM	 collagens	 is	 found	 surrounding	 and	 in	 the	 nodular	 structures	 in	 AAA	
(asterisk).	G	and	H:	IF	staining	of	type	I	collagen	in	red,	cell	nuclei	in	blue	and	ECs	in	
green.	No	EC	staining	is	observed	in	the	nodular	structures	(asterisk)	when	compared	
to	blood	vessels	(arrows).	In	addition	these	structures	are	rich	in	type	I	collagen.		
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12.8	Risk	factors	for	AAA	and	inflammatory	markers	(paper	III)	

Among	 the	 risk	 factors,	 age	 (p=0.005)	 and	 CVD	 (p=0.041)	 were	 significantly	

associated	with	 IL-1β,	while	 history	 of	 smoking	 (p=0.002)	 and	 hypertension	 (p=	

0.032)	 were	 significantly	 associated	 with	 hs-CRP.	 No	 other	 associations	 were	

observed.	

12.9	 Aortic	 diameter	 groups,	 expansion	 rate	 and	 inflammatory	

markers	(paper	III)	

In	 a	 total	 of	 207	 individuals	with	 an	 AAA	 (paper	 II),	 157	 had	 a	 small	 aneurysm	

(<50mm)	 and	 50	 individuals	 had	 a	 larger	 aneurysm	 (≥50mm).	 There	 was	 a	

significant	 difference	 between	 the	 aortic	 diameter	 groups	 regarding	 both	 VBM	

collagen	levels	(both	p<0.001).	The	aortic	diameter	group	with	an	established	AAA	

had	the	highest	levels	of	IL-8	and	hs-CRP,	and	larger	AAAs	had	higher	levels	of	IL-8.	

There	 was	 a	 significant	 difference	 between	 the	 three	 aortic	 diameter	 groups	

regarding	 IL-8	 (p<0.001),	hs-CRP	 (p=0.026)	and	TNF-α	 (p=0.003).	The	NA	group	

had	the	highest	levels	of	TNF-α	(Table	2).	

The	 association	 of	 IL-8,	 and	TNF-α	 remained	 significant	 in	 an	 ordinal	 regression	

analysis	model	adjusted	for	all	risk	factors,	while	the	association	with	hs-CRP	was	

lost.		
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In	addition,	a	significant	difference	between	the	expansion	rate	groups	in	levels	of	

IL-1β	(p=0.024),	IL-6	(p=0.029),	type	XVIII	collagen/endostatin	(p=0.013)	and	the	

initial	aortic	diameter	(p=0.001)	was	observed	(Table	3).	

The	association	of	all	these,	except	IL-1β,	persisted	when	tested	in	a	multivariable	

regression	 analysis	 with	 expansion	 rate	 as	 the	 dependent	 variable.	 Among	 risk	

factors,	 hypertension	 (p=0.046)	 was	 significantly	 and	 positively	 associated	 with	

expansion	rate.		
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12.10	 VBM	 collagens,	 inflammatory	 markers	 and	 risk	 factors	

(paper	III)		

The	levels	of	type	IV	collagen	were	significantly	associated	with	the	levels	of	IL-8	in	

an	 adjusted	 linear	 regression	 analysis	 model.	 Further,	 a	 significant	 association	

between	the	type	IV	collagen	levels,	hypertension	and	COPD	was	found.		

The	 plasma	 levels	 of	 type	 IV	 and	 XVIII/endostatin	 collagens	 were	 significantly	

associated	 with	 plasma	 levels	 of	 both	 IL-6	 and	 IL-8,	 but	 in	 an	 adjusted	 linear	

regression	 analysis	 model	 these	 significances	 were	 lost.	 Among	 risk	 factors	

hypertension	 and	 renal	 insufficiency	were	 associated	with	 type	 XVIII/endostatin	

collagen.		

12.11	VBM	collagen	levels	after	AAA	repair	(paper	IV)	

In	a	total	of	19	patients	with	a	mean	age	of	72.6	years	(range	64.5-88.6)	and	AAA	

diameter	 of	 58	 mm	 (range	 50-70	 mm),	 plasma	 levels	 of	 type	 IV	 and	 XVIII	

collagen/endostatin	 differed	 significantly	 between	 the	 time	 before	 AAA	 repair	

(PreOP)	 and	 at	 two	 time	 points	 (PO-1	 and	 PO-2)	 after	 repair	 (PreOP	 vs.	 PO-1,	

p=0.008	 and	 PreOP	 vs.	 PO-2,	 p=0.012	 for	 type	 IV	 collagen	 and	 PreOP	 vs	 PO-1,	
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p=0.004	 and	 PreOP	 vs.	 PO-2,	 p=0.038	 for	 type	 XVIII	 collagen/endostatin).	 No	

significant	difference	was	found	between	the	PO-1	vs.	PO-2	values	for	either	of	the	

VBM	collagens.	There	was	moreover	no	significant	differences	in	plasma	levels	of	

VBM	collagens	between	the	EVAR	and	OSR	groups	(Figure	7).	

