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Abbreviations
ACVRL1	 	 =	 actvin	A	receptor	type	II-like	1	gene	(ALK1)
AVF	 	 =	 arteriovenous	fistula
AT	 	 =		 ataxia	telangiectasia
AVM	 	 =		 arteriovenous	malformation
BMP	 	 =		 bone-morphogenic-protein
CAVM	 	 =	 cerebral	arteriovenous	malformation
CM	 	 =	 capillary	malformation
CM-AVM	 =	 capillary	malformation-arteriovenous	malformation
EC	 	 =		 endothelial	cell
ENG	 	 =	 endoglin
GI	 	 =	 gastrointestinal
HAVM	 	 =		 hepatic	arteriovenous	malformation	
HBT	 	 =	 hereditary	benign	telangiectasia
HHT		 	 =	 hereditary	hemorrhagic	telangiectasia
HHT1	 	 =		 hereditary	hemorrhagic	telangiectasia	type	1	(ENG)
HHT2	 	 =	 hereditary	hemorrhagic	telangiectasia	type	2	(ACVRL1)
HHT?	 	 =		 hereditary	hemorrhagic	telangiectasia,	unknown	genetic	cause
JP-HHT	 	 =	 juvenile	polyposis	and	hereditary	hemorrhagic	telangiectasia
MLPA	 	 =		 multiplex	ligation-dependent	probe	amplification	
MNC	 	 =	 mononuclear	cells
MRI	 	 =		 magnetic	resonance	imaging
PAH	 	 =	 pulmonary	arterial	hypertension
PFO	 	 =	 patent	foramen	ovale
PAVM	 	 =		 pulmonary	arteriovenous	malformation
PH	 	 =		 pulmonary	hypertension
RLS	 	 =		 right-left	shunt
ROW	 	 =	 Rendu-Osler-Weber	disease
SMAD4	 =	 mothers	against	decapentaplegic,	drosophila,	homolog	of,	4
	 	 (MADH4)
SMC	 	 =		 smooth	muscle	cells
TGFβ	 	 =	 transforming	growth	factor	beta
TIA	 	 =	 transient	ischemic	attack	
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1
History
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 is	 also	 known	 by	 its	 eponym	 Rendu-Osler-
Weber	disease	(ROW)	aft	er	the	names	of	the	fi	rst	physicians	that	described	the	disease.	In	
1896	Henry	Jules	Louis	Marie	Rendu	published	an	arti	cle	on	recurrent	epistaxis	in	a	pati	ent	
with	 “peti	ts	 angiomes	 cutanés	 et	muqueux”.	 This	 was	 the	 fi	rst	 complete	 descripti	on	 of	
this	disease.	He	was	aware	of	 its	 familial	nature,	 its	associati	on	with	bleeding	secondary	
to	 telangiectases,	 and	 its	 being	 an	 enti	ty	 separate	 from	 hemophilia	 [1].	 His	 paper	 was	
followed	in	1901	by	a	report	from	William	Osler	and	later	in	1907	by	one	from	Frederick	
Parkes	Weber	 establishing	 the	 disease	 as	 an	 inherited	 disorder	 [2,3].	 The	 term	hereditary	
hemorrhagic	telangiectasia	was	in	1909	proposed	by	Frank	Hanes	[4].	He	advocated	the	name	
to	be	more	in	conformity	with	the	medical	nomenclature	by	referring	to	the	three	major	
clinical	features.	Despite	the	appropriateness	and	general	usage	of	this	descripti	ve	name,	
the	eponym	Rendu-Osler-Weber	is	sti	ll	widely	used	with	the	order	of	the	names	someti	mes	
adapted,	depending	on	the	country	of	origin	of	the	authors	or	on	the	appreciati	on	of	the	
contributi	on	of	the	fi	rst	physicians.

Hemorrhage	of	telangiectati	c	origin	
HHT	was	 established	 as	 a	 disorder	 that	 primarily	 results	 in	 bleeding	 (e.g.	 nosebleeds	 or	
epistaxis)	 due	 to	 “inadequate	 vessels”,	 in	 which	 visceral	 involvement	 could	 occur	 and	
present	in	multi	ple	subjects	in	a	family,	in	men	as	well	as	in	women	[2].	

HHT	 is an	 autosomal	 dominant	 vascular	 disorder	 characterized	 by	 the	 presence	 of	
multi	ple	arteriovenous	malformati	ons	(AVM).	These	AVMs	are	direct	connecti	ons	between	
arteries	and	veins,	thereby	lacking	the	(normally)	intervening	capillary	bed.	Telangiectases	
are	in	fact	small	AVMs,	which	can	present	on	the	face,	lips,	tongue,	fi	ngers	and	in	the	nasal,	
oral	 and	 gastrointesti	nal	mucosa.	 AVMs	 in	HHT	usually	 refer	 to	 the	 larger	 arteriovenous	
connecti	ons,	commonly	occurring	in	the	lung	(pulmonary	arteriovenous	malformati	ons	or	
PAVM),	the	brain	(cerebral	arteriovenous	malformati	ons	or	CAVM)	and/or	the	liver	(hepati	c	
arteriovenous	 malformati	ons	 or	 HAVM).	 These	 AVMs	 cause	 direct	 shunti	ng	 of	 blood,	
resulti	ng	in	the	absence	of	normal	capillary	exchange	and	the	absence	of	a	normal	capillary	
fi	lter	functi	on	[5].

Prevalence
The	prevalence	of	HHT	varies	considerably	between	countries	and	even	between	regions	
within	a	country.	 In	part,	 this	may	be	due	to	diff	erences	 in	ascertainment	and	diagnosis,	
but	diff	erences	between	populati	ons	truly	exist,	thought	to	be	due	to	founder	eff	ects.	As	an	
example,	in	the	Netherlands	the	frequency	is	esti	mated	to	be	1-2:10,000,	whereas	in	the	
Dutch	Anti	lles	the	prevalence	is	esti	mated	to	be	as	high	as	1:1,330	[6].	Also	within-country	
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regional	 variability	 has	 been	 documented:	 in	 some	 regions	 in	 France	 prevalence	 nears	
1:3,500	[7].	

Genetics	of	HHT
Linkage	 studies	 on	 HHT	 families	 identified	 two	major	 gene	 loci	 associated	 with	 HHT.	 In	
1994,	the	ENG gene	encoding	endoglin	was	 identified	on	chromosome	9q34	as	the	gene	
associated	with	HHT1	(MIM	187300)	[8].	However,	locus	heterogeneity	was	obvious,	since	a	
number	of	families	were	not	linked	to	chromosome	9	[9].		

Two	years	later,	in	1996,	mutations	in	ACVRL1	(activin-like	receptor	kinase:	ACVRL1	or	
ALK1)	 located	on	chromosome	12q13	were	found	to	cause	HHT2	(MIM	600376)	 [10].	Both	
genes	encode	proteins	involved	in	the	TGFβ	pathway.	The	spectrum	of	mutations	for	both	
the	ENG	gene	and	the	ACVRL1	gene	consists	of	all	kinds	of	mutations:	missense,	nonsense,	
frame	shift,	splice	site	etc.	These	mutations	are	typical	for	a	loss	of	function.	Mutations	in	
HHT	are	collected	in	two	major	mutation	databases	(http://www.hhtmutation.org/	;	http://
www.hgmd.cf.ac.uk/ac/index.php).	

In	January	2010,	the	Human	Gene	Mutation	Database	reported	316	mutations	for	the	
ENG	 gene;	 100	 missense/nonsense	 mutations,	 134	 insertions/deletions,	 51	 splice	 site	
mutations,	 30	 large	 deletions	 or	 duplications	 and	 1	 regulatory	 region	mutation.	 For	 the	
ACVRL1	gene	273	different	mutations	are	reported;	160	missense/nonsense	mutations,	84	
insertions/deletions,	 20	 splice	 site	mutations	 and	 9	 large	 deletions/duplications.	 Protein	
expression	studies	in	human	umbilical	vein	endothelial	cells	and	peripheral	blood	monocytes	
have	confirmed	haploinsufficiency,	mutations	that	cause	loss	of	function	of	one	allele,	as	the	
main	model	in	HHT1	and	HHT2	[11-13].	SMAD4	has	been	implicated	as	a	third	gene	involved	
in	HHT.	

In	 2004	 Gallione	 et al.[14]	 reported	mutations	 in	 the	 SMAD4	 gene	 in	 a	 rare	 group	 of	
patients	that	show	clinical	features	of	two	diseases:	juvenile	polyposis	and	HHT	or	JP-HHT	
(MIM	175050).	The	SMAD4	gene	is	located	on	chromosome	18q21.1,	codes	for	the	protein	
SMAD4	and	is	expressed	in	a	variety	of	cell	types.	The	protein,	like	ENG and	ACVRL1,	has	a	
role	in	the	TGFβ	pathway	as	well	as	in	the	bone-morphogenic-protein	(BMP)	pathway.	HHT	
as	part	of	the	JP-HHT	syndrome	can	thus	also	be	explained	by	SMAD4	mutations.	

Other	candidate	loci	for	HHT	are	linked	to	chromosome	5	and	chromosome	7	[15,16].	These	
loci	are	now	described	as	being	responsible	for	HHT3	and	HHT4	respectively.		Cole	et al.[16]	
described	linkage	to	chromosome	5q31	in	a	family,	in	which	linkage	with	ENG,	ACVRL1	and	
SMAD4	was	 excluded	 and	without	mutations	 in	 any	 of	 these	 genes.	 They	 narrowed	 the	
linkage	region	on	the	chromosome	down	to	6	Mb	with	a	maximum	two	point	LOD	score	
of	3.45.	Bayrak-Toydemir	et al.[15]	excluded	linkage	to	the	HHT	causing	genes	and	detected	
a	maximum	two	point	LOD	score	of	3.6	with	an	STR	marker	on	chromosome	7p14,	in	one	
family.	They	narrowed	the	region	to	7	Mb.	To	date,	no	causative	genes	have	been	found	in	
these	two	regions.	
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The	HHT1	gene:	ENG
The	ENG	gene	(depicted	in	fi	gure	1)	is	located	on	9q33-q34.1	and	encompasses	approximately	
40	kb	of	genomic	DNA.	The	gene	consists	of	14	exons	or	15	exons	if	the	alternati	ve	splicing	
within	 the	 most	 distal	 exon	 is	 taken	 into	 considerati	on.	 They	 respecti	vely	 encode	 a	
longest	mRNA	of	3196	nt	(NM_000118)	and	a	shorter	one	with	a	length	of	3072	nt	(NM-
01114753).	The	longer	ENG	mRNA	encodes	the	protein	endoglin	(P17813-1),	a	658	amino	
acid	homodimeric	 transmembrane	protein	which	 is	 a	major	 glycoprotein	of	 the	 vascular	
endothelium.	This	protein	is	a	component	of	the	transforming	growth	factor	beta	receptor	
complex	and	it	binds	TGFβ1	and	TGFβ3	as	well	as	some	BMP	isoforms	with	high	affi		nity.	It	
is	thought	to	sequester	the	ligand	at	the	cell	surface	and	deliver	to	the	signaling	receptor	
complex,	although	it	might	have	some	functi	on	of	TGFβ	signaling.	The	alternati	vely	spliced	
transcript	variant	of	ENG	encoding	endoglin	(P17813-2) is	also	identi	fi	ed.	The	variant	has	
an	additi	onal	segment	in	the	3’	coding	region.	However,	 it	 includes	a	more	proximal	stop	
codon.	

C-terminus ENG long (658 aa)

LIGALLTAALWYIYSHTRSPSKREPVVAVAAPASSESSSTNHSIGSTQSTPCSTSSMA

C-terminus ENG short (625 aa)
LIGALLTAALWYIYSHTREYP-RPPQ--------------------------------		

Figure 1 - ENG	gene,	TM	=	transmembrane	region,	UTR	=	untranslated	region

The	resulti	ng	isoform	(also	known	as	S-endoglin)	has	a	shorter	and	disti	nct	C-terminus,	and	
a	length	of	625	amino	acids:	the	long	and	predominant	variant	(known	as	L-endoglin)	has	a	
47-amino	acid	cytoplasmic	tail	while	the	tail	of	the	short	variant	contains	only	14	residues.	In	
additi	on	an	extracellular	soluble	form	of	endoglin	has	been	found,	that	has	been	implicated	
in	 cancer	 and	 pre-eclampsia.	 Soluble	 endoglin	 results	 from	 the	 shedding	 of	 endoglin	 by	
MMP-14	mediated	proteolyti	c	cleavage	at	a	site	close	to	the	transmembrane	domain	on	the	
cell	surface	(Entrez	gene;	htt	p://www.ncbi.nlm.nih.gov/gene/2022)	[17].

ENG

Genomic DNA

5’ 3’

TMUTR UTR

AA 658protein

AA 1 TM

ENG

Genomic DNA

5’ 3’

TMUTR UTR

AA 658protein

AA 1 TM
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The	HHT2	gene:	ACVRL1
The	ACVRL1	gene	(see	figure	2)	is	located	on	12q13	and	encompasses	approximately	15	kb	
of	genomic	DNA.	The	gene	consists	of	10	exons,	the	starting	codon	for	the	initiation	of	the	
translation	is	in	exon	2	and	the	termination	codon	in	exon	10.	ACVRL1	encodes	an	mRNA	
of	 4263	nt	 (NM_000020).	 This	ACVRL1	mRNA	encodes	 a	 protein	 (P37023)	with	 a	 length	
of	503	amino	acids,	 a	 type	 I	 cell-surface	 receptor	 for	 the	TGFβ	 superfamily	of	 ligands.	 It	
shares	with	other	 type	 I	 receptors	 a	high	degree	of	 similarity	 in	 serine-threonine	 kinase	
subdomains,	a	glycine-	and	serine-rich	region	(called	the	GS	domain)	preceding	the	kinase	
domain,	and	a	short	C-terminal	tail.	The	encoded	protein,	often	termed	ALK1,	shares	similar	
domain	structures	with	other	closely	related	activin	receptor-like	kinase	proteins	that	form	
a	subfamily	of	receptor	serine/threonine	kinases,	that	signal	for	TGFβ	superfamily	ligands,	
BMPs,	activins	and	TGFβ1	(Entrez	gene;	http://www.ncbi.nlm.nih.gov/gene/94).

Figure 2 -	ACVRL1	gene,	TM	=	transmembrane	region,	UTR	=	untranslated	region,	GS	=	GS	domain

The	JP-HHT	gene:	SMAD4
The	SMAD4	gene	(see	figure	3)	is	located	on	18q21.1	and	encompasses	approximately	55	kb	
of	genomic	DNA.	The	gene	consists	of	11	exons	that	together	encode	an	mRNA	of	8789	nt	
(NM_005359).	This	SMAD4	mRNA	encodes	a	protein	(Q13485)	with	a	length	of	552	amino	
acids:	 the	 protein	 is	 a	member	 of	 the	 SMAD	 family	 of	 signal	 transduction	 proteins.	 The	
SMAD4	 gene	 product	 encodes	 a	 nuclear	 shuttling	 SMAD,	which	 unlike	 the	 other	 SMAD	
family	members,	does	not	 interact	with	the	cell	surface	TGFβ	receptors.	SMAD4	exists	as	
a	homomeric	complex	until	TGFβ	signaling	is	activated.	On	activation	of	the	TGFβ	or	BMP	
signaling	pathways,	receptor-associated	SMADs	are	phosphorylated	by	the	appropriate	type	
I	receptor,	which	then	form	heterohexameric	complexes	with	the	nuclear-shuttling	SMAD4,	

ACVRL1

Genomic DNA

5’ 3’

UTR UTRTM GS Protein kinase domain

protein

AA 1 AA 503TM GS Kinase domain

ACVRL1
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5’ 3’
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resulti	ng	in	transfer	of	the	enti	re	complex	to	the	nucleus,	chromati	n	binding	and	consequent	
transcripti	onal	 regulati	on	 of	 target	 genes.	 SMAD4	 binds	 to	DNA	 and	 recognizes	 an	 8-bp	
palindromic	sequence	(GTCTAGAC)	called	the	SMAD-binding	element	(SBE).	Depending	on	
which	co-transcripti	onal	partners	associate	with	the	SMAD	hexameric	complex,	the	outcome	
may	be	transcripti	onal	acti	vati	on	or	repression	(htt	p://www.ncbi.nlm.nih.gov/gene/4089).	.	

Figure 3 - SMAD4	gene

ENG,	ACVRL1	and	SMAD4:	components	of	the	TGFβ/BMP	signaling	
pathway
ENG	 and	ACVRL1	 are	 both	 expressed	 in	 endothelial	 cells	 and	 encode	 diff	erent	 receptor	
subtypes	 of	 the	 TGFβ/BMP	 signaling	 pathway.	 The	 TGFβ	 signaling	 pathway	 regulates	
diff	erent	cellular	processes	including	cell	growth,	cell	diff	erenti	ati	on,	proliferati	on,	migrati	on	
and	apoptosis	(see	also	fi	gure	4).	