	

Figure	7:	Circulating	levels	of	VBM	collagens	after	AAA	repair	by	endovascular	repair	
(EVAR;	 in	 blue)	 or	 open	 surgical	 repair	 (OSR;	 in	 red).	 For	 type	 IV	 collagen	 (A)	 the	
levels	 remain	 very	 high	 after	 OSR	 compared	 to	 EVAR,	 even	 at	 1	 year	 after	 surgery	
(PO-2).	 For	 type	 XVIII	 collagen/endostatin	 (B)	 the	 curves	 of	 the	 EVAR	 and	 OSR	
patients	mirror	each	other,	although	the	levels	are	higher	in	EVAR.		
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V.	Discussion	

Elastin	 and	 fibrillar	 collagens	 (mainly	 type	 I	 and	 III	 collagens)	 are	 the	 most	

important	 load	 bearing	 structural	 components	 of	 the	 ECM,	 providing	 both	

compliance	and	tensile	strength	to	the	blood	vessel	wall.	Elastin	is	not	synthesised	

in	adults,	and	is	extremely	insoluble	with	a	long	half-life	of	≈70	years	(Cocciolone	

et	 al.,	 2018),	 while	 collagen	 synthesis	 is	 constantly	 on-going	 with	 a	 half-life	 of	

weeks	and	months	(Karsdal	et	al.,	2016)		

An	AAA	 is	 a	 degenerative	 disease	 characterized	 by	 ECM	degradation	 and	 loss	 of	

structural	proteins	and	cells.	The	pathological	process	is	mediated	by	inflammation	

and	 protease	 activity,	 leading	 to	 weakening	 of	 the	 aortic	 wall	 with	 impaired	

integrity	and	stability,	which	contributes	to	the	gradual	expansion	and	eventually	

rupture	of	 the	aneurysm	(Thompson	et	al.,	2002).	 In	spite	of	extensive	studies	of	

many	ECM	components	in	AAA	development	and	progression,	the	remodelling	and	

structural	 changes	 of	 the	 VBM,	 a	 highly	 specialized	 ECM	 has	 not	 been	 as	 well	

studied	in	AAA	disease.		

VBM	 is	 a	 dynamic	 ultrastructure	 providing	 mechanical	 stability,	 but	 it	 also	

influences	and	regulates	many	different	cellular	activities	(Sund	et	al.,	2004).	After	

proteolysis	 VBM	 components	 are	 cleaved	 and	 fragments	 become	 released	 into	

circulation	and	 tissue.	Many	of	 these	are	key	participants	 in	angiogenic	and	anti-

angiogenic	 processes	 (Kalluri,	 2003),	 (Sund	 et	 al.,	 2004).	 Both	 type	 IV	 and	 XVIII	

collagen	 are	 required	 for	 development	 and	 maintenance	 of	 BMs.	 Type	 XVIIII	

collagen	 moreover	 is	 a	 hybrid	 protein	 with	 proteoglycan	 properties,	 giving	 a	

functional	diversity	to	this	collagen.	Circulating	levels	of	type	IV	and	XVIII	collagen	

fragments	 have	 been	 demonstrated	 in	 both	 physiological	 and	 pathophysiological	

conditions,	and	have	also	been	related	 to	poorer	outcome	(Mitsuma	et	al.,	2007).	

Endostatin,	 liberated	 by	 protease	 activity	 on	 the	 C-terminal	 non-collagenous	

domain	 of	 type	 XVIII	 collagen	 has	 been	 suggested	 to	 use	 multiple	 signalling	

pathways	 affecting	 different	 process	 such	 as	 ECs	 behaviour,	 activity	 of	 growth	

factors	and	proteases	 (Heljasvaara	et	 al.,	 2017).	This	 collagen	 fragment	has	been	
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associated	 with	 many	 CVDs	 such	 as	 myocardial	 infarction,	 ischemic	 stroke,	 and	

adiposity	(de	Nooijer	et	al.,	2009),	(Mitsuma	et	al.,	2007).	The	association	between	

type	IV	collagen	and	atherosclerotic	disease	has	not	been	characterized	as	much	as	

its	 role	 in	 tumour	angiogenesis.	Degeneration	and	up-regulation	of	VBM	proteins	

and	enzymes	that	process	this	structure	had	previously	been	reported	in	thoracic	

aortic	 aneurysms	 (Cotrufo	 et	 al.,	 2005),	 but	 such	 analysis	 was	 lacking	 in	 AAA,	

which	thus	became	the	topic	of	this	thesis.	

Circulating	levels	of	both	collagens	were	significantly	increased	in	patients	with	an	

AAA	compared	with	healthy	controls	 in	paper	I.	 Interestingly,	 the	VBM	collagens	

differed	 regarding	 patients	 with	 PAD,	 since	 there	 was	 no	 difference	 in	 type	 IV	

collagen	 levels	between	the	AAA	group	and	the	group	with	PAD,	but	a	significant	

difference	 in	 circulating	 type	 XVIII	 collagen/endostatin	 between	 these	 groups	 of	

patients.	The	choice	of	the	control	groups	in	this	study	can	be	criticized.	The	group	

of	 healthy	 individuals	were	 not	 age	 and/or	 sex-matched	with	 the	 AAA	 and	 PAD	

groups,	being	both	younger	and	mostly	female.	Moreover,	the	aortic	diameter	was	

not	specified	in	the	control	groups.	The	definition	of	a	normal	aorta	(<30	mm)	and	

an	 AAA	 was	 based	 on	 an	 ultrasound	 diagnosed	 AAA	 with	 a	 diameter	 cut	 off	 at	

30mm.	Finally,	a	limitation	in	this	study	was	the	small	number	of	individuals.	It	is	

therefore	difficult	to	make	firm	conclusions	regarding	the	impact	of	risk	factors	on	

the	VBM	collagen	levels	in	plasma.	The	main	purpose	of	the	study	was	however	to	

investigate	the	circulating	levels	of	VBM	collagens	in	individuals	with	an	AAA,	since	

such	 information	was	 lacking	 in	 the	 literature.	Despite	a	small	 sample	size,	 there	

was	a	significantly	increased	plasma	level	of	both	VBM	collagens	in	the	AAA	group.	

Differences	between	the	VBM	collagen	levels	in	the	PAD	and	AAA	groups	allow	for	

speculation	about	different	role	of	 these	collagens	at	different	stages	 in	AAA,	and	

different	 manifestations	 of	 cardiovascular	 disease.	 Recently,	 an	 association	

between	type	IV	collagen	and	chronic	limb	ischemia	and	diabetes	mellitus	has	been	

elucidated	 (Hernandez-Aguilera	 et	 al.,	 2018),	 (Steffensen	 and	 Rasmussen,	 2018),	

although	the	mechanism	behind	this	association	is	unclear.		

The	results	in	paper	I	gave	the	incentive	for	further	investigation	of	VBM	collagens	
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in	a	substantially	larger	study	cohort.	The	study	cohort	used	in	paper	II	provided	

the	opportunity	 to	 investigate	 the	VBM	collagens	not	only	 in	a	 larger	population,	

but	also	in	relation	to	different	aorta	diameters,	ranging	from	normal	aorta	(NA)	to	

sub-aneurysmal	 aorta	 (SAA)	 and	 a	manifest	AAA.	 Furthermore,	 some	 individuals	

could	also	be	observed	over	time	with	repeated	analysis	and	the	results	could	be	

related	to	disease	progression.	

The	 natural	 history	 of	 an	 AAA	 is	 expansion	 over	 time.	 Similar	 knowledge	 of	 the	

natural	history	of	SAA	has	been	lacking	or	is	at	least	very	inadequate	in	literature,	

since	 the	 “narrow	window”	 between	 when	 the	 aortic	 diameter	 is	 considered	 as	

SAA	or	AAA,	by	using	ultrasound	measurements,	 could	explain	 the	occurrence	of	

SAA	 merely	 as	 a	 false	 negative	 finding	 at	 primary	 screening.	 Increasing	 use	 of	

imaging	 techniques,	 such	 as	 ultrasound,	 both	 in	 AAA	 screening	 programmes	 or	

when	 carried	 out	 for	 other	 reasons	 has	 lead	 to	 the	 detection	 of	 many	 small	

aneurysms	 and	 SAAs.	 It	 is	 however	 increasingly	 clear	 that	 the	 incidence	 of	 later	

AAAs	among	the	re-screened	SAA	individuals	is	not	a	consequence	of	false	negative	

findings	at	 the	 initial	screen,	and	that	 the	 individuals	with	an	SAAs	have	a	higher	

risk	 to	 develop	 a	 later	 AAA	 (Hafez	 et	 al.,	 2008).	 Others	 have	 shown	 that	 a	

significant	proportion	of	individuals	with	SAA	develop	an	AAA	over	a	time	period	

of	5	years	(d'Audiffret	et	al.,	2002),	(Svensjo	et	al.,	2014),	many	with	a	need	of	AAA	

repair	 in	 due	 a	 reasonable	 time.	With	 an	 increasing	 lifespan	 among	 the	 general	

population	 this	 finding	 cannot	 be	 ignored.	 Results	 from	 studies	 also	 make	 it	

evident	 that	 the	occurrence	and	 rate	of	 classical	 risk	 factors	are	 similar	between	

the	 AAA	 and	 SAA	 groups,	 with	 higher	 mortality	 in	 both	 groups	 related	 to	

cardiovascular	diseases.		

Based	on	these	facts,	the	finding	of	highest	plasma	levels	of	both	VBM	collagens	in	

the	 group	 with	 AAA,	 followed	 by	 the	 group	 with	 SAA	 in	 paper	 II	 was	 not	

unexpected.	The	higher	rate	of	cardiovascular	diseases	in	the	SAA	group	was	thus	

also	 in	 line	with	 findings	 in	 current	 literature.	 SAA,	 also	named	an	 “aneurysm	 in	

formation”	should	thus	be	considered	as	a	precursor	of	AAA.		

In	 addition	 to	 the	 excessive	 degeneration	 of	 ECM,	 cell	 apoptosis	 and	 neo-
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angiogenesis	 are	 other	 important	 features	 of	 an	 AAA	 (Rodella	 et	 al.,	 2016),	

(Ramella	et	al.,	2017).	Several	different	types	of	proteases	such	as	MMPs,	Cats	and	

elastases	have	a	pivotal	role	in	AAA	pathogenesis.	Many	experimental	and	clinical	

studies	 have	 shown	 increased	 levels	 of	 MMPs	 (especially	 MMP-2	 and	 MMP-9),	

Catthepsins	(Cat	K,	L	and	S)	and	elastases	with	simultaneous	decreased	activity	of	

their	endogenous	inhibitors	in	AAA	disease	(Liu	et	al.,	2006).	The	same	proteases	

are	 highly	 involved	 in	 degradation	 and	 remodelling	 of	 the	 VBM	 and	 its	

components,	 such	 as	 type	 IV	 and	 XVIII	 collagens	 (Kalluri,	 2003),	 (Walia	 et	 al.,	