Members	of	the	TGFβ/BMP	superfamily	functi	on	by	binding	to	a	heterotetrameric	complex	
of	type	I	and	type	II	transmembrane	serine/threonine	kinase	receptors.	In	endothelial	cells	
(ECs),	TGFβ	can	signal	via	two	disti	nct	type	I	receptors,	via	ACVRL1	and	ALK5,	through	SMAD	
dependent	pathways.	TGFβ	acti	vates	TβRII,	which	 then	phosphorylates	and	acti	vates	 the	
broadly	expressed	ALK5,	which	 in	 turn	phosphorylates	SMAD2	and	SMAD3	downstream.	
The	 type	 I	 receptor	ACVRL1	 is	 EC	 specifi	c	 and	mediates	phosphorylati	on	of	 SMAD1/5/8.	
Acti	vated	 SMADs	 form	 complexes	with	 SMAD4	 and	 translocate	 into	 the	 nucleus,	 where	
they	 can	 regulate	 transcripti	on	 of	 genes,	 together	 with	 co-acti	vators	 and	 co-repressors.	
ACVRL1	 and	 ALK5	 appear	 to	 have	 opposite	 eff	ects	 on	 the	 EC	 and	 the	 balance	 between	
the	two	pathways	is	probably	important	for	regulati	ng	the	state	of	the	endothelium	from	
proliferati	on	to	quiescence.	TGFβ/ALK5	pathway	leads	to	inhibiti	on	of	cell	proliferati	on	and	
migrati	on,	whereas	TGFβ/ACVRL1	induces	these	processes.	Endoglin	plays	an	important	role	
in	both	of	these	arms	of	the	signaling	pathway.	It	is	essenti	al	for	effi		cient	TGFβ/ALK1	signaling	
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and	indirectly	inhibits	TGFβ/ALK5	signaling.	Endoglin	is	highly	expressed	in	endothelial	cells	
undergoing	activated	angiogenesis,	in	monocytes	and	in	syncytiotrophoblast.	Angiogenesis	
is	the	process	in	which	new	blood	vessels	are	formed	from	preexisting	ones.	Angiogenesis	is	
important	in	the	developing	embryo,	but	also	plays	an	important	role	in	revascularization	of	
ischemic	and	injured/damaged	organs	in	adults.		

Mouse	model
Mice	lacking	Eng	die	mid	gestation	from	cardiovascular	defects	and	show	obvious	vascular	
problems	in	the	yolk	sac.	Mice	heterozygous	for	Eng	or	Acvrl1	can	demonstrate	the	clinical	
phenotype	 of	 HHT.	 This	 phenotype	 seems	 to	 be	 dependent	 on	 the	 genetic	 background	
of	 the	 mice	 [18,19].	 Furthermore,	 there	 is	 considerable	 phenotypic	 resemblance	 between	
the	prenatal	vascular	abnormalities	of	Acvrl1, Tgfbr1, Tgfbr2, Eng and	Tgfb1	homozygous	
knockout	 mice.	 Apparently,	 deficiency	 of	 these	 TGFβ	 superfamily	 members	 has	 similar	
effects	on	angiogenesis.	

In	 Eng	 heterozygous	mice	 it	 was	 shown	 that	 after	 an	 induced	myocardial	 infarction,	
angiogenesis	 was	 impaired	 as	 a	 result	 of	 reduced	 endoglin	 levels,	 Eng+/-	 mice	 showed	
markedly	less	recovery	compared	to	controls	[20].	To	investigate	the	role	of	mononuclear	cells	
(MNCs:	endothelial	progenitor	cells,	endothelial	cells,	bone	marrow	monocytic	cells),	mice	
with	an	induced	infarction	were	injected	with	MNC	of	HHT1	patients	and	compared	to	mice	
injected	with	MNC	of	healthy	controls.	MNC	from	healthy	controls	significantly	 improved	
heart	 function	 (recovery)	 in	endoglin	deficient	mice	whereas	mice	 injected	with	MNC	of	
HHT1	patients	showed	no	improvement.	Although	the	cell	population	inducing	this	effect	is	
unknown,	it	was	proposed	by	the	authors	that	activated	monocytes	with	reduced	endoglin	
expression	might	be	defective	in	HHT1	[21].		

Reduced	endoglin	levels	influence	TGFβ	signaling	[22],	which	also	plays	an	important	role	
in	EC-SMC	interaction.	Smooth	muscle	cells	or	pericytes	are	necessary	for	giving	the	vessel	
support	to	create	a	stable,	strong	vascular	wall.	Reduced	TGFβ	secretion	might	therefore	
also	explain	the	formation	of	fragile	vessels	in	HHT	patients	[23].	

Clinical	diagnosis
In	2000,	consensus	clinical	diagnostic	criteria	were	established,	called	the	Curaçao	criteria	
[24].	These	criteria	are	widely	used	and	an	aid	in	establishing	a	consistent	and	reproducible	
clinical	diagnosis.	For	a	definite	clinical	diagnosis	three	or	more	of	these	criteria	are	required.	
When	two	of	four	are	present,	the	diagnosis	of	HHT	is	regarded	“possible	or	suspected”.	The	
criteria	are:		

•	 spontaneous	recurrent	epistaxis
•	 mucocutaneous	telangiectases	at	characteristic	sites	(lips,	finger	tips,	oral	mucosa	

or	nose)
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•	 visceral	 involvement	 such	 as	 gastrointesti	nal	 telangiectases,	 pulmonary	
arteriovenous	malformati	on	(PAVM),	cerebral	arteriovenous	malformati	on	(CAVM)	
or	hepati	c	arteriovenous	malformati	on	(HAVM)

•	 a	family	history;	a	fi	rst	degree	relati	ve	aff	ected	according	to	these	criteria

Figure 4 - The TGFβ pathway Signal	 transducti	on	by	TGFβ	family	members	 is	mediated	via	specifi	c	
heteromeric	 complexes	of	 type	 I	and	 type	 II	 serine/threonine	kinase	 receptors.	 In	most	 cells	TGFβ	
interacts	with	TβRII	and	ALK5,	but	in	endothelial	cells	it	can	also	signal	via	ALK1/ACVRL1.	BMPs	signal	
via	BMPRII,	ActRIIA	and	ActRIIB,	and	type	I	receptors	ALK1,	2,	3	and	6.	Co-receptors	betaglycan	and	
endoglin	can	facilitate	TβRII/ALK5	and	TβRII/ALK1	signaling.	Intracellular	signaling	can	be	divided	into	
two	main	Smad	signaling	pathways:	ALK5	induces	phosphorylati	on	of	Smad2	and	Smad3,	and	ALK1,	2,	
3	and	6	mediate	phosphorylati	on	of	Smad1,	5	and	8.	Acti	vated	R-Smads	form	heteromeric	complexes	
with	common	mediator	Smad4,	which	accumulate	in	the	nucleus,	where	they	can	act	as	transcripti	on	
factor	complexes	and	regulate	the	expression	of	specifi	c	target	genes.	(Reprinted by permission from 
Macmillan Publishers Ltd: Cell Research, copyright 2008; Goumans et al. Cell Res. 2009)

Epistaxis
Spontaneous	and	recurrent	epistaxis	is	the	most	common	and	oft	en	the	presenti	ng	symptom	
in	HHT.	These	nosebleeds	can	appear	early	in	life,	can	commence	in	childhood,	and	can	vary	
between	mild	and	very	severe.	Almost	all	HHT	pati	ents	will	eventually	develop	epistaxis.	The	
frequent	nosebleeds	can	lead	to	iron	defi	ciency	and	may	require	blood	transfusion.	
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Telangiectases
In	HHT,	multiple	telangiectases	occur	particularly	on	the	lip,	tongue,	nose,	conjunctivae	and	
on	the	finger	tips	(Figure	5	a+b).	Telangiectases	in	the	nose	may	result	in	epistaxis	early	in	
life	and	could	require	treatment.	Telangiectases	of	the	skin	and	buccal	mucosa	are	present	
in	about	75%	of	individuals,	typically	presenting	from	about	the	third	decade	of	life	[10].	

Gastrointestinal	telangiectases	are	likely	to	be	present	in	the	majority	of	patients,	but	
only	a	fraction	of	the	patients	will	develop	symptomatic	telangiectases	and	will	develop	GI	
bleeding.	GI	bleeding	usually	presents	at	an	older	age	as	anemia	that	cannot	be	explained	
by	epistaxis	or	manifested	by	melena.	

Arteriovenous	malformations
PAVMs	are	direct	right-to-left	shunts	without	the	intervening	pulmonary	capillary	bed	(see	
figure	5c).	Because	of	the	 lack	of	a	capillary	bed,	the	filtering	function	and	the	exchange	
of	oxygen	may	be	hampered.	This	can	 lead	to	serious	and	life	threatening	complications.	
PAVMs	 can	 cause	 hypoxemia,	 bleeding	 (hemothorax,	 hemoptysis)	 and	 bypass	 of	 emboli	
or	 septic	 material,	 which	 may	 lead	 to	 serious	 systemic	 complications	 such	 as	 cerebral	
abscess	 and	 infarction	 [5,26,27].	 Furthermore	 they	 are	 associated	 with	 migraine	 with	 aura	
[5].	 Retrospectively,	 it	 was	 estimated	 that,	 on	 presentation,	 24%	 of	 patients	 with	 PAVM	
experienced	TIA	or	stroke	and	9%	a	cerebral	abscess	as	a	symptom	of	PAVM.	Furthermore,	
dyspnoea	 was	 common	 (47%)	 [5].	 Because	 of	 these	 serious	 complications	 screening	 for	
PAVMs	is	advised	and	treatment	of	PAVMs	is	justified,	even	when	asymptomatic	[5,28].	

Cerebral	arteriovenous	malformations	(CAVMs)	are	less	common	than	PAVMs.	Although	
they	are	often	silent,	they	can	cause	local	hypoxia	resulting	in	headache,	seizures,	ischemic	
complications	and	bleeding	[29,30].	The	bleeding	risk	has	been	estimated	to	range	from	0.5%	
to	1.5-2%	per	annum	per	patient	[29,31].
The	reported	frequency	of	hepatic	involvement	(HAVMs)	in	HHT	varies	considerably,	mainly	
because	 HAVM	 has	 not	 been	 screened	 for	 in	 HHT	 patients	 regularly.	 Liver	 involvement	
predominantly	concerns	shunts	between	hepatic	artery	and	hepatic	veins.	HAVMs	are	often	
asymptomatic,	but	in	a	minority	of	cases	may	lead	to	a	high	cardiac	output	with	heart	failure	
and	lead	to	portal	hypertension	and	biliary	disease.	In	rare	cases	HAVMs	can	lead	to	end	
stage	liver	disease.		
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Family	history:	phenotypic	variability
It	 should	 be	 kept	 in	 mind	 that	 in	 HHT	 the	 phenotype	 shows	 considerable	 inter-	 and	
intrafamilial	variability	for	both	age-related	penetrance	and	for	the	clinical	expression	[5,10].	
At	 least	 in	 adult	 pati	ents	 the	 Curaçao	 criteria	 are	 very	 helpful	 in	 disti	nguishing	 aff	ected	
from	 non-aff	ected	 family	 members.	 However,	 in	 children	 and	 young	 adults,	 due	 to	 the	
age-dependent	penetrance	of	the	diff	erent	symptoms,	the	absence	of	HHT	manifestati	ons	
cannot	 exclude	 carriership.	 It	 remains	 to	 be	 established	 how	 oft	en	 a	 diagnosis	 of	 HHT	
will	 be	missed	using	 these	 criteria,	 especially	 in	 the	 young.	 In	 families	without	 a	 known	
causati	ve	defect	att	ributed	to	either	the	ENG,	ACVRL1	or	SMAD4	gene	(HHT?),	these	clinical	
criteria	are	very	useful	 to	disti	nguish	aff	ected	 family	members	 from	the	 family	members	
without	the	disease.	Of	course	the	Curaçao	criteria	are	also	helpful	when	DNA	analysis	is	
not	desired	by	the	pati	ent	for	whatever	(personal)	reason.	The	clinical	criteria	can	be	used	
for	all	types	of	HHT,	since	there	is	considerable	overlap	between	the	diff	erent	forms	of	HHT,	
with	the	manifestati	ons	observed	in	the	same	organs.	For	JP-HHT,	no	separate	diagnosti	c	
criteria	exist;	the	diagnosti	c	criteria	for	both	HHT	and	JP	can	be	used	to	establish	the	clinical	
diagnosis	JP-HHT.		

Diff	erenti	al	diagnosis
When	encountering	a	pati	ent	with	clinical	manifestati	ons	of	HHT,	other	diseases	should	be	
considered	and,	when	possible,	excluded.	

Ataxia	 telangiectasia	 (AT,	 MIM	 607585)	 can	 present	 with	 telangiectases,	 mostly	 of	
the	 conjuncti	vae.	 AT	 is	 characterized	 by	 progressive	 cerebellar	 ataxia,	 usually	 beginning	
at	a	young	age.	Furthermore	AT	pati	ents	develop	oculomotor	apraxia	and	have	recurrent	
infecti	ons.	 Because	 of	 the	 autosomal	 recessive	 inheritance	 of	 AT,	 pati	ents	 usually	 lack	 a	
family	history.	Ataxia	telangiectasia	is	caused	by	mutati	ons	in	the	AT	gene.	

Hereditary	benign	telangiectasia	(HBT,	MIM	608354)	is	a	rare	geneti	c	skin	disorder	with	
telangiectases	occurring	at	a	young	age,	usually	 in	early	childhood.	The	lesions	appear	 in	
a	random	distributi	on	and	are	asymptomati	c.	Usually,	 there	 is	no	history	of	bleeding	 like	
epistaxis	and	no	systemic	lesions,	disti	nguishing	HBT	from	HHT.	Several	families	have	been	
reported,	with	an	autosomal	dominant	inheritance.	Brancati		et al.[32]	showed	linkage	in	a	HBT	
family	with	the	CMC1	locus.	This	 locus	had	been	associated	with	capillary	malformati	ons	
(CM),	“port	wine	stain”,	which	can	also	inherit	as	an	autosomal	dominant	trait.	Years	later,	
this	specifi	c	family	turned	out	to	have	a	RASA1	mutati	on.	RASA1	has	been	found	to	cause	
autosomal	 dominant	 capillary	 malformati	on-arteriovenous	 malformati	on	 (CM-AVM).	
The	 hallmark	 of	 this	 disorder	 is	multi	focal	 CM,	 but	 some	 pati	ents	 can	 have	 AVM	 or	 an	
arteriovenous	fi	stula	(intracranial	or	peripheral).		Most	of	the	intracranial	AVMs/AVFs	cause	
symptoms	at	birth	or	in	the	fi	rst	year	[33].	The	absence	of	epistaxis	or	telangiectases	and	the	
involvement	of	liver	and	lung	in	HHT	can	diff	erenti	ate	CM-AVM	from	HHT.
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Figure 5 - Telangiectases A+B:	Multiple	telangiectases	occur	 in	HHT,	particularly	on	the	 lip,	tongue,	
nose,	conjunctivae	and	on	the	finger	tips.	C:	Angiogram	showing	PAVM

The	term	scleroderma	is	used	to	describe	the	presence	of	thickened,	hardened	skin.	It	is	the	
main	feature	in	a	heterogeneous	group	of	conditions,	with	a	complex	classification,	starting	
with	 “localized”	 and	 “systemic”	 forms	 and	 thereafter	 subdivision.	 In	 limited	 systemic	
cutaneous	sclerosis	many	patients	have	symptoms	of	the	CREST	syndrome	(MIM	181750,	
calcinosis,	 Raynaud’s	 phenomenon,	 esophageal	 motility	 dysfunction,	 sclerodactyly	 and	
telangiectasia).	These	patients	have	prominent	vascular	malformations,	with	as	 the	most	
prominent	 sign	Raynaud’s	 phenomenon	 and	 telangiectases.	 The	mucosal	 and	 cutaneous	
telangiectases	 can	mimic	 telangiectases	 in	HHT.	 Furthermore	patients	 can	have	 systemic	
involvement	 (GI	 tract,	 lung,	 kidney,	 and	hearth).	 Scleroderma	 is	 a	multifactorial	 disease;	
involvement	of	 genetic	 factors	has	been	 shown	by	 familial	 clustering	of	 the	disease	and	
differences	among	race	and	ethnic	groups.	Since	CREST	syndrome	can	be	 familial,	 family	
history	cannot	always	distinguish	between	CREST	syndrome	and	HHT

For	 epistaxis	 at	 a	 young	 age	 one	 should	 always	 consider	 bleeding	 disorders	 such	 as	
complement	factors	deficiencies,	von	Willebrand	disease	or	thrombocytopathy	as	the	cause.
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Aims	of	this	study
Since	the	establishment	of	ENG	and	ACVRL1	as	the	major	genes	responsible	for	HHT,	it	has	
been	possible	to	perform	DNA	analysis	in	families	with	HHT.	The	HHT	centre	in	Nieuwegein,	
in	 the	Netherlands,	has	been	a	 centre	of	 excellence	 for	 a	 long	ti	me	and	has	phenotypic	
data	on	HHT	families:	on	probands,	aff	ected	family	members	and	their	unaff	ected	relati	ves.	
Currently,	 this	 cohort	 is	 one	of	 the	 largest,	 uniformly	described	 cohorts	 of	HHT	pati	ents	
worldwide.	This	off	ers	the	unique	opportunity	to	study	the	genotype-relati	onship	of	HHT	in	
a	well	established	and	large	panel	of	HHT	pati	ents.	