2015).	 Based	 on	 these	 facts	 it	 is	 reasonable	 to	 hypothesize	 that	 the	 elevated	

plasma	 levels	 of	 both	 type	 IV	 collagen	 and	 type	 XVIII	 collagen/endostatin	 in	

patients	with	an	AAA	(paper	 I,	 II)	 and	 the	significant	association	with	 the	aortic	

diameter	 group	 (paper	 II)	 reflect	 an	 on-going	 remodelling	 of	 ECM	 and	 VBM	

(paper	 I,	 II).	 In	 addition,	 patients	with	 larger	 aneurysms	 had	 higher	 circulating	

levels	of	 these	VBM	collagens	(paper	II),	 suggesting	 that	 larger	aneurysms	could	

provide	more	substrate	availability	for	these	proteases.	

Moreover,	it	has	been	shown	in	an	experimental	study	on	mice	that	the	aorta	is	a	

major	 source	 of	 type	 XVIII	 collagen/endostatin	 (Miosge	 et	 al.,	 1999)	 but	 the	

localisation	of	this	collagen	had	previously	not	been	characterized	in	detail	 in	the	

human	 aorta.	 Previous	 data	 have	 moreover	 demonstrated	 a	 strong	 affinity	 and	

high	association	between	the	type	XVIII	collagen	and	all	elastin	layers	in	the	aortic	

wall	(Miosge	et	al.,	1999).	The	incresead	plasma	levels	and	different	expression	of	

non-fibrillar	VBM	collagens	shown	in	this	thesis,	combined	with	deposition	of	the	

fibrillar	 type	 I	 collagen	 in	 tissue	 from	AAA	patients	 in	 paper	 II	 indicate	 that	 the	

aortic	 aneurysm	 wall	 plays	 an	 active	 role	 in	 collagen	 metabolism	 in	 individuals	

with	 an	 AAA.	 The	 results	 from	 experimental	 studies	 were	 confirmed	 in	 human	

tissue	in	paper	II,	with	the	finding	of	strong	expression	in	the	normal	aortic	wall	

and	altered	expression	of	both	VBM	collagens	and	defragmentation	of	elastin	layer	

in	patients	with	an	AAA.		

Elastin	degeneration	is	suggested	to	be	an	early	pathophysiological	 feature	in	the	

enlargement	of	aneurysmatic	aorta.	Elastin	degeneration	end	products	(EDP)	have	
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chemotactic	 properties,	 recruiting	 inflammatory	 cells	 such	 as	 macrophages,	

lymphocytes	and	promoting	activity	of	different	proteases	 in	 response	 to	 several	

types	 of	 cytokines	 (Kotze	 et	 al.,	 2011).	 Cytokines	 thus	 have	 a	 key	 role	 in	

maintenance	and	progression	of	inflammation	in	AAA	(Li	et	al.,	2018)	(Figure	8).		

	

Figure	 8.	 The	 relationships	 between	 risk	 factors	 and	 vascular	 remodelling	 in	 the	
different	stages	of	AAA	pathogenesis.	Modified	from	Kuivaniemi	et	al.,	2015.	

The	 endothelium	 is	 involved	 in	 AAA	 pathogenesis	 by	 the	 influence	 of	

haemodynamic	forces	and	extrinsic	antigens,	regulation	of	expression	and	activity	

of	 both	 cytokines	 and	 proteases	 (Platt	 et	 al.,	 2007),	 (Zhou	 et	 al.,	 2014).	 All	 this	

affects	inflammation,	which	in	turn	is	responsible	for	the	destruction	of	the	normal	

architecture	of	aortic	wall.	The	association	between	the	 inflammatory	markers	 in	

particular	 cytokines	 have	 been	 put	 in	 attention	 during	 last	 decades	 as	 potential	

therapeutic	 targets	 in	 many	 diseases	 including	 AAA	 (Juvonen	 et	 al.,	 1997).	

Increased	 levels	 of	 cytokines	 have	 been	 associated	 to	many	 CVDs.	 Among	many	
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cytokines	elevated	levels	of	IL-1β,	IL-6,	Il-8,	TNF-α,	IFN-γ	and	CRP	have	reported	in	

individuals	 with	 an	 AAA	 (Shimizu	 et	 al.,	 2006),	 (Swartbol	 et	 al.,	 2001).	 The	

association	between	 the	VBM	proteins	and	cytokines	 in	 the	AAA	context	had	not	

been	previously	reported.	

IL-8	 is	 a	 4-kDa	 chemokine,	 which	 represents	 a	 subgroup	 of	 the	 superfamily	 of	

cytokines.	Chemokines	are	highly	involved	in	starting	the	inflammatory	reaction	in	

AAA	 (Li	 et	 al.,	 2018).	 Pro-inflammatory	 IL-8	 has	 a	 chemotactic	 effect	 on	

inflammatory	 neutrophils	 and	 ECs,	 and	 its	 induction	 of	 cellular	 and	 vascular	

adhesion	 molecules	 seems	 to	 have	 an	 essential	 role	 in	 pathogenesis	 of	 AAA.	

Previously,	 elevated	 concentration	 and	 expression	 of	 IL-8	 has	 been	 described	 in	

sites	 of	 inflammation	 in	 AAA	 tissue	 when	 compared	 with	 normal	 aorta.	