The	 major	 aims	 of	 this	 thesis	 are	 to	 get	 insight	 into	 the	 molecular	 geneti	c	 basis	 of	
HTT	 (especially	 in	 the	Netherlands)	 and	 use	 this	 knowledge	 to	 secondly	 get	 insight	 into	
the	 genotype-phenotype	 relati	onship	 of	 HHT.	 The	 genotype	 will	 be	 instrumental	 in	 the	
unequivocal	 identi	fi	cati	on	 of	 family	members	 at	 risk	 for	 the	HHT	manifestati	ons	 and	 on	
establishing	the	risk	of	transmitti		ng	the	gene	defect	to	off	spring.	Insight	in	the	genotype-
phenotype	 relati	onship	 will	 be	 helpful	 to	 anti	cipate	 on	 the	 course	 of	 the	 disease,	 and	
consequently	 will	 give	 the	 opportunity	 to	 a	 ti	mely	 diagnosis	 and	 potenti	al	 treatment.	
Genotype-phenotype	 analysis	 is	 of	 great	 importance	 for	 family	 members	 and	 proband	
counseling.	 It	 creates	 the	 opportunity	 to	 determine	 whether	 there	 are	 gene	 specifi	c	
features	or	 frequencies	of	 the	diff	erent	manifestati	ons,	possibly	enabling	 the	creati	on	of	
gene	specifi	c	screening	advices	and	management	of	the	disease.		

Outline	of	this	thesis	
In	chapter	2	the	geneti	c	and	molecular	heterogeneity	in	HHT	especially	in	Dutch	pati	ents,	
is	established.	Chapter	2.1	describes	the	geneti	c	and	molecular	heterogeneity	of	HHT	using	
PCR	based	sequencing	of	the	ENG	and	ACVRL1	gene.	Chapter	2.2	reports	on	the	identi	fi	cati	on	
of	large	deleti	ons	and	duplicati	ons	in	these	genes.	Because	the	sequencing	approach	will	
miss	 large	deleti	ons	and	duplicati	ons,	probands	 that	 show	no	mutati	on	are	 subjected	 to	
Multi	plex	 Ligati	on-dependent	 Probe	 Amplifi	cati	on	 analysis.	 Chapter	 2.3	 describes	 the	
frequency	of	SMAD4	mutati	ons	in	unselected	HHT	probands,	to	determine	the	frequency	of	
SMAD4	mutati	ons	in	HHT	pati	ents	without	apparent	symptoms	of	juvenile	polyposis.

Once	 the	molecular	 cause	 of	 HHT	 in	 a	 family	 is	 established,	molecular	 analysis	 was	
used	 to	 identi	fy	 symptomati	c	 and	 asymptomati	c	 carriers	 in	 families.	 The	 main	 clinical	
manifestati	ons	in	HHT	are	arterial	venous	malformati	ons	(in	the	lung,	cerebrum	and	liver),	
telangiectases,	epistaxis	and	intesti	nal	vascular	malformati	ons.	

The	phenotype	in	relati	onship	to	the	genotype	is	the	focus	of	chapter	3	of	this	thesis.	
Chapter	3.1	describes	the	occurrence	of	mainly	PAVMs,	CAVMs	and	HAVMs	in	relati	onship	
to	the	genotype	and	describes	the	frequencies	of	these	manifestati	ons	for	HHT1	and	HHT2,	
also	 strati	fi	ed	 for	gender.	Chapter	3.2	 focuses	on	 the	where and	when	do	 telangiectases	
occur	 in	 relati	onship	 to	 the	 genotype.	 Chapter	 3.3	 describes	 the	 onset	 and	 severity	 of	
nosebleeds	 in	 pati	ents	 with	 mutati	ons	 in	 either	 the	 ENG	 or	 ACVRL1	 gene.	 Chapter	 3.4	
gives	the	assessment	of	intesti	nal	vascular	malformati	ons	in	HHT1	and	HHT2	pati	ents	with	
emphasis	on	the	small	intesti	ne	using	videocapsule	endoscopy.
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Abstract
Hereditary	hemorrhagic	telangiectasia	(HHT)	or	Rendu-Osler-Weber	disease	is	an	autosomal	
dominant	disorder	characterized	by	an	aberrant	vascular	development.	The	resulting	vascular	
lesions	 range	 from	smaller	mucocutaneous	 telangiectases	 to	 large	visceral	arteriovenous	
malformations,	especially	in	the	skin,	lung,	gastrointestinal	tract	and	the	brain.

Mutations	 in	 endoglin	 (ENG,	 chromosome	 9q34)	 and	 ACVRL1	 (ALK1,	 chromosome	
12q13)	are	associated	with	HHT1	and	HHT2,	respectively.	We	report	here	on	the	genetic	
and	molecular	heterogeneity	found	in	the	HHT	population	in	the	Netherlands.	Probands	of	
104	apparently	unrelated	 families	were	studied	and	we	performed	sequence	analysis	on	
both	the	ENG	gene	and	ACVRL1	gene.	In	most	of	the	probands,	we	found	a	mutation	in	one	
of	the	two	genes:	53%	in	the	ENG	gene	and	40%	in	the	ACVRL1	gene.	In	7%	of	the	families	
no	ENG	or	ACVRL1	mutation	was	found.	The	mutations	detected	were	deletions,	insertions,	
nonsense,	missense	and	splice	site	mutations.	The	majority	were	novel	mutations.
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Introducti	on
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 or	 Rendu-Osler-Weber	 (ROW)	 syndrome	 is	
an	autosomal	dominant	disease	characterized	by	vascular	malformati	ons	in	multi	ple	organ	
systems.	The	clinical	manifestati	ons	are	caused	by	direct	arteriovenous	connecti	ons	without	
an	 intervening	 capillary	 bed.	 This	 can	 result	 in	 a	 range	 of	 malformati	ons	 from	 smaller	
mucocutaneous	 telangiectases	 to	 large	 visceral	 arteriovenous	 malformati	ons	 (AVM).	
The	clinical	manifestati	ons	of	HHT	 include	 recurrent	epistaxis,	multi	ple	 telangiectases,	at	
characteristi	c	sites	(lips,	oral	cavity,	nose,	fi	ngers),	visceral	lesions,	such	as	gastrointesti	nal	
telangiectases,	 pulmonary	 arteriovenous	 malformati	ons	 (PAVM),	 cerebral	 arteriovenous	
malformati	ons	(CAVM)	and	hepati	c	arteriovenous	malformati	ons	(HAVM)	[1,2].	

Recurrent	 epistaxis	 is	 usually	 the	 fi	rst	 symptom	 and	 present	 in	 more	 then	 90%	 of	
pati	ents	with	HHT	[2,3].	Telangiectases	usually	start	to	appear	in	the	third	decade	of	life	and	
can	be	detected	in	more	than	80%	of	the	HHT	pati	ents	[1,2,4].	Gastrointesti	nal	bleeding	from	
intesti	nal	 telangiectati	c	 lesions	usually	does	not	 start	before	fi	ft	h	decade	and	may	cause	
severe	anemia	[1,4].	

The	most	common	site	of	AVM	is	the	lung.	Pulmonary	arteriovenous	malformati	ons	are	
esti	mated	to	develop	in	more	then	20%	of	the	pati	ents	[2].	PAVMs	result	in	a	right	to	left		shunt	
and	thus	hypoxemia	and	may	cause	serious	complicati	ons	such	as,	bleeding	(hemothorax),	
bypass	 of	 emboli	 or	 bacteria	 causing	 serious	 systemic	 complicati	ons	 (stroke,	 cerebral	
abscess)	[1,2].	Because	of	these	serious	complicati	ons,	treatment	of	PAVMs	is	indicated,	even	
when	asymptomati	c.	

Cerebral	 arteriovenous	 malformati	ons	 (CAVMs)	 are	 less	 common,	 but	 are	 probably	
under-recognized,	and	present	in	10-15%	of	the	pati	ents	[5].	Although	they	are	oft	en	silent,	
they	can	cause	headache,	seizures,	ischemia	and	bleeding	[6].

Mutati	ons	in	the	endoglin	(ENG,	OMIM	131195)	and	acti	vin	A	receptor	type-like	kinase	
1	 (ACVRL-1,	ALK-1,	OMIM	601284)	 genes	are	associated	with	HHT.	 In	1994	 the	endoglin	
gene	was	identi	fi	ed	on	chromosome	9q34	as	the	gene,	when	mutated,	responsible	for	HHT1	
(OMIM	187300)	 [7].	 In	1996	mutati	ons	 in	ACVRL1	 (acti	vin-like	receptor	kinase:	ACVRL1	or	
ALK-1)	located	on	chromosome	12q13	were	found	to	cause	HHT2	(OMIM	600376)	[8].	Both	
genes	are	expressed	predominantly	in	endothelial	cells.	The	proteins	mediate	binding	and	
signaling	of	TGFβ,	which	is	important	in	blood	vessel	growth	and	repair	[9].	Protein	expression	
studies	 in	 human	 umbilical	 vein	 endothelial	 cells	 and	 peripheral	 blood	monocytes	 have	
confi	rmed	haploinsuffi		ciency	as	 the	model	 in	HHT1	and	HHT2	 [9-11].	Mutati	ons	 in	ACVRL1	
and	ENG	both	result	in	epistaxis	and	telangiectases,	but	a	higher	prevalence	of	PAVMs	and	
CAVMs	has	been	reported	in	HHT1.	Families	with	HHT2	generally	also	show	a	later	onset	of	
the	symptoms	[2,12,13].	However,	within	families	there	is	considerable	inter-	and	intra-familial	
variability	with	respect	to	age-related	penetrance	and	patt	ern	of	clinical	expression	of	the	
disease.

Recently,	Gallione	et al.[14]	reported	mutati	ons	in	the	MADH4	gene	in	pati	ents	that	show	
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clinical	features	of	both	HHT	and	juvenile	polyposis.	MADH4	codes	for	the	protein	SMAD4	
and	is	expressed	in	a	variety	of	cell	types.	The	protein	has	a	role	in	the	TGFβ	pathway,	like	
ENG	and	ACVRL1	as	well	as	in	the	bone-morphogenic-protein	pathway.	HHT	as	part	of	this	
syndrome	can	thus	be	explained	by	MADH4	mutations.	

To	date,	more	than	111	different	mutations	have	been	identified	in	the	ENG	gene	[15-17],	
whereas	the	number	of	different	mutations	reported	in	the	ACVRL1	gene	is	77	[9,17].	Almost	
all	the	mutations	reported	are	unique	for	a	particular	family.	

In	this	study	we	report	on	the	genetic	molecular	analysis	of	the	probands	of	104	families	
from	the	Netherlands	with	the	clinical	diagnosis	HHT,	to	provide	insight	into	the	genetic	and	
molecular	heterogeneity	of	patients	living	in	the	Netherlands.	

Materials	and	methods

Patients

All	probands	were	from	a	single	tertiary	referral	center	in	the	Netherlands,	specializing	in	
the	diagnosis	and	treatment	of	HHT.	All	but	eight	families	were	of	Dutch	origin;	two	families	
were	from	Belgium	(F112,	F113),	one	came	from	former	Yugoslavia	(F26),	one	from	Turkey	
(F37),	 one	 from	 Iran	 (F36),	 one	 from	 Lithuania	 (F83),	 one	 from	 the	Netherlands	Antilles	
(F153)	and	one	family	from	Surinam	(F25).	

The	 medical	 and	 family	 history	 of	 each	 patient	 was	 recorded.	 The	 diagnosis	 was	
established	according	to	the		Curaçao	criteria	[18].	At	least	three	of	the	following	four	criteria	
were	required	for	a	clinical	diagnosis:	spontaneous	and	recurrent	epistaxis,	telangiectases	at	
characteristic	sites,	visceral	manifestations	(PAVM,	CAVM,	HAVM)	and	a	first-degree	relative	
with	HHT.	

Amplification	and	nucleotide	sequence	determination

High	molecular	weight	DNA	of	the	probands	was	isolated	from	peripheral	blood	leukocytes	
according	to	established	procedures.	The	exons	1-14	of	 the	ENG	gene	and	exons	1-10	of	
the	 ACVRL1	 gene	 and	 their	 flanking	 sequences	 were	 amplified	 using	 PCR	 (polymerase	
chain	reaction).	The	amplification	primers	were	derived	from	the	ENG	genomic	sequence	
(GenBank	BC014271.2)	and	ACVRL1	genomic	sequence	(GenBank:	NM_000020.1)	(see	table	
1).	The	PCR	was	carried	out	essentially	as	described	by	Bergman	et al. [19].	For	exons	7	and	
8	of	 the	ACVRL1	 gene,	 the	GeneAmp	10X	PCR	buffer	 II	 (Applied	Biosystems,	 Foster	City,	
CA)	was	used.	Amplification	was	performed	on	a	Gene	Amp	9700	thermal	cycler	(Applied	
Biosystems)	using	an	initial	denaturation	step	at	94ºC	for	4	min.	followed	by	33	cycles	at	
94ºC	for	1	min,	55ºC	for	1	min	and	72ºC	for	2	min	for	the	exons.	For	ENG	exons	5	and	14	an	
annealing	temperature	of	58ºC	was	used.

The	 amplified	 fragments	 were	 first	 analyzed	 by	 agarose-gel	 electrophoresis.	 Next,	
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the	PCR	products	were	purifi	ed	using	 the	QIAquick	 96	PCR	BioRobot	Kit	 (Qiagen,	Venlo,	
the	Netherlands).	 The	 purifi	ed	 fragments	were	 sequenced,	 using	 the	 ABI	 Prism	 Big	 Dye	
terminator	 Cycle	 Sequencing	 ready	 Reacti	on	 KIT	 (Applied	 Biosystems)	 on	 an	 ABI-PRISM	
3700	DNA	analyzer	(Applied	Biosystems).	The	sequences	were	compared	to	the	reported	
gene	sequence	using	the	Seqscape	program	(Applied	Biosystems).

Table 1	-	Nucleoti	de	sequence	of	the	amplifi	cati	on	primers	of	ENG	and	ACVRL1

Forward	primer	(5’-3’) Reverse	primer	(5’-3’) Amplicon
(bp)

ENG

exon	1 ACTGGACACAGGATAAGGCCCAG AATACTTGGGGCCTGGTCCGTG 214

exon	2 CACCTTATTCTCACCTGGCCTCTT CTGCCTTGGAGCTTCCTCTGAG 282

exon	3 GGGTGGCACAACCTATACAAAT CAGAGATGGACAGTAGGGACCT 294

exon	4 TTCCTGACCTCCTACATGGG TTCAGCTCAGCAGCAGAGG 310

exon	5 TGAGGGAAGGGACTGAGGTG GTGGGGACTAGTGTCAGGGGC 272

exon	6 GGCCTGTCCGCTTCAGTGTT GTTTTGTGTCCCGGGAGCTG 237

exon	7 CCCCCTGTTCTGCCTCTCTC CTGATCCAAGGGAGGGGAAG 292

exon	8 ACACATATCACACAGTGACCAGC CTAGGGGAGGAACCAGATGTC 286

exon	9a CTCCTGATGGTGCCCCTCTCTT TTGTCTTGTGTTCTGAGCCCCTG 330

exon	9b ATTGGGTGGGATACCCTCTGGG GGGTTAAGCACGTGACTGTCC 247

exon	10 ATTGACCAAGTCTCCCTCCC GAAAGGCGGAGAGGAAGTTC 301

exon	11 GGTGGGGTGAAGAGCAGCTG GACCTGGAAGCTCCCACTTGAA 390

exon	12 GAGTAAACCTGGAAGCCGC GCCACTAGAACAAACCCGAG 188

exon	13 GACTGAGGTTCAGAGAAGTCGAG CTCAGAGGCTTCACCTGGGCTCC 289

exon	14 AGGACCCTGACCTCCGCC CTCTCCTGCTGGGCGAGC 232

ACVRL1

exon	1 AGTCGGCGAGCTGGGCAATA ACTGAGCCTCCCGCGACCAC 375

exon	2 CTCTGTGATTTCCTCTGGGCA TACATTCTCCCCAGCTTCTCAA 300

exon	3 AGCTGGGACCACAGTGGCTGA GGAGGCAGGGGCCAAGAAGAT 380

exon	4 AGCTGACCTAGTGGAAGCTGA CTGATTCTGCAGTTCCTATCTG 352

exon	5 AGGAGCTTGCAGTGACCCAGCA ATGAGAGCCCTTGGTCCTCATCCA 276

exon	6 AGGCAGCGCAGCATCAAGAT AAACTTGAGCCCTGAGTGCAG 330

exon	7 TGACGACTCCAGCCTCCCTTAG CAAGCTCCGCCCACCTGTGAA 423

exon	8 AGGTTTGGGAGAGGGGCAGGAGT GGCTCCACAGGCTGATTCCCCTT 327

exon	9 TCCTCTGGGTGGTATTGGGCCTC CAGAAATCCCAGCCGTGAGCCAC 290

exon	10 TCTCCTCTGCACCTCTCTCCCAA CTACCTCTACCCAGATAGGG 283
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Results
The	104	HHT	probands	were	screened	for	genetic	changes	in	the	protein	encoding	exons	
and	 their	 flanking	 sequences	 of	 both	 the	ENG	 and	ACVRL1	 gene.	 Exon	 1	 of	 the	ACVRL1	
was	 analyzed	only	 for	 those	patients	who	did	not	 show	a	mutation	 in	 either	ACVRL1	 or	
ENG	protein	encoding	exons,	as	 it	encodes	the	5’	untranslated	region	of	the	mRNA	only.	
Sequence	 alterations	 in	 the	ENG	 and	ACVRL1	 gene	were	 detected	 in	 97	 probands.	ENG	
mutations	were	found	in	55	patients	(summarized	in	table	2)	and	

Table 2 - Summary	of	the	identified	ENG	mutations

mutation 
type

Proband Exon Mutations cDNA Protein Reference

nonsense F112 2 c.142C>T p.Q48X

F75 2 c.157C>A p.C53X

F2,	F19,	F49 3 c.247C>T p.Q83X

F15 3 c.277C>T p.R93X Cymerman	et	
al.	[2000]

F10 8 c.1078C>T p.Q360X

F18 11 c.1611C>A p.Y537X

F54 11 c.1778C>T p.Q560X

F144 11 c.1684C>T p.Q562X

deletion / F3 3 c.263delA p.N88fs

insertion F183 3 c.332_338delCCCTGGG p.A111fs

F11 4 c.497_498insC p.Q166fs

F4 5 c.577_578insGC p.T193fs

F150 6 c.701_702insACGG p.V234fs

F78 6 c.733delG p.G245fs

F113 6 c.766_767insC p.P256fs

F39,	F131 6 c.787_789delATC p.Idel263 Lesca	et	al.	
[2004]

F9,	F149 7 c.887_918del;c919_92
0insCAAGCTCCCAG

Del32bp,ins11bp McAllistar	et	al.	
[1994]

F36 8 c.995delG p.G332fs

F55 8 c.1117_1118insT p.K373fs

F77 9 c.1142_1143insT p.K381fs

F28 9 c.1255delA p.S419fs

F30 10 c.1317_1318insA p.V440fs

F12 10 c.1346_1347delCT p.S449fs Lesca	et	al.	
[2004]

F26 11 c.1437_1438delGT p.V479fs
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mutati on 
type

Proband Exon Mutati ons cDNA Protein Reference

splice site F153 1 c.67+1g>a Gallione	et	al	
[2000]

F37 3 c.360+1g>a Pece	et	
al.[1997],	
Cymerman	et	
al.	[2003]

F151 3 c.360+5g>a

F6 5 c.689+2t>c Lesca	et	al.	
[2004]

F45 8 c.1134G>A			TGCGgtaa p.A378A

F16 9b c.1310delG

F43,	F48,	F56,	
F73,	F142

9b c.1311G>A		
AGCGGtgag

p.R437R

missense F7 1 c.1A>G p.M1V

F25 4 c.392C>T p.P131L Cymerman	et	
al.	[2003]

F81 5 c.572G>A p.G191D Lesca	et	
al.	[2004],	
polymorphism?

F8,	F23,		F41,	
F59,	F62,	F68,	
F74,	F176

6 c.781T>C p.W261R

F145 6 c.791A>G p.D264N

F14 7 c.917T>C p.L306P Gallioni	et	al.	
[1998]

F186 7 c.991G>A p.G331S

F154 8 c.1121_1122	AA>GC p.K374S

F13 9a c.1238G>T p.G413V Lux	et	al.	[2000]

ACVRL1	mutati	ons	in	42	pati	ents	(summarized	in	table	3).	One	proband	showed	mutati	ons	
in	both	the	ENG	and	ACVRL1	gene	and	one	proband	had	two	mutati	ons	in	ACVRL1.	Seven	
probands	had	no	mutati	on	in	either	the	ENG	gene	or	the	ACVRL1	gene.

Mutati	ons	in	the	ENG	gene	
Forty	diff	erent	mutati	ons	were	identi	fi	ed,	29	of	these	have	not	previously	been	reported.

Eight	diff	erent	nonsense mutati ons	were	found.	One	new	nonsense	mutati	on	was	found	
in	three	probands	(F2,	F19,	F49):	a	c.247C>T	transiti	on	that	results	in	a	premature	stop	at	
codon	83	(p.Q83X).	The	other	seven	nonsense	mutati	ons	were	unique,	six	of	which	were	
novel	(p.Q48X,	p.C53X,	p.Q360X,	p.Y537X,	p.Q560X,	and	p.Q562X).	The	p.R93X	of	F15	was	
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reported	by	Cymerman	et al. [20].	
Nine	 different	missense mutations	were	 found	 in	 16	 probands.	Of	 these,	 the	 amino	

acid	 change	p.W261R	caused	by	 c.781T>C	was	 found	 in	eight	probands.	 In	one	of	 these	
probands	 (F68)	a	mutation	was	detected	also	 in	 the	ACVRL1	gene,	p.A482V	(c.1445C>T).	
The	 substitutions	 p.L306P,	 p.G413V,	 p.G191D	 and	 p.P131L	 have	 already	 been	 published	
[15,17,21,22].	F7	showed	an	alteration	of	the	very	first	base	pair	of	the	first	codon.	This	alteration	
causes	a	p.M1V	missense	mutation	and	destroys	the	AUG	initiation	site	of	translation.	 In	
F186,	the	last	base	pair	in	exon	7	is	changed	(c.991G>A),	thereby	disrupting	the	donor	splice	
site	consensus	as	well.	The	p.K374S	(F154)	 is	caused	by	a	substitution	of	two	base	pairs.	
The	mutation	 in	F145	(p.D264N)	changes	aspartic	acid	 into	asparagine,	amino	acids	with	
different	polarities.	In	F81	a	c.572G>A	resulted	in	a	p.G191D	substitution.	This	mutation	has	
also	been	identified	in	a	panel	of	normal	individuals,	albeit	at	a	low	frequency.	It	therefore	
suggests	that	the	p.G191D	substitution	is	not	a	disease-causing	mutation.	

Eight deletions, seven insertions and one complex rearrangement	were	identified	in	18	
patients.	The	inframe	deletion	(c.787_789delATC)	was	found	in	two	families	and	reported	
earlier	 in	a	French	patient	 [17].	The	c.1346_1347delCT	was	published	earlier	 [17]	as	well.	A	
complex	 inframe	rearrangement	occurred	 in	F9	and	F149,	which	has	been	reported	as	a	
deletion	of	21	base	pairs	by	others	[7].	The	rearrangement	involves	a	32	base	pair	deletion	
and	an	insertion-duplication	of	11	base	pairs	(see	Figure	1).	

Figure 1 - The	complex	alteration	 in	exon	7	of	the	ENG	gene	 in	family	F9.	The	deleted	sequence	 is	
depicted	in	Italic,	underlined	in	bold	is	the	duplicated	sequence.

Seven	different splice site mutations	were	found	in	11	families.	Three	mutations	(c.360+1g>a,	
c.689+2t>c	and	c.67+1g>a)	have	been	found	also	by	others		[15,17,23,24].	In	five	probands	(F43,	
F48,	 F56,	 F73,	 and	 F142),	 a	 p.R437R	 silent	mutation	 due	 to	 a	 c.1311G>A	 transition	was	

 

ENG Normal     
 
     851 AGAAAAACATTCGTGGCTTCAAGCTCCCAGACACACCTCAAGGCCTCCTGGGGGAGGCCC 
     284 E--K--N--I--R--G--F--K--L--P--D--T--P--Q--G--L--L--G--E--A-- 
 
     911 GGATGCTCAATGCCAGCATTGTGGCATCCTTCGTGGAGCTACCGCTGGCCAGCATTGTCT 
     304 R--M--L--N--A--S--I--V--A--S--F--V--E--L--P--L--A--S--I--V-- 
 
 
 

ENG Mutation F9: c.887_918del;c919_920insCAAGCTCCCAG  
 

     851 AGAAAAACATTCGTGGCTTCAAGCTCCCAGACACACACAAGCTCCCAGAT---------- 
     284 E--K--N--I--R--G--F--K--L--P--D--T--H--K--L--P--D-  
 
     911 -----------GCCAGCATTGTGGCATCCTTCGTGGAGCTACCGCTGGCCAGCATTGTCT 
     304 ------------A--S--I--V--A--S--F--V--E--L--P--L--A--S--I--V-- 
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identi	fi	ed,	 in	one	proband	(F45)	a	p.A378A	due	to	c.1134G>A.	However,	both	transiti	ons	
occur	at	 the	 last	positi	on	of	 the	exons	 (exon	9b	and	exon	8).	These	positi	ons	are	part	of	
the	consensus	sequence	of	the	donor	splice	site	and	are	highly	conserved.	The	c.1310delG	
mutati	on	identi	fi	ed	in	F16	is	in	the	last	triplet	of	exon	9	and	will	disrupt	the	reading	frame	but	
might	also	infl	uence	the	consensus	sequence	of	the	donor	splice	site.	Finally,	the	mutati	on	
in	F151	(c.360+5g>a)	also	changes	the	donor	splice	site	creati	ng	a	less	favorable	splice	site.	

Mutati	ons	in	the	ACVRL1	gene
Thirty-one	diff	erent	mutati	ons	were	detected	in	the	ACVRL1	gene,	25	of	which	were	novel.	

Seven	 nonsense mutati ons	 were	 found,	 fi	ve	 of	 which	 (p.W50X,	 p.Q118X,	 p.Q147X,	
p.Q321X,	p.E470X)	were	novel.	The	c.858C>A	change	(F24)	resulti	ng	in	a	p.Y286X	and	the	
c.1435C>T	resulti	ng	in	a	p.R479X	were	reported	earlier	[17,25].	

Nine	diff	erent	deleti ons and two inserti ons	were	found	in	16	pati	ents.	The	c.1042delG	
deleti	on	 was	 identi	fi	ed	 in	 seven	 families	 (F33,	 F44,	 F46,	 F82,	 F95,	 F123	 and	 152).	 The	
mutati	on	 in	F42	deletes	18	base	pairs,	 leaving	the	reading	frame	 in	tact,	but	deleti	ng	six	
amino	acids	at	the	protein	level.	One	family	carried	a	c.625_626insTG	inserti	on	of	2	base	
pairs	next	to	the	last	coding	base	pair	of	exon	5.	This	mutati	on	disrupts	the	reading	frame	
but	might	also	infl	uence	the	donor	splice	site.	In	F108	a	14-base	pair	deleti	on	was	identi	fi	ed	
that	encompasses	the	acceptor	splice	site	and	the	fi	rst	nucleoti	des	of	exon	6.

Thirteen	diff	erent missense mutati ons	were	detected	in	17	pati	ents.	We	identi	fi	ed	the	
c.1120C>T	 that	 causes	 a	 p.R374W	 substi	tuti	on,	 also	 reported	 by	 others	 [11,26,27],	 in	 three	
pati	ents	(F58,	F83,	F85).	The	c.1121G>A	mutati	on	(p.R374Q)	[11,17],	the	c.1231C>T	(p.R411W)	
[11,17,28]	 and	 the	 c.1450C>T	 (p.R484W)	 [17,28]	 were	 reported	 earlier.	 The	 p.G309S,	 p.V380G,	
p.W406C,	 p.P433S,	 p.M438T,	 p.P424L,	 p.D330N	 and	 p.D397N	mutati	ons	 were	 all	 novel.	
Three	amino	acid	substi	tuti	ons	in	the	same	codons	were	reported	by	others	(p.D397G	by	
Lesca	et al.[17	];	p.P424T	by	Berg	et al.[26]	and	p.D330Y	by	Olivieri	et al.[25]).The	novel	c.1048G>C	
(p.G350R)	mutati	on	involves	the	last	base	pair	of	exon	7,	changing	the	donor	splice	site	as	
well.	In	F181	two	mutati	ons	were	present	(p.P424L	and	p.A482V).

Table 3 -	Summary	of	the	identi	fi	ed	ACVRL1	mutati	ons.

Mutati on 
type

Pati ent Exon Mutati on cDNA Protein Reference

nonsense F139 3 c.150G>A p.W50X
F51 4 c.352C>T p.Q118X
F50 4 c.439C>T p.Q147X
F24 7 c.858C>A p.Y286X Olivieri	et	al.	

[2002]
F34 7 c.961C>T p.Q321X

F22,	F141 10 c.1408G>T p.E470X
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Mutation 
type

Patient Exon Mutation cDNA Protein Reference

nonsense F1 10 c.1435C>T p.R479X Lesca	et	al.	
[2004]

deletion / F96 3 c.83delG p.R28fs
insertions F107 3 c.190delC p.Q64fs

F71 3 c.203delG p.G68fs
F32 4 c.372_373insCC p.G124fs
F57 5 c.625_626insTG p.G209fs

F123,	F44,	
F95,	F82,	F46,	
F33,	F152

7 c.1042delG p.D348fs

F137 8 c.1061_1068del8bp p.M354fs
F79 8 c.1071delG p.Q357fs
F5 8 c.1107_1108delAG p.R369fs
F42 8 c.1120_1137del18bp p.R374_E379del

splice site F108 c.626-6del14bp
missense F116 7 c.925G>A p.G309S

F67,	F69 7 c.988G>A p.D330N
F105 7 c.1048G>C p.G350R

F58,	F83,	F85 8 c.1120C>T p.R374W Berg	et	
al.	[1997],	
Kjeldsen	et	al.	
[2001],	Abdalla	
et	al.	[2003]

F35 8 c.1121G>A p.R374Q Abdalla	et	al	
[2003],	Lesca	
et	al.	[2004]

F61 8 c.1139T>G p.V380G
F53 8 c.1189G>A p.D397N
F109 8 c.1218G>C p.W406C

F84,	F80 8 c.1231C>T p.R411W Trembath	et	al.	
[2001],	Abdalla	
et	al.	[2003],	
Lesca	et	al.	
[2004]

F181 9 c.1271C>T p.P424L
F86 9 c.1297C>T p.P433S
F187 9 c.1313T>C p.M438T
F20 10 c.1450C>T p.R484W Trembath	et	al.	

[2001],	Lesca	
et	al.	[2004]
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Discussion
We	describe	here	mutati	ons	in	ENG	and	ACVRL1	in	a	large	group	of	HHT	pati	ents	living	in	
the	Netherlands.	The	mutati	ons	are	distributed	along	both	genes	and	comprise	all	types	of	
mutati	ons,	e.g.	aff	ecti	ng	splice	sites,	missense	mutati	ons,	nonsense	mutati	ons,	 inserti	ons	
and	deleti	ons.	The	majority	of	the	mutati	ons	detected	were	novel	since	only	17	of	the	71	
mutati	ons	had	been	published	earlier.	Our	study	therefore	adds	54	novel	mutati	ons	to	the	
HHT	 mutati	on	 database	 (htt	p://geneti	cs.mc.duke.edu/hht/).	 To	 date,	 188	 diff	erent	 HHT	
mutati	ons	have	been	described.

In	the	HHT	families,	we	identi	fi	ed	more	defects	in	the	ENG	gene	(40	diff	erent	mutati	ons,	
53%	of	probands)	than	in	the	ACVRL1	gene	(23	diff	erent	mutati	ons,	40%	of	probands).	Ten	
mutati	ons	were	 found	 in	more	 than	one	proband.	 The	 families	were	fi	rst	 thought	 to	be	
unrelated	but	recent	genealogical	analysis	has	provided	insight	into	the	possibility	of	shared	
ancestry.	Families	with	the	ENG	mutati	on	p.W261R	had	a	common	ancestor	dati	ng	back	to	
1765.	The	ACVRL1	mutati	on	c.1042delG	appears	to	be	a	founder	mutati	on,	originati	ng	from	
a	common	ancestor	in	1722.	Finally,	all	fi	ve	families	with	the	p.R437R	ENG	mutati	on	could	
be	traced	back	to	a	single	founder	in	1745.	

Two	probands	had	two	mutati	ons.	Proband	F181	showed	two	mutati	ons	in	the	ACVRL1	
gene,	a	p.P424L	and	a	p.A482V	(c.1445C>T)	missense	mutati	on.	It	sti	ll	has	to	be	established	
whether	they	are	in	cis	or	in	trans.	The	p.A482V	was	also	found	in	proband	F68	with	the	
deleterious	ENG	mutati	on	p.W261R,	while	p.A482V	was	also	reported	by	D’Abronzo	et al.[29].	
This	mutati	on	was	found	in	just	one	of	64	pati	ents	screened	for	ACVRL1	mutati	ons	with	a	
pituitary	tumor.	The	pati	ent	and	his	family	showed	no	symptoms	of	HHT,	which	therefore	
suggests	 that	 this	mutati	on	 is	not	 the	cause	of	HHT.	However,	 Lesca	et al.[17]	did	 identi	fy	
this	mutati	on	in	a	pati	ent	with	confi	rmed	HHT.	Furthermore,	the	alanine	in	this	positi	on	is	
a	highly	conserved	(see	fi	gure	2).	Apparently	the	mutati	on	does	not	always	result	 in	HHT	
symptoms.	 Functi	onal	 studies	 should	 elucidate	whether	 this	mutati	on	 has	 a	 deleterious	
eff	ect.	