Interestingly,	 the	 increased	 concentration	 has	 been	 shown	 to	 be	 associated	with	

increased	 intensity	 of	 mural	 inflammation	 in	 the	 adventitial	 layer	 and	 luminal	

layers	of	 intra-luminal	thrombus	(ILT),	and	thus	corresponds	with	the	location	of	

neutrophils	and	macrophages	in	the	ILT.	The	ILT	thus	is	a	major	source	of	IL-8	and	

has	 been	 linked	 with	 AAA	 expansion	 and	 rupture	 (Houard	 et	 al.,	 2009).	

Additionally,	 the	 affinity	 of	 IL-8	 to	 ECs	 has	 been	 linked	 to	 the	 promotion	 of	

angiogenesis	 (Middleton	et	 al.,	 2009).	Out	of	 all	 the	 tested	 cytokines,	 a	 clear	 link	

was	 found	 between	 the	 levels	 of	 VBM	 collagens	 and	 IL-8	 (paper	 III).	 This	

association	 may	 indicate	 that	 remodelling	 of	 VBM	 could	 be	 partly	 mediated	 by	

inflammation	in	the	aneurysmal	aortic	wall.	Furthermore,	a	significant	association	

between	plasma	levels	of	IL-8	and	AAA	diameter	was	shown,	with	highest	levels	in	

the	AAA	group	and	in	the	largest	aneurysms.		

The	 aortic	 diameter	 groups	 differed	 in	 levels	 of	 hs-CRP	 with	 highest	 values	

observed	 in	 the	group	with	an	AAA	(paper	 III)	 as	 reported	previously	by	others	

studies	(Treska	et	al.,	2011),	(Liao	et	al.,	2015).	CRP,	an	acute	phase	inflammatory	

marker,	is	synthesized	in	liver	and	regulated	by	IL-6.	Many	epidemiological	studies	

have	revealed	increased	levels	of	CRP	in	individuals	with	CVDs,	and	it	is	considered	

as	 a	 general	marker	 for	 cardiovascular	 disease	 and	 a	 strong	predictor	 for	 future	

events	in	this	population	(Brown	and	Bittner,	2008).	Evaluation	of	the	prognostic	
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value	 of	 CRP	 at	 follow	 up	 of	 patients	 with	 peripheral	 artery	 disease	 has	 linked	

higher	 and	 increasing	 levels	 of	 CRP	 to	 an	 increased	 risk	 for	 all	 cause	 mortality	

(Brown	and	Bittner,	 2008).	Thus,	 the	 elevated	 levels	 of	hs-CRP	 in	paper	 III	may	

reflect	 the	 severity	 of	 disease	 in	 our	 population,	 as	 levels	 rose	 with	 increasing	

aortic	diameter,	with	highest	 levels	 in	 the	group	with	AAA,	 followed	by	SAA,	 two	

groups	that	also	have	high	rates	of	CVD.	

In	 terms	 of	 association	 with	 expansion	 rate	 none	 was	 shown	 to	 the	 IL-8	 levels.	

Among	all	tested	inflammatory	markers	a	significant	association	between	IL-1β,	IL-

6	 and	 expansion	 rate	 was	 found.	 IL-1β	 is	 thought	 to	 be	 essential	 for	 AAA	

development,	 since	 elevated	 circulating	 levels	 and	 increased	 gene	 and	 protein	

expression	have	been	demonstrated	in	AAA	(Meher	and	Chen,	2017),	(Johnston	et	

al.,	2013).	Moreover,	experimental	inhibition	of	IL-1β	attenuates	AAA	development	

and	 vascular	 inflammation	 (Johnston	 et	 al.,	 2013).	 Furthermore,	 increased	 levels	

are	 mostly	 associated	 to	 early	 stage	 of	 AAA	 formation	 prior	 to	 manifest	 aortic	

dilatation.	 It	 perhaps	 could	 explain	 why	 there	 were	 no	 differences	 between	 the	

three	aortic	groups.	However,	 the	association	with	 IL-1β	and	expansion	rate	was	

lost	 in	 an	 adjusted	 analysis	 model,	 while	 IL-6	 remained	 significantly	 associated	

with	 expansion	 rate.	 Clinical	 and	experimental	data	 suggest	 an	 important	 role	of	

IL-6	 by	 inducing	 vascular	 inflammation,	 and	 aortic	 dilation	 as	 a	 response	 to	

hypertension	 and	 increased	mechanical	 tension	 (Chae	 et	 al.,	 2001),	 (Akerman	 et	

al.,	2018).	All	of	 these	are	potential	sources	to	the	protease	activation	needed	for	

ECM	and	VBM	remodelling	and	contributes	to	disease	progression.	Plasma	levels	of	

type	XVIII	collagen	collagen/endostatin	was	also	associated	with	expansion	rate	in	

an	 adjusted	 analysis	 model.	 The	 subgroup	 with	 faster	 expansion	 rate	 had	

significantly	higher	levels	of	IL-6,	IL-1β	and	type	XVIII	collagen/endostatin	(Paper	

II,	III).	