In	 the	 ENG	 gene	 we	 detected	 8	 nonsense,	 8	 deleti	ons,	 7	 inserti	ons,	 1	 complex	
rearrangement,	7	splice	site	mutati	ons	and	9	missense	mutati	ons.	All	the	inserti	ons	and	all	
but	one	deleti	on	lead	to	a	shift		in	the	reading	frame	and	will	result	in	a	truncated	protein	that	
is	deleterious.	In	additi	on,	it	has	been	well	established	that	mutati	ons	involving	a	premature	
translati	on	stop	also	may	cause	a	nonsense-mediated	decay	of	mRNA.	The	c.360+1g>a	donor	
splice	site	mutati	on	seems	to	be	a	recurrent	mutati	on.	We	found	 it	 in	one	family,	others	
have	found	the	mutati	on	in	diff	erent,	independent	families	[15,23].	It	has	also	been	found	as	
a	de novo	mutati	on	in	one	family	[23].	The	p.R437R	silent	mutati	on	found	in	F43,	F48,	F56,	
F142	and	F73	is	due	to	a	c.1311G>A	transversion	at	the	last	nucleoti	de	of	exon	9b.	It	creates	
a	less	favorable	splice	donor	site,	as	confi	rmed	by	the	Berkeley	Drosophila	Genome	Project	
Splice	 Site	 Predicti	on	 Program.	 According	 to	 this	 program,	 the	 donor-moti	f	 probability	
decreased	from	0.6	to	undetectable.	Consequently,	 it	will	hamper	the	proper	maturati	on	
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of	the	pre-mRNA	by	intron	retention	and/or	exon	skipping.	Gallione	et al.[21]	 	described	a	
c.1311G>C	change	at	the	same	position;	this	mutation	was	seen	to	co-segregate	with	the	
disease	in	the	family.	The	donor-motif	probabilities	for	the	other	splice	site	mutations	were	
also	unfavorable	according	to	the	prediction	program.	

Nine	 different	ENG	missense	mutations	were	 detected,	 one	 (p.W261R)	was	 found	 in	
eight	probands.	The	p.L306P	was	published	by	Gallione	et al.[21]	as	completely	disrupting	the	
helix	structure.	The	p.G413V	was	described	as	a	mutation	originating	from	the	Netherlands	
and	present	in	the	Dutch	Antilles	[22].	The	p.P131L	was	also	reported	by	Cymerman	et al.[15].	
It	 is	 located	 in	a	sequence	that	 is	 strongly	conserved	between	man,	mouse	and	pig.	The	
mutation	associates	with	a	significantly	reduced	level	of	endoglin.	The	p.M1V	mutation	is	
a	mutation	at	the	very	first	nucleotide	changing	an	A>G,	changing	the	AUG	start	codon.	A	
similar	mutation	(p.M1Y)	was	described	by	Gallione	et al.[21].	These	mutations	are	considered	
as	disease	causing	by	eliminating	the	proper	start	site	of	translation.	The	mutation	in	F186	
(c.991G>A)	changes	the	 last	base	pair	of	exon	7,	disrupting	the	donor	splice	site	as	well.	
The	c.791A>G	 (p.D264N)	and	c.1121_1122AA>GC	 (p.K374S)	 involve	amino	acids	 that	are	
conserved	between	man,	mouse	and	pig.	

The	status	of	the	p.G191D	missense	mutation	is	not	obvious.	The	p.G191D	mutation	was	
found	in	two	families.	In	one	of	our	largest	HHT	families	(F49),	this	mutation	was	detected	
in	a	branch	of	the	family	where	the	diagnosis	of	HHT	was	questionable.	In	another	branch	
of	this	family,	HHT	segregated	with	the	ENG	nonsense	mutation	p.Q83X.	Furthermore,	the	
p.G191D	mutation	was	also	present	at	low	frequency	(1-5%)	in	a	panel	of	normal	individuals	
(presented	at	the	Bonaire	Annual	HHT	Meeting).	And	recently,	this	mutation	was	described	
in	a	French	patient	as	a	polymorphism	[17],	but	not	detected	in	188	French	control	individuals.	
Still,	 our	 F81	 showed	 no	 other	 abnormality	 than	 p.G191D.	 This	 could	 indicate	 that	 the	
disease-causing	mutation	has	not	been	identified	so	far	or	that	p.G191D	is	a	mutation	with	a	
reduced	risk	or	interacts	with	another	gene	mutation	not	yet	discovered.	Functional	analysis	
should	shed	light	on	the	effect	of	p.G191D	and	other	mutations.

In	ACVRL1	we	 found	7	nonsense,	 8	 deletions,	 2	 insertion,	 1	 splice	 site	mutation	 and	
13	missense	mutations.	Exon	1	was	not	included	in	the	analysis	of	all	patients,	but	limited	
to	those	who	did	not	show	a	mutation.	Exon	1	contains	no	protein	coding	information,	a	
deleterious	mutation	like	a	donor	splice	site	mutation	however,	might	be	present.	To	date,	
no	mutations	in	exon	1	of	the	ACVRL1	have	been	reported.	We	did	not	identify	any	mutations	
in	exon	1	of	the	ACVRL1	gene	in	our	probands.	

All	 thirteen	missense	mutations	 that	we	 identified	were	 located	 in	exons	7,	 8,	 9	 and	
10.	The	substitutions	cause	either	an	alteration	 in	polarity,	hydrophobicity	or	 side	chain-
length.	 Four	 of	 these	missense	 mutations	 (p.R374Q,	 p.R374W,	 p.R411W	 and	 p.R484W)	
have	 already	 been	 published.	 Abdalla	 et al.[11]	 reported	 several	 missense	 mutations	 in	
the	 ACVRL1	 cytoplasmatic	 domain.	 The	 amino	 acid	 changes	 occurred	 at	 positions	 that	
are	 highly	 conserved	 between	ACVRL1	 and	ALK-5,	 but	 also	 between	ACVRL1	 and	 other	
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serine-threonine	protein	 kinases.	 In	 additi	on,	 the	missense	mutati	ons	p.G309S,	 p.P424L,	
p.	D330N,	p.G350R,	p.V380G,	p.D397N,	p.W406C,	p.P433S,	and	p.M438T	are	located	in	the	
cytoplasmati	c	kinase	domains	and	all	involve	residues	conserved	between	ACVRL1	and	ALK-
5.	Finally,	all	missense	mutati	ons	occurred	at	highly	conserved	residues	between	species	
(Ratt	us	 norvegicus,	 Musculus	 musculus,	 Gallus	 gallus	 and	 Drosophila	 melanogaster)	 as	
shown	in	fi	gure	2.	The	conservati	on	of	amino	acids	between	orthologous	and	paralogous	
sequences	 was	 analyzed	 using	 a	 web-based	 program	 (htt	p//blocks.thcrc.org/sift	)	 which	
predicts	the	eff	ect	of	a	missense	mutati	on.	All	the	codons	containing	missense	mutati	ons	
were	 indeed	 highly	 conserved	 and	 the	mutati	ons	were	 predicted	 to	 disrupt	 the	 protein	
functi	on.	We	therefore	consider	them	as	deleterious.

(1)	 Homo	 sapiens,	 (2)	 Ratt	us	 norvegicus,	 (3)	Musculus	musculus,	 (4)	 Gallus	 gallus,	 (5)	 Drosophila	
melanogaster.	Aminoacid	changes	reported	in	table	3	are	given	in	bold.

Figure 2	-	Alignment	of	amino	acid	sequence	for	genes	orthologous	to	ACVRL1

Before	this	study,	no	mutati	ons	had	been	detected	in	exon	5	of	the	ACVRL1	gene.	This	led	
to	the	speculati	on	by	Lesca’s	group	that	some	missense	mutati	ons	in	exon	5	lead	to	a	more	
severe	phenotype,	diff	erent	to	HHT	and	probably	lethal.	We	report	a	frameshift		mutati	on	
in	exon	5	of	the	ACVRL1	gene,	a	two	base-pair	deleti	on,	proving	that	mutati	ons	in	exon	5	
do	occur.	

Our	PCR	and	sequence-based	approach	enabled	the	identi	fi	cati	on	of	more	than	90%	of	
the	disease-causing	mutati	ons	in	a	panel	of	104	HHT	families.	We	did	not	screen	for	large	
deleti	ons	or	inserti	ons	in	ACVRL1	or	ENG,	nor	did	we	search	for	mutati	ons	in	the	promoter	
region	or	in	intronic	sequences	apart	from	the	splice	sites.	In	general,	large	deleti	ons	may	
account	 for	 5-10%	of	 the	 geneti	c	 defects	 of	monogenic	 disorders.	We	 therefore	 plan	 to	
screen	the	remaining	seven	probands	for	large	deleti	ons	by	employing	Multi	plex	Ligati	on-

 1

 

 
(1) 301 RLAVSAACGL AHLHVEIFGT QGKPAIAHRD 330 
(2) 302 RLAVSAACGL AHLHVEIFGT QGKPAIAHRD 331 
(3) 300 RLAVSPACGL AHLHVEIFGT QGKPAIAHRD 329 
(4) 302 RIVLSIASGL AHLHIEIFGT QGKPAISHRD 331 
(5) 363 WICLSIANGL VHLHTEIFGK QGKPAMAHRD 392 
 
(1) 371 GTKRYMAPEV LDEQIRTDCF ESYKWTDIWA FGLVLWEIAR RTIVNGIVED 420 
(2) 372 GTKRYMAPEV LDEQIRTDCF ESYKWTDIWA FGLVLWEIAR RTIINGIVED 421 
(3) 370 GTKRYMAPEV LDEHIRTDCF ESYKWTDIWA FGLVLWEIAR RTIINGIVED 419 
(4) 372 GTKRYMAPEV LDETIQADCF DSYKRVDIWA FGLVLWEVAR RMVSNGIVED 421 
(5) 433 GTKRYMAPEV LDESIDLECF EALRRTDIYA FGLVLWEVCR RTISCGIAEE 482 
 
(1) 421 YRPPFYDVVP NDPSFEDMKK VVCVDQQTPT 450 481 TALRIKKTLQ 490 
(2) 422 YRPPFYDMVP NDPSFEDMKK VVCVDQQTPT 451 482 TALRIKKTLQ 491 
(3) 420 YRPPFYDMVP NDPSFEDMKK VVCVDQQTPT 449 480 TALRIKKTLQ 489 
(4) 422 YKPPFYDLVP NDPSFEDMRK VVCVDQQRPN 451 482 TALRIKKTLT 491 
(5) 483 YKVPFYDVVP MDPSFEDMRK VVCIDNYRPS 512 544 PALRIKKTIH 553 
 
(1) Homo sapiens, (2) Rattus norvegicus, (3) Musculus musculus, (4) Gallus gallus, (5) Drosophila 
melanogaster. Aminoacid changes reported in table 3 are given in bold. 
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dependent	Probe	Amplification	(MLPA).	Alternatively,	more	extensive	locus	heterogeneity	
may	play	a	role.	A	few	families	have	been	described	that	show	no	significant	linkage	to	either	
ENG	or	ACVRL1		[30-32].	After	re-evaluating	all	the	members	in	the	family	studied	by	Piantanida	
and	Buscarini	[30,31],	the	evidence	for	exclusion	of	chromosome	12	was	no	longer	considered	
significant	and	analysis	revealed	an	ACVRL1	mutation	(p.R67W)	[25].	However,	the	presence	
of	a	 third	 locus	cannot	be	 ruled	out.	 In	 this	 respect,	 the	finding	of	MADH4	mutations	 in	
families	with	both	juvenile	polyposis	and	HHT	renders	it	a	good	candidate	gene.	

Our	observation	that	in	an	uniformly	and	well-classified	panel	of	HHT	families,	disease-
causing	mutations	in	ENG	or	ACVRL1	were	identified	in	more	than	90%	of	the	HHT	families,	
taken	 together	with	 the	known	short	 comings	of	our	approach,	make	 the	existence	of	a	
prominent	third	HHT	locus	in	our	population	less	likely.	We	expect	to	be	able	to	increase	the	
detection	rate	by	applying	MLPA.	The	third	HHT	gene	will	account	for	only	a	small	minority	
of	our	HHT	population.	

Recently,	Lesca’s	group	published	molecular	analyses	of	160	French	HHT	patients	and	
found	germline	mutations	 in	100	patients	(62.5%).	 In	a	subgroup	of	their	probands	(only	
confirmed	 diagnosis),	 the	 mutation	 rate	 was	 68%.	 They	 used	 a	 different	 DNA	 analysis	
technique	 in	133	patients	of	 the	160	patients,	based	on	heteroduplex	analysis	of	 coding	
regions	and	 intronic	borders	after	PCR	amplification	and	electrophoresis.	Because	of	 the	
reduced	sensitivity	of	the	heteroduplex	analysis,	this	might	in	part	explain	the	difference	in	
mutation	detection	percentage.	An	additional	explanation	is	that	not	all	their	probands	had	
a	definite	diagnosis	of	HHT.	

Many	mutations	have	been	described	in	families	with	HHT.	The	majority	of	the	mutations	
are	unique;	only	a	few	mutations	occur	more	than	once.	As	far	as	has	been	investigated	in	
the	Dutch	population	 (three	mutations:	 in	 the	c.1042delG	five	of	 the	 seven	 families	had	
a	common	ancestor,	 in	 the	p.W261R	three	 families	and	 in	 the	p.R437R	all	 families	had	a	
common	ancestor),	the	mutations	originate	from	a	common	ancestor.	Mutations	in	our	HHT	
population	already	published	by	others	could	also	be	due	to	these	old	ancestral	mutations.	

In	our	HHT	panel	we	found	more	different	mutations	in	the	ENG	gene	(40)	than	in	the	
ACVRL1	gene	(31).	The	most	obvious	explanation	is	that	the	ENG	gene	has	a	correspondingly	
higher	content	of	coding	information	(658	amino	acids,	15	exons)	than	the	ACVRL1	gene	(504	
amino	acids,	10	exons),	and	consequently	has	more	positions	prone	to	mutation.	Indeed	the	
relative	content	of	the	coding	information	between	ENG	and	ACVRL1	is	in	good	concordance	
with	the	number	of	mutations	found	in	the	ENG and	ACVRL1	gene.	

Another	explanation	from	a	clinical	point	of	view	might	be	that	 the	HHT2	phenotype	
is	milder	compared	to	HHT1,	as	suggested	by	Shovlin	et al.[2]	and	Berg	et	al.[13].	 In	HHT2,	
symptoms	 are	 reported	 to	 arise	 later	 and	 the	PAVM	and	CAVM	are	 less	 frequent.	HHT1	
patients	are	therefore	likely	to	be	more	easily	diagnosed	and	thus	over-represented	in	the	
patient	population	we	have	studied.	

In	 the	 French	 population,	 ENG	 mutations	 were	 found	 in	 36	 probands,	 and	 ACVRL1	
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mutati	ons	in	64	probands.	The	higher	proporti	on	of	ACVRL1	mutati	ons	was	partly	explained	
by	 the	 fi	nding	 of	 a	 recurrent	 mutati	on	 in	 the	 ACVRL1	 gene,	 the	 frameshift		 mutati	on	
c.1112_1113dupG	 was	 found	 in	 17	 probands	 with	 a	 common	 haplotype,	 suggesti	ng	 a	
founder	mutati	on.	Sti	ll,	more	mutati	ons	were	discovered	in	the	ACVRL1	gene	than	in	the	
ENG	gene	(36	versus	34).	Whether	this	is	a	populati	on	eff	ect	or	due	to	a	pati	ent	selecti	on	
bias	remains	to	be	elucidated.

To	conclude,	our	fi	ndings	raise	the	total	number	of	mutati	ons	in	the	ENG	and	the	ACVRL1	
genes	 associated	 with	 HHT	 signifi	cantly.	 The	 total	 number	 of	 published	 ENG	 mutati	ons	
(excluding	the	p.G191D)	 is	now	140	and	for	ACVRL1	 it	 is	102.	The	mutati	ons	detected	 in	
our	cohort	of	HHT	pati	ents	off	er	an	additi	onal	means	of	identi	fying	carriers	in	HHT	families	
unambiguously.	In	this	way,	appropriate	medical	att	enti	on	can	be	given	to	only	those	carrying	
a	mutati	on	and	we	can	prevent	unnecessary	screening	of	non-carrier	children	in	the	family.	

The	 identi	fi	cati	on	 of	 the	 disease-causing	mutati	ons	 in	 a	 large	 panel	 of	 HHT	 families	
provides	us	with	a	good	basis	for	studying	the	phenotype-genotype	relati	onship	for	both	
ENG	and	ACVRL1	within	and	between	families	in	detail.	In	this	way	we	hope	to	gain	more	
insight	into	the	variability	of	clinical	expression	and	the	factors	contributi	ng	to	HHT.	
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Abstract
Hereditary	hemorrhagic	telangiectasia	is	an	autosomal	dominant	disease	characterized	by	
epistaxis,	cutaneous	and	mucosal	telangiectases	and	visceral	arteriovenous	malformations.	
Mutations	in	ENG	and	ACVRL1	have	been	implicated	in	the	majority	of	patients	with	HHT.	
The	 aim	 of	 this	 study	 was	 to	 further	 improve	 the	 molecular	 diagnosis	 of	 HHT	 by	 also	
identifying	large	genomic	rearrangements	in	HHT	using	Multiplex	Ligation-dependent	Probe	
Amplification	 (MLPA).	 In	 123	 probands,	who	were	without	 a	 pathogenic	mutation	 using	
direct	 sequencing	 of	 the	ENG	 and	ACVRL1	 genes,	MLPA	 analysis	was	 performed.	 In	 five	
probands	(4%),	MLPA	analysis	identified	four	different	pathogenic	mutations;	two	deletions	
and	one	duplication	 in	ENG	 and	one	deletion	 in	ACVRL1.	 These	 results	 show	 that	MLPA	
analysis	 improves	the	mutation	detection	in	HHT	and	should	be	performed	in	HHT.	Large	
deletions	and	duplications	account	 for	a	 small	but	 significant	minority	of	 the	pathogenic	
mutations	involved	in	HHT.		
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Introducti	on
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 or	 Rendu-Osler-Weber	 (ROW)	 syndrome	
is	 an	 autosomal	 dominant	 disease	 characterized	 by	 vascular	 malformati	ons	 in	 multi	ple	
organ	systems.	The	clinical	manifestati	ons	are	caused	by	direct	arteriovenous	connecti	ons	
without	 an	 intervening	 capillary	 bed	 resulti	ng	 in	 a	 range	 of	malformati	ons	 from	 smaller	
mucocutaneous	 telangiectases	 to	 large	 visceral	 arteriovenous	malformati	ons	 (AVM).	 The	
clinical	diagnosis	 is	established	using	the	Curaçao	criteria	based	on	the	manifestati	ons	 in	
HHT	(recurrent	epistaxis;	multi	ple	telangiectases	at	characteristi	c	sites;	visceral	lesions	i.e.	
pulmonary,	cerebral	and	hepati	c	AVMs	or	gastrointesti	nal	bleeding;	a	fi	rst	degree	relati	ve	
with	HHT)	[1].			

Loss	of	functi	on	mutati	ons	in	the	endoglin	(ENG,	OMIM	131195)	and	acti	vin	A	receptor	
type-like	 kinase	 1	 (ACVRL1, ALK1,	 OMIM	 601284)	 genes	 are	 associated	 with	 HHT	 [2,	 3].	
Protein	expression	studies	in	human	umbilical	vein	endothelial	cells	and	peripheral	blood	
monocytes	have	confi	rmed	haploinsuffi		ciency	as	the	model	in	HHT1	(ENG	mutati	ons)	and	
HHT2	(ACVRL1	mutati	ons)	 [4-6].	Gallione	et al.[7]	reported	mutati	ons	 in	the	SMAD4	gene	in	
pati	ents	that	show	clinical	features	of	both	HHT	and	juvenile	polyposis.	A	few	other	loci	for	
HHT	were	implicated	in	HHT,	linked	to	chromosome	5	and	chromosome	7	[8,	9].		

To	date,	mutati	on	 analysis	 in	 the	Dutch	populati	on	 revealed	mutati	ons	 in	more	 than	
92%	of	the	probands	(families).	This	relati	vely	high	yield	could	be	explained	by	the	inclusion	
of	only	clinically	aff	ected	probands	that	fulfi	l	the	Curaçao	criteria	 [10].	 In	the	literature	the	
mutati	on	detecti	on	 rates	diff	er	between	diff	erent	 groups	and	diff	erent	populati	ons	 [11,12].	
This	might	be	caused	by	regional	diff	erences	in	populati	ons,	by	diff	erent	applicati	on	of	the	
diagnosti	c	criteria,	but	also	by	diff	erent	mutati	on	analysis	techniques.	

Although	 in	more	 than	 90%	 of	 the	 Dutch	HHT	 pati	ents	 a	mutati	on	 in	 either	ENG	 or	
ACVRL1	was	identi	fi	ed,	the	molecular	cause	of	the	remaining	pati	ents	is	unknown.	In	this	
study	we	used	the	Multi	plex	Ligati	on-dependent	Probe	Amplifi	cati	on	technique	to	screen	
for	 deleti	ons	 and	 duplicati	ons.	 The	 tested	 probands	 (in	 a	 total	 of	 123	 pati	ents)	 did	 not	
show	a	pathogenic	abnormality	upon	sequencing	of	the	ENG	and	ACVRL1	gene.	The	yield	
of	mutati	on	 detecti	on	 also	 depends	 on	 the	 degree	 of	 certainty	 of	 the	 clinical	 diagnosis,	
therefore	the	probands	were	also	strati	fi	ed	for	referral	(by	HHT	centre	or	by	other	hospitals)	
and	 for	 completeness	of	 the	 clinical	 data	 (with	or	without	 known	medical	 history).	 	 The	
results	of	these	analyses	will	give	insight	in	the	proporti	on	of	families	carrying	large	deleti	ons	
or	duplicati	ons	as	a	cause	of	HHT	and	 in	 the	added	value	of	 screening	 for	deleti	ons	and	
duplicati	ons	in	DNA-diagnosti	cs	of	HHT.	
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Materials	and	methods

Patients

Since	the	start	of	the	diagnostic	testing,	all	probands	referred	to	our	genome	diagnostics	
laboratory	were	analysed	for	mutations	 in	ENG	and	ACVRL1.	The	patients	can	be	divided	
into	two	groups	(see	table	1).	The	first	group	consists	of	patients	referred	by	a	single	tertiary	
referral	centre	in	the	Netherlands,	specialized	in	the	diagnosis	and	treatment	of	HHT.	Most	
of	these	patients	were	referred	with	a	confirmed	diagnosis	fulfilling	three	or	more	of	the	
Curaçao	 criteria.	 The	majority	 of	 these	 families	 were	 of	 Dutch	 origin;	 only	 few	 families	
were	from	abroad	(Belgium,	former	Yugoslavia,	Turkey,	Iran,	the	Netherlands	Antilles	and	
Surinam).	The	second	group	of	patients	was	referred	for	diagnostic	testing,	but	without	the	
provision	of	detailed	clinical	data.	Of	these	patients	it	is	unknown	whether	or	not	the	clinical	
diagnosis	is	established	according	to	the	Curaçao	criteria	or	whether	DNA	mutation	analysis	
was	asked	to	further	exclude	HHT	in	a	patient	with	doubtful	diagnosis.	These	probands	are	
mainly	from	Europe,	but	some	were	also	referred	from	other	continents.	

Amplification,	nucleotide	sequence	determination,	Multiplex	Ligation-
dependent	Probe	Amplification	(MLPA)

High	molecular	weight	DNA	of	the	probands	was	isolated	from	peripheral	blood	leukocytes	
according	to	established	procedures.	Sequencing	for	the	exons	1-14	of	the	ENG	gene	and	
exons	1-10	of	the	ACVRL1	gene	and	their	flanking	sequences	was	performed	as	described	
earlier	[10].	In	patients	without	a	pathogenic	mutation	after	sequencing,	subsequent	MLPA	
analysis	was	performed	on	genomic	DNA.	Probes	for	MLPA	analysis	(P093	Salsa	MLPA	probe	
set)	 were	 purchased	 from	 MRC	 Holland	 (Amsterdam,	 The	 Netherlands).	 Amplification	
products	were	run	on	ABI	3130	DNA	sequencer	(Applied	Biosystems)	MLPA	peak	plots	were	
visualized	 and	 normalized	 and	 dosage	 ratio’s	were	 derived	with	 the	 use	 of	 Genemarker	
software	 (Soft	 genetics	 LLC,	 State	 College,	 PA).	 Ratio’s	 <0.7	 and	 >1.3	 were	 considered	
pathogenic.	When	a	deletion	was	detected,	the	earlier	derived	sequence	data	were	used	
to	check	for	polymorphisms	that	may	interfere	with	the	attachment	of	the	MLPA	probe	and	
consequently	lead	to	a	false	positive	result.	Indeed,	in	our	analysis	the	MLPA	data	suggested	
a	common	deletion	 in	exon	8	of	 the	ENG	gene	 (data	not	shown)	and	the	sequence	data	
confirmed	this	was	caused	by	a	common	polymorphism	interfering	with	the	MLPA	probes.	

Results
MLPA	analysis	was	performed	in	the	two	predefined	groups	of	patients,	one	referred	by	the	
HHT	centre	(subdivided	in	>	3	criteria	present	or	less	criteria	present)	and	one	referred	by	
other	clinics	(without	adequate	clinical	information).	The	ascertainment	of	the	patients	and	
the	results	of	DNA	analysis	are	depicted	in	table	1.	
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Before	 searching	 for	 large	 rearrangements,	 sequence	 analysis	 was	 performed	 in	 330	
apparently	unrelated	pati	ents.	177	(54%)	of	these	probands	were	referred	by	the	specialized	
HHT	 centre,	 153	 pati	ents	 came	 from	 elsewhere.	 Sequencing	 revealed	 70	 diff	erent	 ENG	
mutati	ons	in	115	probands.	The	mutati	ons	detected	were	27	diff	erent	frame	shift		mutati	ons,	
17	nonsense	mutati	ons,	 12	missense	mutati	ons,	 9	 splice	 site	mutati	ons	 and	5	uncertain	
variants.	In	ACVRL1	57	diff	erent	mutati	ons	were	detected	in	92	probands.	The	mutati	ons	in	
ACVRL1	were	22	missense	mutati	ons,	16	frame	shift		mutati	ons,	13	nonsense	mutati	ons,	4	
splice	site	mutati	ons	and	2	uncertain	variants.	

Table 1	 -	 Characteristi	cs	 of	 the	populati	on	 referred	 for	DNA	analysis.	 The	probands	 are	divided	 in	
diff	erent	ascertainment	groups.	When	possible	the	probands	were	subdivided	in	pati	ents	with	(>	3)	or	
without	(<	3)	a	confi	rmed	clinical	diagnosis.
	

	 Referral from 	

	   Specialised HHT centre 	
other 
clinics total

	 total total  

Curacao criteria >	3 <	3  ?  

number of pati ents 124 53 177 153 330

pts with ENG point mutati on 68 7 75 40 115

pts with ACVRL1 point mutati on 45 10 55 37 92

pts remaining for MLPA analysis 11 36 47 76 123

pts with deleti ons/duplicati ons 2 	 2 3 5

Subsequent	MLPA	analysis	was	performed	in	the	remaining	123	probands.	MLPA	analysis	
revealed	4	 large	genomic	 rearrangements	 in	5	pati	ents	 (table	1	and	table	2).	 In	 the	ENG	
gene	two	deleti	ons	and	one	duplicati	on	were	detected.	One	deleti	on	found	in	a	proband	
from	New	Zealand,	contained	(at	least	part	of)	exon	3	to	(at	least	part	of)	exon	14	(c.220-
?1977+?del),	shown	by	lack	of	amplifi	cati	on	of	8	conti	guous	MLPA	probes.	The	second	ENG	
deleti	on	was	found	in	two	probands	(both	originati	ng	from	the	Dutch	Anti	lles);	a	deleti	on	
of	(at	least	part	of)	exon	3	(c.220-?_360+?del).	Because	the	latt	er	deleti	on	showed	the	loss	
of	only	one	exon	and	 involved	only	a	single	probe,	an	examinati	on	of	the	sequence	data	
was	performed.	This	confi	rmed	that	 	the	att	achment	of	this	probe	was	not	hampered	by	
a	sequence	variant	in	the	pati	ents	DNA	thereby	preventi	ng	annealing	and	amplifi	cati	on	of	
the	probes.	 Furthermore,	 family	members	were	examined	which	demonstrated	 that	 the	
deleti	on	segregated	with	the	disease	(data	not	shown).	An	ENG	duplicati	on	was	found	in	a	
family	from	the	Netherlands	with	duplicati	on	of	genomic	DNA	detected	by	the	probes	for	
exons	4-11	(c.361-?_1686+?dup).		

In	ACVRL1	a	single	genomic	rearrangement	was	detected.	A	Belgian	proband	showed	a	
deleti	on	that	spans	at	least	a	part	of	exon	2	to	exon	8	of	the	ACVRL1	gene	(c.1-?_1246+?del).	
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Discussion
In	this	study,	MLPA	analysis	was	performed	to	establish	how	oft	en	large	rearrangements	in	
ENG or	ACVRL1	are	the	cause	of	HHT	and	to	increase	the	number	of	HHT	pati	ents	with	a	
molecular	diagnosis	and	the	possibiliti	es	for	geneti	c	counselling.	The	probands	were	divided	
into	two	groups,	the	fi	rst	group,	referred	by	the	specialized	HHT	centre	in	Nieuwegein,	was	
also	strati	fi	ed	for	a	confi	rmed	clinical	diagnosis	(>	3	criteria	present)	or	possible	HHT	(<	3	
present).	The	results	are	depicted	in	table	1.	

Sequencing	that	was	based	on	PCR	resulted	in	a	mutati	on	detecti	on	rate	of	91%	(113	
probands	out	of	124)	(table	1)	in	pati	ents	that	have	three	or	more	of	the	diagnosti	c	criteria.	
In	 the	 remaining	 11	 probands	 that	 showed	 no	 mutati	on,	 MLPA	 analysis	 revealed	 two	
additi	onal	mutati	ons,	 improving	 the	detecti	on	 rate	by	1.6%	 (2/124).	No	MLPA	mutati	ons	
were	detected	 in	 the	group	of	pati	ents	with	 less	 than	3	of	 the	Curaçao	 criteria	present.	
Testi	ng	 the	group	of	pati	ents	 referred	by	other	clinics,	 the	percentage	of	pati	ents	with	a	
large	deleti	on/duplicati	on	is	similar	to	the	group	of	pati	ents	from	the	HHT	centre	(3/153).	
In	both	groups	combined,	MLPA	analysis	increased	the	overall	mutati	on	detecti	on	rate	from	
62.7%	to	64.2%.	This	implies	that	genomic	rearrangements	form	only	a	small	proporti	on	of	
mutati	ons	detected	in	HHT.

Of	 the	mutati	ons	detected	using	sequencing	and	MLPA,	4.1%	 	are	 	 large	deleti	ons	or	
duplicati	ons	in	ENG	(3/73),	whereas	in	the	ACVRL1	gene	this	fi	gure	is	1.7%	(1/58).	Three	of	
the	four	diff	erent	deleti	on/duplicati	on	mutati	ons	were	novel.	

The	deleti	on	of	exon	3	in	the	ENG	gene	has	been	reported	before	[12].	This	deleti	on	was	
found	in	two	probands	(one	from	the	Dutch	Anti	lles	and	one	from	the	Netherlands,	but	with	
forefathers	from	the	Dutch	Anti	lles).	These	probands	are	likely	related,	but	this	could	not	be	
confi	rmed.	Gallione	et al.	reported	on	the	result	of	mutati	on	analysis	in	the	Dutch	Anti	lles,	
with	the	highest	prevalence	of	HHT	to	date	[13].	They	found	the	cause	of	HHT	in	the	Dutch	
Anti	lles	to	be	limited	to	the	ENG	gene	and	associated	with	three	diff	erent	haplotypes.	Two	
haplotypes	were	elucidated	 i.e.	 two	mutati	ons	were	described:	 c.67+1G>A	 (IVS1+1(G>A)	
and	the	c.1238G>T	 (p.Gly413Val).	 	For	 the	third	haplotype	no	mutati	on	had	been	 found.	
With	the	current	study,	using	MLPA	analysis	in	the	same	family,	we	can	conclude	that	the	
third	mutati	on	causing	HHT	in	the	Dutch	Anti	lles	is	the	deleti	on	of	exon	3.	Families	with	HHT	
and	originati	ng	from	the	Dutch	Anti	lles	therefore	are	to	be	tested	for	these	three	mutati	ons	
in	the	ENG	gene	fi	rst.	

The	 clinical	 data	 of	 the	 probands	 with	 a	 deleti	on	 or	 duplicati	on	 are	 depicted	 (table	
2):	all	fi	ve	pati	ents	had	a	confi	rmed	clinical	diagnosis.	We	conclude	that	as	expected	the	
manifestati	ons	 of	 HHT	 in	 the	 latt	er	 group	 are	 not	 diff	erent	 from	 pati	ents	with	 a	 ‘small’	
mutati	on	that	could	be	identi	fi	ed	by	sequencing.	Furthermore,	there	is	no	obvious	clinical	
diff	erence	 between	 pati	ents	 with	 a	 confi	rmed	 diagnosis	 and	 a	 large	 rearrangement	
compared	to	HHT	probands	without	a	mutati	on	(table	2).	

	When	comparing	pati	ents	with	certain	clinical	diagnosis	 (>	3)	 to	uncertain	 (<	3),	 the	
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difference	in	causative	gene	distribution	is	striking.	When	a	clinical	diagnosis	is	confirmed	
(>	3),	ENG	mutations	are	the	cause	of	HHT	in	the	majority	of	the	patients.	In	the	other	HHT	
group	(<3),	ACVRL1	mutations	are	found	more	often	than	ENG.	It	is	tentative	to	speculate	
that	 the	observed	difference	of	 involvement	of	 the	 respective	genes	 is	 a	 reflection	of	 in	
general	a	milder	phenotype	in	HHT2.		Consequently,	this	might	implicate	there	is	a	risk	that	
strict	application	of	the	Curaçao	criteria	is	too	stringent	for	identifying	HHT2	patients.				