Smoking	and	hypertension	belong	 to	known	 risk	 factors	 and	are	 associated	with	

the	expansion	rate	of	an	AAA.	It	has	been	reported	that	current	smoking	increases	

AAA	 expansion	 with	 0.5	 mm/year	 and	 10	 mmHg	 increased	 diastolic	 blood	

pressure	causes	 increased	expansion	rate	with	0.20	mm/year	(Bhak	et	al.,	2015).	
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Smoking	cessation	and	blood	pressure	control	are	thus	recommended	therapy	for	

individuals	with	an	AAA	(Sweeting	et	al.,	2012).	The	results	in	this	thesis	were	in	

line	with	prior	reports,	with	a	 larger	proportion	of	smokers	among	patients	with	

an	AAA	and	among	those	with	a	 faster	AAA	expansion	rate;	 further	hypertension	

was	associated	with	expansion	rate	(Paper	II,	III).		

In	contrary,	there	was	an	inverse	relationship	between	diabetes	mellitus	(DM)	and	

the	aortic	diameter	group	and	expansion	rate,	with	highest	DM	prevalence	 in	 the	

group	 with	 slower	 expansion	 rate	 compared	 with	 faster	 AAA	 expansion	 group	

(17.5%	vs	5.1%)	(Paper	II,	III).	This	inverse	association	is	paradoxical.	It	has	been	

shown	that	diabetics	have	lower	occurrence,	slower	growth	and	lower	AAA-related	

mortality,	and	DM	is	thus	thought	to	be	a	protector	against	AAA.	Hyperglycaemia	

and	advanced	glycation	end	products	(AGEs)	stimulate	inflammation	and	increase	

protease	 activity,	 while	 histologically	 DM	 is	 characterized	 with	 decreased	 MMP	

activity,	increased	collagen	deposition,	thickening	of	BMs	with	increasing	stiffness	

of	 the	 aortic	 wall.	 These	 conflicting	 features	 have	 put	 DM	 medication	 with	

metformin	 in	 focus.	 According	 to	 experimental	 studies	 metformin	 reduces	

inflammation	 by	 glycemic	 and	 lipid	 control,	 and	 reduces	 activity	 of	 pro-

inflammatory	 cytokines	 thus	 exerting	 a	 protective	 role	 against	 AAA	 (Patel	 et	 al.,	

2018).	 The	 exact	 mechanism	 of	 this	 protective	 role	 of	 DM	 remains	 unclear.	

However,	 the	present	 findings	regarding	DM	prevalence	and	growth	rate	were	 in	

accordance	with	current	literature.	

Plasma	 levels	 of	 TNF-α	 were	 also	 inversely	 associated	 with	 AAA,	 with	 highest	

levels	 in	 the	group	with	normal	aorta.	The	 implication	of	TNF-α	 in	AAA	has	been	

demonstrated	by	showing	slightly	higher	levels	in	AAA	in	comparison	with	healthy	

controls	and	those	with	coronary	heart	disease	(CHD),	but	with	no	differences	 in	

levels	 between	 the	 control	 groups	 (Juvonen	 et	 al.,	 1997).	 Others	 have	 shown	

conflicting	results,	with	lower	TNF-α	levels	in	tissue	from	AAA	compared	with	AOD	

(Davis	 et	 al.,	 2001).	 TNF-α	 has	 been	 assigned	 a	 role	 in	 up-regulation	 of	 MMP	

activity,	 and	 the	 inhibitory	 effect	 of	 statins	may	 partly	 be	mediated	 via	 this	 pro-

inflammatory	 cytokine	 (Ramella	 et	 al.,	 2017).	 Probably	 due	 its	 properties	 as	 an	
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inflammatory	acute	phase	reactant,	TNF-α	has	been	associated	with	symptomatic	

AAA	(Flondell-Site	et	al.,	2009).	The	lowest	levels	of	TNF-α	in	the	AAA	group	in	the	

paper	 III	 could	 reflect	 the	 composition	 of	 our	 aortic	 diameter	 groups,	 namely	

individuals	with	 small	 asymptomatic	AAAs	with	a	high	 frequency	of	 statin	users.	

Cytokines	 act	 differently	 depending	 on	 the	 context.	 The	 heterogeneity	 of	

individuals	with	AAA	 in	 general	 and	 the	 variety	 of	 analysis	methods	 and	 control	

groups	 may	 explain	 some	 of	 the	 different	 outcomes	 regarding	 cytokines	 in	

literature.		

Chronic	 inflammation	with	 degradation	 of	 extracellular	matrix	 (ECM)	 is	 an	 AAA	

hallmark	(Dale	et	al.,	2015),	(Li	et	al.,	2018).	The	inflammation	process	is	complex	

and	advanced	with	a	variety	of	cellular	and	molecular	components	and	pathways.	

Whether	 inflammation	 is	 associated	with	 enhanced	 remodelling	 of	 the	 VBM	 and	

thus	 increases	 the	 turnover	 of	 the	 VBM	 collagens,	 such	 as	 type	 IV	 and	 XVIII	

collagens,	in	AAA	is	unknown	but	it	is	a	possible	assumption	based	on	the	results	

in	this	thesis.		

Biomarkers	 of	 chronic	 inflammation	 and	 ECM	degeneration	 have	 been	 excessive	

studied	as	potential	prognostic	and/or	therapeutic	predictors	in	AAA.	The	effect	of	

AAA	 repair	 on	 the	 levels	 of	 these	 markers	 might	 give	 a	 good	 insight	 into	

understanding	 biological	 activity	 in	 aneurysms,	 but	 also	 provide	 strategical	

treatment	options	in	patients	with	an	AAA.		