To	date,	only	a	few	publications	on	large	rearrangement	in	HHT	have	appeared.	Lesca	et 
al.[11]	found	large	rearrangements	in	ENG only,	accounting	for	2.5%	of	all	mutations	(ENG	and	
ACVRL1)	and	7.5%	of	ENG	mutations	alone.	They	found	large	rearrangements	in	three	out	
of	136	clinically	confirmed	patients	(2.2%)	and	15%	(3/20)	of	the	clinically	affected	patients	
without	a	mutation	using	sequencing.	This	is	very	similar	to	our	findings.	

Shoukier	et al.[14]	 described	 five	 large	 rearrangements	 in	 45	HHT	 families	 (11%)	with	
three	or	more	Curaçao	criteria	present	but	without	a	pathogenic	mutation	detected	using	
sequencing.	However,	they	did	not	describe	the	total	number	of	families	that	were	screened	
and	were	found	to	have	small	mutations.	Therefore,	the	contribution	of	their	five	mutations	
to	overall	mutations	cannot	be	determined.	

Bossler	et al.[12]	screened	48	patients	without	a	detectable	small	mutation	and	found	10	
deletions	(21%).	They	started	with	200	probands	(119	with	a	clinically	confirmed	diagnosis),	
thus	large	genomic	rearrangements	accounted	for	5%	of	their	population.	

The	mutation	detection	rate	is	heavily	dependent	on	the	ascertainment	of	the	patients.	
Mutation	detection	rates	reach	91%	when	strict	clinical	criteria	are	applied	(table	1)	[10,	11].	
The	detection	rate	decreases	significantly	when	no	clinical	data	are	available.

The	combined	data	show	that	of	all	mutations	in	the	ENG	and	ACVRL1	genes	in	HHT	the	
percentage	of	 large	 rearrangements	 is	 approximately	2-3%.	Although	 screening	 for	 large	
deletions	 in	HHT	 is	helpful	 and	will	 improve	 the	molecular	diagnosis,	 they	account	 for	a	
small	part	of	the	mutation	spectrum.		
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Abstract
Hereditary	hemorrhagic	telangiectasia	(HHT)	is	an	autosomal	dominant	disease	exhibiting	
multifocal	vascular	telangiectases	and	arteriovenous	malformations.	The	majority	of	cases	
are	 caused	 by	 mutations	 in	 either	 the	 endoglin	 (ENG)	 or	 activin	 receptor-like	 kinase	 1	
(ALK1,	ACVRL1)	genes;	both	members	of	the	transforming	growth	factor	(TGF)-ß	pathway.	
Mutations	 in	 SMAD4,	 another	 TGF-ß	 pathway	 member,	 are	 seen	 in	 patients	 with	 the	
combined	syndrome	of	juvenile	polyposis	(JP)	and	HHT	(JP-HHT).	

We	sought	to	determine	if	HHT	patients	without	any	apparent	history	of	JP,	who	were	
undergoing	 routine	 diagnostic	 testing,	 would	 have	 mutations	 in	 SMAD4.	 We	 tested	 30	
unrelated	HHT	patients,	all	of	whom	had	been	referred	for	DNA	based	testing	for	HHT	and	
were	found	to	be	negative	for	mutations	in	ENG	and	ACVRL1.	

Three	of	these	people	harboured	mutations	in	SMAD4,	a	rate	of	10%	(3/30).	The	SMAD4	
mutations	were	similar	to	those	found	in	other	patients	with	the	JP-HHT	syndrome.	

The	 identification	of	SMAD4	mutations	 in	HHT	patients	without	 prior	 diagnosis	 of	 JP	
has	significant	and	immediate	clinical	implications,	as	these	people	are	likely	to	be	at	risk	of	
having	JP-HHT	with	the	associated	increased	risk	of	gastrointestinal	cancer.	We	propose	that	
routine	DNA	based	testing	for	HHT	should	include	SMAD4	for	samples	in	which	mutations	
in	neither	ENG	nor	ACVRL1	are	identified.	HHT	patients	with	SMAD4	mutations	should	be	
screened	for	colonic	and	gastric	polyps	associated	with	JP.	
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Introducti	on
Hereditary	hemorrhagic	telangiectasia	(HHT)	is	an	autosomal	dominant	disease	of	vascular	
dysplasia.	 The	 symptoms	 of	 HHT	 include	 epistaxis,	 telangiectases,	 and	 arteriovenous	
malformati	ons	 (AVMs),	 which	 are	 most	 oft	en	 found	 in	 the	 lungs,	 brain,	 liver,	 and	
gastrointesti	nal	tract.	There	is	wide	variati	on	in	penetrance	and	severity	of	these	symptoms	
in	pati	ents	even	within	the	same	family	[1],	suggesti	ng	that	environmental	or	other	geneti	c	
factors	infl	uence	the	phenotype.	

Mutati	ons	in	either	one	of	two	genes	cause	HHT.	Mutati	ons	in	the	endoglin	(ENG)	gene	
are	responsible	for	HHT1	and	mutati	ons	in	the	acti	vin	receptor-like	kinase	1	(ACVRL1)	gene	
for	HHT2	[2,3].	Both	of	these	genes	encode	TGF-ß	binding	proteins	and	play	important	roles	in	
regulati	ng	endothelial	cell	growth	[4,5].	

Screening	for	mutati	ons	in	either	ENG	or	ACVRL1	in	HHT	pati	ent	cohorts	yields	mutati	on	
detecti	on	rates	of	between	62%	and	93%	[6-14].	The	failure	to	achieve	a	100%	detecti	on	rate	
is	not	unique	 to	HHT.	 This	 range	of	mutati	on	detecti	on	 rates	 is	 similar	 to	 that	 found	 for	
many	other	mendelian	disorders	 [15],	 implying	 that	most,	 if	not	all,	mutati	on	 scans	 share	
common	 detecti	on	 limitati	ons.	 In	 the	 case	 of	 HHT,	 people	 may	 have	 large	 deleti	ons	 or	
inserti	ons,	deep	intronic	mutati	ons	aff	ecti	ng	splicing,	or	regulatory	mutati	ons	in	either	ENG	
or	ACVRL1.	A	subset	of	the	mutati	on	negati	ve	samples	may	instead	have	a	mutati	on	in	the	as	
yet	undiscovered	HHT3	gene	recently	linked	to	chromosome	5	[16].	Because	the	majority	of	
HHT	pati	ents	have	been	found	to	have	mutati	ons	in	ENG	or	ACVRL1,	it	is	probable	that	only	
a	small	fracti	on	of	the	remaining	cases	will	be	caused	by	mutati	ons	in	other	genes.	

SMAD4	 is	a	key	downstream	eff	ector	of	transforming	growth	factor	(TGF)-ß	signalling.	
Mutati	ons	in	SMAD4	and	BMPR1A	are	known	to	be	causati	ve	for	juvenile	polyposis	(JP)	[17,18].	
JP	is	characterised	by	the	presence	of	fi	ve	or	more	hamartomatous	gastrointesti	nal	polyps,	
or	any	number	of	polyps	in	additi	on	to	a	family	history	of	polyposis	[19].	There	is	an	increased	
risk	of	gastrointesti	nal	cancers	associated	with	these	polyps.	Recently,	SMAD4	was	identi	fi	ed	
as	mutated	in	a	subset	of	HHT	pati	ents	with	JP,	a	conditi	on	termed	JP-HHT	syndrome	[20],	in	
which	 juvenile	polyps	 and	anemia	are	 the	predominant	 clinical	 features.	HHT	 symptoms	
vary	among	pati	ents,	but	all	meet	the	Curaçao	criteria	for	being	either	defi	nitely	or	possibly	
aff	ected	[21].	There	is	a	high	penetrance	of	AVMs	in	this	JP-HHT	cohort,	parti	cularly	in	young	
pati	ents.	Importantly,	each	of	these	pati	ents	has	symptoms	of	both	JP	and	HHT.	

Both	JP	and	HHT	are	diseases	known	to	have	a	range	of	clinical	presentati	ons	and	to	
be	variably	penetrant	 [1,22].	One	feature	common	to	both	disorders	 is	gastrointesti	nal	 (GI)	
bleeding,	 potenti	ally	 confounding	 the	 correct	 diagnosis.	 Because	 of	 this	 potenti	al	 for	
uncertainty	 in	 diagnoses,	 we	 questi	oned	whether,	 among	 a	 cohort	 of	 ENG	 and	ACVRL1	
mutati	on	negati	ve	HHT	cases,	there	were	occult	cases	of	JP-HHT,	diagnosed	as	only	having	
the	 HHT	 component	 of	 the	 combined	 phenotype.	 Using	 sequence	 analysis	 for	 SMAD4	
mutati	ons,	we	 screened	30	people	 from	an	unselected	 group	of	HHT	pati	ents,	who	had	
been	 referred	 for	DNA	based	 testi	ng	 for	HHT	and	 found	 to	be	negati	ve	 for	mutati	ons	 in	
either	ENG	or	ACVRL1.	
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Methods

Subjects

Of	 the	 subjects	 in	 this	 cohort,	 20	were	 referred	 to	 the	 genetic	 diagnostic	 laboratory	 at	
the	University	 of	 Pennsylvania,	 five	were	 enrolled	 through	 the	Dutch	HHT	Center	 in	 the	
Netherlands,	and	four	were	referred	through	HHT	Solutions	in	Toronto,	Canada.	Individuals	
were	referred	to	these	centres	of	DNA	based	diagnostics	because	of	a	diagnosis	or	suspicion	
of	HHT	(table	1).	One	patient	with	HHT	was	independently	assessed	at	the	hospital	clinic	
in	Barcelona,	Spain,	and	 referred	 to	Duke	University	 for	 this	 study	after	being	diagnosed	
with	colon	cancer.	All	participants	in	this	study	were	enrolled	with	their	informed	consent.	
Clinical	subjects	also	gave	consent	for	their	DNA	to	be	used	in	further	research.	Enrolment	of	
participants	through	Duke	University	and	the	Dutch	HHT	Center	was	given	approval	by	the	
institutional	review	boards	of	the	participating	institutions	(Duke	University	Health	System	
Institution	Review	Board	Committee,	and	METC,	Utrecht).	

Our	 cohort	 comprised	30	 subjects,	 of	whom	24	 (80%)	had	definite	HHT	and	6	 (20%)	
had	possible	HHT,	according	to	the	Curaçao	diagnostic	criteria	[21].	Ages	of	the	participants	
ranged	from	18	to	87	years	(mean	51.3,	median	49).	The	majority	of	the	subjects	reported	
having	a	positive	family	history	for	HHT	(19/30,	63%)	while	four	people	reported	a	negative	
family	history.	The	remaining	seven	did	not	respond	to	the	query	on	their	 family	history.	
Visceral	lesions	were	present	in	25	people,	absent	in	3,	and	not	reported	in	2.	Five	different	
participants	 noted	 GI	 bleeding,	 and	 individual	 subjects	 report	 having	 stroke,	 migraines,	
gastric	 polyps,	 and	 liver	 shunts.	 One	 individual	 had	 both	 anemia	 and	 colon	 cancer,	 and	
another	had	GI	bleeding	and	colonic	polyps.	

The	samples	included	in	this	study	are	a	subset	of	102	ENG/ACVRL1	mutation	negative	
samples	from	all	of	the	institutions.	The	30	participants	comprising	this	cohort	had	granted	
consent	for	additional	research	using	their	DNA.	They	were	not	selected	for	SMAD4	testing	
based	on	any	reported	clinical	symptoms.	

Diagnostic	testing	and	genetic	screening

All	30	subjects	were	screened	by	direct	DNA	sequencing	of	PCR	products	consisting	of	the	
coding	exons	and	adjacent	intronic	regions	for	ENG,	ACVRL1	and	SMAD4	from	genomic	DNA.	
In	all	cases,	any	sequence	variations	found	were	reamplified	and	resequenced	to	confirm	
the	 observed	 changes.	 The	 sequences	 generated	 were	 compared	 with	 wild	 type	 ENG	
(GenBank	accession	no.	NT_008470	[GenBank]	or	BC014271	[GenBank]	),	ACVRL1	(GenBank	
NT_029419	 [GenBank]	 or	 NM_000020	 [GenBank]	 ),	 and	 SMAD4	 (GenBank	 NM_005359	
[GenBank]).	There	were	113	control	 individuals	screened	for	the	presence	of	the	SMAD4	
missense	mutation	by	 using	 a	 Sau3A	 restriction	digest	 assay.	 The	mutation	destroys	 the	
single	Sau3A	site	in	the	exon	8	amplimer.	In	all	cases,	nucleotides	were	numbered	starting	
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with	the	A	in	the	initi	al	ATG	of	the	cDNA	sequence	as	c.1,	and	the	starti	ng	methionine	in	the	
protein	sequence	as	p.1	(htt	p://www.hgvs.org/mutnomen/).	

Although	all	centres	used	direct	DNA	sequence	analysis	to	identi	fy	point	mutati	ons,	each	
diagnosti	c	 centre	employed	a	diff	erent	 technique	 to	 further	examine	 the	DNAs	 for	 large	
scale	rearrangements.	The	20	samples	from	the	geneti	c	diagnosti	c	laboratory	at	University	
of	 Pennsylvania	were	 tested	by	quanti	tati	ve	 Southern	blots.	Genomic	DNA	was	digested	
with	RsaI,	because	most	fragments	represent	individual	exons.	cDNA	probes	covering	exons	
2-14	for	ENG	and	2-10	for	ACVRL1	were	used	for	the	initi	al	analysis.	If	a	change	in	dosage	
for	any	one	or	more	exons	was	detected,	probing	with	specifi	c	individual	exonic	clones	was	
performed.	In	additi	on,	genomic	probes	for	exons	1	of	both	ENG	and	ACVRL1	were	tested	
separately.	Whole	 gene	deleti	ons	were	detected	by	 comparison	with	 an	 internal	 control	
(ß-globin	gene)	run	on	the	same	fi	lter.	

The	 four	 samples	 from	HHT	Soluti	ons	were	 tested	 for	 changes	 in	exon	 size	and	 copy	
number	using	quanti	tati	ve	multi	plex	PCR	with	 intronic	primers	 for	all	 15	ENG	 exons	and	
9	ACVRL1	 exons.	 The	fl	uorescent	 fragments	were	 analysed	using	Gene	Objects	 soft	ware	
(version	3.1;	Bayer).	RNA	analysis	was	used	in	some	cases	as	an	additi	onal	test	where	no	
mutati	on	was	found	by	sequencing	or	QM-PCR.	

The	 fi	ve	 samples	 from	 the	 Dutch	 HHT	 Center	 were	 probed	 for	 exonic	 deleti	ons	 or	
duplicati	ons	in	ENG	and	ACVRL1	by	MLPA.	The	DNA	from	pati	ent	3892	was	not	examined	
for	genomic	rearrangements;	however,	the	coding	regions	and	surrounding	intronic	regions	
of	BMPR1A	were	sequenced	and	compared	with	a	reference	sequence	(GenBank	accession	
number	NM_004329).	

Results	
Subjects	were	 referred	 to	 four	diff	erent	 insti	tuti	ons	 for	DNA	based	diagnosti	c	 testi	ng	 for	
HHT	based	on	the	clinical	diagnosis	or	suspicion	of	HHT.	Of	374	people	sent	for	DNA	testi	ng	
for	HHT,	30	had	also	consented	to	allow	their	DNA	to	be	included	in	research	studies.	Of	
these	30,	none	was	known	to	have	JP,	although	GI	bleeding,	a	feature	in	common	with	HHT	
and	JP,	was	reported	for	fi	ve	of	the	individuals.	All	30	of	these	subjects	had	been	screened	
for	ENG	and	ACVRL1	mutati	ons	by	direct	DNA	sequencing	but	no	mutati	ons	had	been	found.	
As	part	of	the	att	empted	molecular	diagnosis	 for	HHT,	29	of	these	people	had	also	been	
screened	for	genomic	rearrangements	of	the	ENG	and	ACVRL1	genes,	but	no	alterati	ons	had	
been	uncovered.	

We	 then	 sequenced	 the	 coding	 exons	 and	 adjacent	 intronic	 sequences	 of	 SMAD4	
and	 identi	fi	ed	mutati	ons	 in	 three	 subjects.	 Individual	UP015	was	 referred	 to	 the	geneti	c	
diagnosti	c	laboratory	at	the	University	of	Pennsylvania.	This	37	year	old	has	telangiectases,	
epistaxis,	 and	AVMs	 in	 the	 lung	 and	 gastrointesti	nal	 tract.	Although	no	 family	 history	of	
HHT	was	noted,	this	pati	ent	fulfi	ls	the	Curaçao	criteria	for	defi	nite	HHT	[21].	This	person	was	
found	to	have	a	frameshift		mutati	on	in	exon	11	of	SMAD4,	c.1596_97delCCinsT.	Aft	er	this	
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molecular	finding,	inspection	of	patient	charts	revealed	that	this	patient	had	colonic	polyps	
that	had	been	discovered	during	endoscopy.	