To	investigate	whether	exclusion	and	repair	of	AAA	would	affect	the	plasma	levels	

of	the	VBM-collagens	seamed	to	be	a	natural	next	step	after	the	findings	in	paper	I,	

II	and	III	 in	this	thesis.	Our	preliminary	results	 in	paper	IV	show	overall	marked	

differences	 in	 plasma	 levels	 of	 both	 collagens	 postoperatively.	 Significantly	

increased	 levels	 of	 both	VBM	collagens	were	 found	one	month	 after	 repair	 in	 all	

patients.	This	 finding	 could	be	 assumed	due	 to	 increased	 inflammatory	 response	

and	 turnover	 of	 ECM	 and	 VBM	 components,	 in	 particular	 collagens,	 caused	 by	

surgical	trauma	in	these	patients.	Indeed,	increased	levels	of	both	type	IV	collagen	

and	 type	 XVIII	 collagen/endostatin	 after	 injury,	 including	 surgical	 trauma,	 has	

been	 described	 (Fujikawa	 et	 al.,	 1984),	 (Akerfeldt	 et	 al.,	 2014).	 Although	
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decreasing	levels	of	both	VBM	collagens	at	one	year	after	AAA	repair	was	shown,	

compared	 to	 the	 levels	 at	 one	 month	 postoperatively,	 the	 levels	 remained	

significantly	higher	 at	 this	point	 compared	with	 the	preoperative	baseline	 levels,	

which	is	an	interesting	finding.	

EVAR	is	the	dominating	surgical	treatment	for	AAA,	due	to	advantages	in	terms	of	

outcomes	regarding	morbidity	and	mortality.	A	comparison	between	the	EVAR	and	

OSR	 groups	 showed	 more	 marked	 increases	 in	 type	 XVIII	 collagen/endostatin	

levels,	and	less	increases	in	type	IV	collagen	levels	within	the	EVAR	group	both	at	

short-	 and	 long-term	 follow-up.	However,	 these	differences	 in	mean	 levels	of	 the	

two	VBM	collagens	were	not	statistically	significant	in	this	small	pilot	study.		

Data	from	experimental	studies	suggest	changes	in	BM	components	with	formation	

of	 a	 ”scar”	 and	 increased	 assembly	 and	 deposition	 of	 type	 IV	 collagen	 has	 been	

demonstrated	 in	 repaired	 BM	 after	 injury	 (Ramos-Lewis	 et	 al.,	 2018).	 Thus	 the	

increased	VBM	collagen	levels	in	paper	IV	could	be	due	to	remodelling	of	the	VBM	

after	 surgical	 treatment	 of	 AAA.	 In	 general,	 the	 small	 number	 of	 individuals	 and	

variability	of	plasma	levels	of	both	collagens	in	paper	IV	should	be	considered	as	a	

strong	limiting	factor	to	draw	any	firm	conclusions.	Moreover,	fewer	individuals	in	

OSR	group	made	it	difficult	to	confirm	a	possible	difference	between	the	levels	of	

VBM	 collagens	 in	 the	 EVAR	 and	 OSR	 groups	 depending	 on	 the	 surgical	

intervention.		

So	far	the	observed	findings	in	this	thesis	indicate	that	patients	with	an	AAA	have	

increased	 levels	 of	 VBM	 collagens,	 with	 higher	 levels	 in	 larger	 aneurysms	 and	

those	with	faster	expansion.	Moreover,	the	inflammatory	activity	in	AAA	patients	is	

associated	 with	 VBM	 collagen	 levels	 and	 the	 aortic	 diameter,	 suggesting	

inflammation	 as	 a	 potential	 driver	 of	 VBM	 remodelling	 and	 aneurysm	 growth.	

Additionally,	 the	 findings	 of	 altered	 expression	 of	 both	 collagens	 in	 individuals	

with	an	AAA	and	changed	circulating	levels	of	both	collagens	after	surgical	repair	

make	these	biological	markers	of	VBM	remodelling	an	interesting	field	for	further	

studies.		
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VI.	Conclusions	

Paper	I		

Circulating	 levels	 of	 type	 IV	 and	 XVIII	 collagen	 fragments	 were	 significantly	

increased	in	patients	with	an	AAA	.	

There	was	no	significant	difference	 in	circulating	 levels	of	 type	 IV	collagen	 levels	

between	the	patients	with	an	AAA	and	PAD,	while	circulating	 levels	of	 type	XVIII	

collagen/endostatin	differed	significantly	between	the	CON	and	PAD	groups.	

The	was	no	difference	in	circulating	levels	of	both	collagens	between	the	CON	and	

PAD	groups.	

Paper	II	

The	 increased	 circulating	 levels	 of	 both	 collagens	 in	 patients	 with	 an	 AAA	were	

confirmed	in	a	larger	cohort.	

Circulating	 levels	 of	 type	 IV	 and	 XVIII	 collagen/endostatin	 fragments	 were	

significantly	associated	with	aortic	diameter	with	highest	levels	in	AAA	patients.	

Plasma	levels	of	type	IV	collagen	were	not	associated	with	expansion	rate	and	the	

significant	association	between	the	 type	XVIII	collagen/endostatin	and	expansion	

rate	was	lost	after	adjusting	for	initial	aortic	diameter.	

The	location	of	type	XVIII	collagen	in	aortic	wall	in	association	to	the	elastin	layer	

could	be	confirmed	also	in	human	aorta.		

The	expression	of	both	collagens	was	altered	in	AAA	compared	with	normal	aortic	

tissue.	The	AAA	wall	was	disorganized	with	fragmentation	of	all	elastic	fibres	and	

less	abundant	type	IV	and	XVIII	collagen	expression	was	shown.	
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Paper	III	

The	circulating	levels	of	VBM	collagens	were	associated	with	the	levels	of	several	

inflammatory	 markers	 at	 baseline.	 Additionally,	 plasma	 levels	 of	 inflammatory	

marekers	 were	 associated	 with	 the	 baseline	 aortic	 diameter	 and	 the	 expansion	

rate.	

Paper	IV	

Circulation	 levels	of	 type	 IV	 and	XVIII/endostatin	were	altered	after	 repair	of	 an	

AAA	 in	 comparison	with	 the	 baseline	 levels	 before	 repair	 and	 remain	 high	 after	

one	year	of	follow	up.	
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VI.	Future	perspectives	

Recent	 experimental	 and	 clinical	 studies	 show	 evidence	 of	 an	 important	 role	 of	

endothelial	 cells	 (ECs)	 in	 AAA	 pathology.	 ECs	 involvement	 is	 mediated	 by	

recruitment	of	inflammatory	cells	such	as	macrophages,	and	secretion	of	cytokines	

and	proteases	into	the	medial	layer	(Ramella	et	al.,	2017).	Increased	EC	expression	

of	cathepsins	has	been	demonstrated	in	aortic	wall	lesions	in	AAA	(Lohoefer	et	al.,	

2012)	 and	 experimental	 studies	 have	 demonstrated	 that	 mechanical	 stretch	

enhances	 MMP	 expression	 and	 activity	 by	 oxidative	 stress,	 another	 hallmark	 in	

vascular	remodelling	(Grote	et	al.,	2003).	EC	dysfunction	 is	associated	with	many	

cardiovascular	 diseases	 (Siasos	 et	 al.,	 2015)	 and	 recently	 some	 of	 endothelial	

dysfunction-biomarkers	such	as	ILT,	fibrinogen	and	D-dimer	have	been	linked	with	

AAA	 progression	 and	 expansion	 (Siennicka	 et	 al.,	 2013)	 In	 addition,	 endothelial	

dysfunction	 has	 been	 associated	with	many	 risk	 factors	 like	 aging,	 smoking	 and	

hypertension,	all	also	risk	factors	involved	in	AAA	development.	

These	 aspects	 make	 endothelium	 a	 highly	 interesting	 structure	 for	 future	 AAA	

research.	Furthermore,	 the	direct	exposure	of	 the	endothelium	to	blood	 flow	and	

cells	 could	 provide	 new	 therapeutic	 targets	 in	 AAA.	 Thus,	 constant	 exposure	 of	

vessels	 to	 mechanical	 stretch	 and	 ECs	 to	 shear	 stress	 regulate	 expression	 and	

activity	of	proteases,	which	are	highly	involved	in	remodelling	and	degradation	of	

ECM	 and	 VBM	 components	 such	 type	 IV	 and	 XVIII	 collagen/endostatin.	 Results	

from	this	thesis	suggest	that	release	of	VBM	collagens	could	partly	be	mediated	by	

inflammation.	The	trigger	mechanism	of	this	inflammation	is	however	not	clear.		

The	role	of	mechanical	 forces	 in	 remodelling	of	VBM	and	 in	particular	 leading	 to	

changes	in	type	IV	and	XVIII	collagen/endostatin	expression	and	activity	could	be	

further	 investigated	by	model	 systems	using	 experimentally	 induced	AAA,	which	

would	provide	a	better	mechanistic	 insight	 into	 changes	and	remodelling	of	 sub-

endothelial	 VBM	 and	 its	 components	 during	 different	 stages	 of	 an	 AAA	

development	and	expansion.	
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As	 mentioned	 previously	 elastin	 has	 been	 assigned	 to	 be	 responsible	 for	

compliance,	while	 type	 I	and	 type	 III	collagens	 for	 tensile	strength	of	vessel	wall.	

Degradation	of	medial	elastin	layer	and	these	fibrillar	collagens	in	adventitia	is	one	

of	the	most	histological	features	in	AAA.	

Findings	in	paper	II	regarding	frequent	presence	of	“nodular	structures”	in	tissue	

from	AAA	patients	 in	 comparison	with	normal	 aortic	 tissues	were	 interesting,	 as	

such	 findings	has	not	been	well	 noticed	 in	prior	histological	 descriptions	 in	AAA	

tissue.	 Further	 staining	by	CD31	and	 type	 I	 collagen	were	performed	 to	 improve	

assessment	of	the	nodular	structures	and	in	purpose	to	exclude	any	confusion	with	

occluded	 vasa	 vasorum.	 As	 expected	 the	 elastin	 layer	 in	 our	 AAA	 tissues	 were	

disorganized	 and	 fragmented.	 There	were	no	 sign	 of	 occluded	 vasa	 vasorum	but	

increased	 of	 type	 I	 collagen,	 and	 some	 other	 ECM	 components.	 Further	

investigation	 to	 characterize	 contents	 of	 these	 nodular	 structures	 is	 planned.	 It	

would	 also	 be	 interesting	 to	 study	 in	 more	 detail	 the	 differences	 in	 risk	 factor	

profiles	in	and	between	the	patients	with	an	AAA	as	such	may	have	influenced	the	

findings.		
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