Individual	 5068	 (family	 530)	 was	 referred	 to	 HHT	 Solutions	 in	 Toronto.	 This	 39	 year	
old	has	telangiectases,	epistaxis,	pulmonary	AVMs,	and	liver	shunts,	and	therefore	meets	
diagnostic	 criteria	 as	 definitely	 affected	with	HHT.	 Although	 there	was	 no	 reported	 past	
family	history	of	HHT,	the	subject’s	children	show	some	presumptive	signs	of	HHT	(epistaxis	
and	 telangiectases).	A	missense	mutation	 in	exon	8	of	SMAD4,	 c.1081C>T,	p.R361C,	was	
found.	

Individual	 3892,	 47	 years	 old,	 was	 diagnosed	 at	 13	 years	 of	 age	 with	 HHT,	 and	 had	
telangiectases	of	the	lips	and	tongue,	epistaxis,	and	a	hepatic	AVM.	This	person	has	had	iron	
deficiency	anemia	for	more	than	15	years,	requiring	blood	transfusions	on	multiple	occasions,	
and	is	on	regular	iron	supplementation.	Signet	ring	cell	type	colorectal	cancer	located	in	the	
caecum	was	diagnosed	in	June	2004.	Upon	examination,	seven	hamartomatous	polyps	were	
found	in	the	ascending	colon	and	three	in	the	duodenum.	There	is	no	history	of	either	HHT	
or	 gastrointestinal	 cancer	 in	 the	 family.	 This	 person	harboured	 the	 same	SMAD4	 exon	8	
missense	mutation	(c.1081C>T,	p.R361C)	seen	in	patient	5068.	

All	three	mutations	identified	were	found	within	in	the	COOH	terminus	of	SMAD4,	where	
all	of	the	mutations	in	previously	reported	JP-HHT	cases	have	been	identified	(fig	1).	One	
mutation,	c.1081C>T	(p.R361C)	in	exon	8,	was	found	in	two	unrelated	members	of	our	study	
cohort.	This	same	mutation	has	been	reported	in	a	number	of	people	with	JP	[23-25],	and	the	
same	base	 is	mutated	 in	a	previously	 reported	case	of	 JP-HHT	 (c.1081C>G,	p.R361G)	 [20].	
The	missense	mutation	at	codon	361	was	not	identified	by	us	in	113	unaffected	population	
controls	 (226	 alleles)	 or	 by	Houlston	et al.	 in	 the	 50	 controls	 (100	 alleles)	 tested	 in	 the	
case	of	a	 JP	patient	 [23].	Using	two	different	programs	that	use	evolutionary	conservation	
to	 investigate	 the	 effects	 of	 putative	 missense	 mutations	 (SIFT	 (http://blocks.fhcrc.org/
sift/SIFT.html)	and	PolyPhen	(http://genetics.bwh.harvard.edu/cgi-bin/pph/polyphen.cgi)),	
the	R361C	amino	acid	change	is	predicted	to	negatively	affect	protein	function.	The	third	
mutation	 found	 in	 this	 study	 constitutes	 a	 frameshift	 in	 exon	 11	 (c.1596_97delCCinsT).	
This	is	a	novel	change,	although	frameshift	mutations	in	exon	11	of	SMAD4	have	also	been	
identified	in	JP-HHT	patients	[20].
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Figure 1 -	 Schemati	c	 diagram	of	 exons	 8-11	 of	 SMAD4	 showing	HHT	 associated	mutati	ons.	 These	
four	 exons	 encode	 the	 MH2	 domain	 of	 the	 protein.	 In	 confi	rmed	 JP-HHT	 syndrome	 pati	ents,	 no	
mutati	ons	have	been	identi	fi	ed	in	the	fi	rst	seven	exons	of	the	gene.	Shaded	boxes,	exons;	triangles,	
missense	 mutati	ons;	 diamonds,	 frameshift		 mutati	on;	 circles,	 nonsense	 mutati	ons;	 fi	lled	 symbols	
above	the	shaded	exons,	previously	reported	mutati	ons	in	JP-HHT	pati	ents;20	open	symbols,	from	our	
unpublished	data;	marks	below	the	exons,	mutati	ons	reported	here	from	people	exhibiti	ng	symptoms	
of	HHT.

	The	total	diagnosti	c	 testi	ng	cohort	 from	the	 four	centres	was	374	HHT	pati	ents.	ENG	or	
ACVRL1	mutati	ons	were	found	in	272	people,	a	detecti	on	rate	of	72.7%.	Thus,	102	subjects	
(27.3%)	 were	 considered	 ENG/ACVRL1	 mutati	on	 negati	ve	 for	 this	 study.	 The	 30	 people	
available	 to	 us	 for	 research	 represent	 approximately	 30%	 of	 the	 ENG/ACVRL1	 mutati	on	
negati	ve	group	and	8%	of	the	total	HHT	cohort.	SMAD4	mutati	ons	were	found	in	three	of	
the	30,	a	SMAD4	mutati	on	rate	of	10%.	Extrapolati	ng	to	the	larger	ENG/ACVRL1	mutati	on	
negati	ve	group,	up	to	10	presumpti	ve	HHT	pati	ents	might	harbour	SMAD4	mutati	ons.	This	
would	represent	2-3%	(10/374)	of	the	original	cohort	referred	for	HHT	molecular	testi	ng.	

Discussion	
DNA	sequencing	performed	by	numerous	groups	around	the	world	shows	that	the	majority	
of	HHT	pati	ents	have	mutati	ons	in	either	ENG	or	ACVRL1	[6-14].The	mutati	on	detecti	on	rates	
in	the	scans	range	from	62%	to	93%,	a	range	that	matches	the	detecti	on	rates	found	in	scans	
of	other	genes	in	mendelian	diseases	[15].

There	 are	 several	 explanati	ons	 why	 a	 pati	ent	 might	 appear	 mutati	on	 negati	ve	 in	 a	
mutati	on	screen.	For	diseases	such	as	HHT	that	have	highly	variable	clinical	presentati	ons,	it	
is	possible	that	some	of	the	referred	pati	ents	may	not	actually	have	the	disease	in	questi	on.	
In	the	present	study,	presuming	that	all	members	of	the	cohort	are	aff	ected	HHT	pati	ents,	
another	explanati	on	could	be	that	these	pati	ents	may	harbour	non-coding	mutati	ons,	such	
as	alterati	ons	in	poorly	characterised	regulatory	regions	of	the	gene,	including	the	promoter,	
introns,	and	5’	and	3’	untranslated	regions.	

Additi	onally,	 large	 scale	 genomic	 rearrangements	 involving	whole	exons,	 parti	al	 gene	
loss	or	duplicati	on,	and	intrachromosomal	or	interchromosomal	rearrangements	will	bypass	
detecti	on	by	DNA	sequencing.	It	is	also	possible	that	some	pati	ents	will	have	mutati	ons	in	
other	genes	 that	 lead	 to	 the	same	disease	phenotype.	A	 recent	 report	of	 two	unrelated	
HHT	families	that	exhibit	linkage	to	a	region	on	chromosome	5	demonstrates	that	at	least	
one	other	gene	is	involved	in	HHT	[16].	Non-ENG,	non-ACVRL1	HHT	pati	ents	may	harbour	a	
mutati	on	in	this	as	yet	unidenti	fi	ed	gene.	
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A	final	explanation	for	these	ENG/ACVRL1	mutation	negative	HHT	cases	might	be	that	some	
of	 these	 patients	 harbour	 mutations	 in	 SMAD4.	 Based	 on	 a	 molecular	 diagnosis,	 these	
patients	would	have	the	JP-HHT	syndrome,	but	they	may	have	been	diagnosed	with	HHT	due	
to	occult	or	unrecognised	manifestations	of	JP.	In	this	study	we	queried	if	SMAD4	mutations	
were	 found	 in	 the	general	HHT	population.	To	determine	 the	answer,	we	sequenced	the	
coding	exons	and	adjacent	flanking	intronic	regions	of	SMAD4	in	a	cohort	of	30	unrelated	
people	with	presumptive	HHT.	These	people	had	been	referred	for	DNA	based	diagnostic	
testing	for	HHT	and	all	were	negative	for	mutations	in	ENG	and	ACVRL1.	One	of	them	had	
colon	cancer,	which	is	sometimes	the	first	symptomatic	manifestation	of	JP,	but	none	of	the	
others	was	known	or	reported	to	have	JP.	Although	GI	bleeding	was	reported	in	five	of	these	
subjects,	this	was	interpreted	as	a	symptom	of	HHT.	

All	of	the	SMAD4	mutations	identified	in	JP-HHT	patients	to	date	are	found	in	the	COOH	
terminus	of	the	protein.	The	three	mutations	identified	in	the	subjects	here	are	in	the	COOH	
terminus	of	SMAD4	and	are	nearly	identical	in	location	and	type	of	mutation	to	those	seen	
in	JP-HHT	patients	(figure	1).	This	strongly	suggests	that	the	three	HHT	subjects	with	SMAD4	
mutations	in	this	cohort	are	affected	with	JP-HHT	syndrome.	Two	of	these	three	SMAD4-
HHT	subjects	are	known	to	have	colonic	polyps,	and	one	of	these	two	has	colorectal	cancer.	
The	status	of	the	third	individual	regarding	JP	symptoms	is	unknown.	

There	is	growing	evidence	of	distinct	phenotypic	differences	between	patients	with	HHT1	
and	HHT2	[26-28].	Similarly,	other	studies	have	demonstrated	phenotypic	differences	between	
JP	patients	with	SMAD4	mutations	compared	with	patients	with	mutations	in	BMPR1A	[29,30],	
the	second	gene	known	to	be	involved	in	JP.	JP	is	also	known	to	be	variably	penetrant	and	
is	associated	with	an	increased	risk	of	gastrointestinal	cancer	[22,31].	Knowing	which	gene	is	
responsible	for	the	disease	in	an	individual	HHT	patient	will	aid	in	the	proper	management	
and	care	of	the	patient	and,	significantly,	of	related	family	members.	

We	recommend	that	when	genetic	testing	is	advised	for	HHT	patients,	SMAD4	should	
be	screened	if	no	mutations	are	found	in	either	ENG	or	ACVRL1.	We	also	recommend	that	
screening	for	colonic	and	gastric	polyps	be	considered	in	people	in	whom	neither	ENG	nor	
ACVRL1	mutations	have	been	found,	in	whom	SMAD4	mutations	have	been	uncovered,	or	
in	 anyone	with	 anemia	 that	 cannot	 be	 completely	 explained	by	 epistaxis	 or	 some	other	
cause.	This	screening	will	identify	those	HHT	patients	with	occult	polyposis.	Early	detection	
of	 colonic	 polyps	 in	 any	 patient,	 but	 in	 particular	 in	 JP-HHT	 patients,	 could	 prevent	 the	
development	of	colorectal	cancer	by	finding	and	removing	precancerous	polyps.	

There	 appears	 to	 be	 a	 high	 rate	of	 de	novo	 cases	 of	 JP-HHT	 [20],	 and	 all	 three	of	 the	
SMAD4-HHT	patients	 in	this	study	reported	no	family	history	of	HHT.	Although	a	positive	
family	 history	 is	 one	of	 the	 criteria	 for	HHT	diagnosis	 [21],	SMAD4	mutation	 carriers	may	
often	lack	this	key	diagnostic	feature,	potentially	making	the	clinical	diagnosis	more	difficult.	
In	the	cases	of	presumed	HHT	without	any	apparent	family	history,	an	argument	might	be	
made	that	SMAD4	mutation	analysis	should	precede	analysis	of	ENG	or	ACVRL1,	as	de	novo	
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mutati	ons	in	these	other	HHT	genes	appear	to	be	rare	[8,13,14].		
An	HHT	pati	ent	found	to	harbour	a	SMAD4	mutati	on	would	be	a	prime	situati	on	where	

geneti	c	 testi	ng	can	be	used	 to	guide	clinical	management.	Because	of	 the	 increased	 risk	
of	gastrointesti	nal	cancer	associated	with	 JP,	 it	 is	criti	cally	 important	 for	a	pati	ent	with	a	
SMAD4	mutati	on	to	be	screened	for	JP.	We	suggest	that	HHT	pati	ents	harbouring	a	SMAD4	
mutati	on	should	be	considered	at	high	risk	of	JP-HHT,	requiring	more	intensive	colorectal	
cancer	screening	strategies	than	those	recommended	for	the	average	risk	populati	on	 [32].	
Correspondingly,	JP	pati	ents	with	SMAD4	mutati	ons	similar	to	those	seen	in	JP-HHT	pati	ents	
should	be	examined	for	the	visceral	manifestati	ons	of	HHT	which	can	present	suddenly	and	
catastrophically.	

SMAD4,	 ENG,	 and	 ACVRL1	 are	 all	 members	 of	 the	 TGF-ß	 signalling	 pathway,	 and	
mutati	ons	in	the	genes	encoding	them	can	cause	a	broad	constellati	on	of	phenotypes	with	
both	disti	nct	and	overlapping	clinical	 features.	 It	has	been	known	 for	a	number	of	years	
that	mutati	ons	 in	SMAD4	cause	JP	 [17],	and	we	have	recently	shown	that	certain	types	of	
mutati	ons	in	SMAD4	cause	JP-HHT	[20].	Here	we	report	that	unselected	HHT	pati	ents	have	
SMAD4	mutati	ons	that	are	strikingly	similar	to	those	seen	 in	JP-HHT	pati	ents.	 In	JP	cases	
with	the	same	types	of	SMAD4	mutati	ons,	it	remains	to	be	seen	if	these	JP	pati	ents	exhibit	
symptoms	of	HHT	due	to	the	paucity	of	clinical	descripti	ons	in	the	literature.	Mutati	ons	in	
ENG	have	recently	been	reported	in	pati	ents	with	JP	[33],	and	mutati	ons	in	ACVRL1	cause	some	
cases	of	primary	pulmonary	hypertension	[34-36].	Molecular	dissecti	on	of	the	interconnecti	ons	
between	these	genes	and	the	eff	ects	of	aberrant	signalling	through	the	TGF-ß	and	other	
alternati	ve	signalling	pathways,	will	help	to	further	elucidate	the	pathophysiology	of	these	
inherited	diseases.	
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Abstract
Hereditary	hemorrhagic	telangiectasia	(HHT)	is	an	autosomal	dominant	disorder	characterised	
by	 vascular	 malformations	 in	 multiple	 organ	 systems,	 resulting	 in	 mucocutaneous	
telangiectases	 and	 arteriovenous	malformations	 predominantly	 in	 the	 lungs	 (pulmonary	
arteriovenous	malformation;	PAVM),	brain	(cerebral	arteriovenous	malformation;	CAVM),	
and	liver	(hepatic	arteriovenous	malformation;	HAVM).	Mutations	in	the	ENG	and	ACVRL1	
genes	lead	to	HHT1	and	HHT2	respectively.	

In	 this	 study,	 a	 genotype-phenotype	 analysis	 was	 performed.	 A	 uniform	 and	 well	
classified	 large	group	of	HHT	patients	 and	 their	 family	members	were	 screened	 for	HHT	
manifestations.	Groups	of	patients	with	a	clinically	confirmed	diagnosis	and/or	genetically	
established	 diagnosis	 (HHT1	 or	 HHT2)	 were	 compared.	 The	 frequency	 of	 PAVM,	 CAVM,	
HAVM,	 and	 gastrointestinal	 telangiectases	 were	 determined	 to	 establish	 the	 genotype-
phenotype	relationship.	

The	analysis	revealed	differences	between	HHT1	and	HHT2	and	within	HHT1	and	HHT2	
between	men	and	women.	PAVMs	and	CAVMs	occur	more	often	in	HHT1,	whereas	HAVMs	
are	more	frequent	in	HHT2.	Furthermore,	there	is	a	higher	prevalence	of	PAVM	in	women	
compared	with	men	in	HHT1.	In	HHT1	and	HHT2,	there	is	a	higher	frequency	of	HAVM	in	
women.	HHT1	has	a	distinct,	more	severe	phenotype	than	HHT2.	There	is	a	difference	in	the	
presence	of	symptoms	between	men	and	women.	With	these	data,	genetic	counseling	can	
be	given	more	accurately	when	the	family	mutation	is	known.	
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Introducti	on
Hereditary	hemorrhagic	telangiectasia	(HHT	or	Rendu-Osler-Weber	disease)	is	an	autosomal	
dominant	 disorder	 characterised	 by	 vascular	 malformati	ons	 in	 multi	ple	 organ	 systems.	
Esti	mates	of	the	frequency	of	the	disease	vary	widely,	the	prevalence	in	the	Netherlands	
is	esti	mated	1	in	10	000,	while	in	the	Dutch	Anti	lles	the	prevalence	is	at	least	1	in	1330	[1].

The	clinical	symptoms	of	HHT	are	caused	by	direct	arteriovenous	connecti	ons	without	an	
intervening	capillary	bed.	The	resulti	ng	mucocutaneous	telangiectases	can	occur	anywhere,	
but	parti	cularly	in	the	oral	cavity	(lips,	tongue),	nose,	and	conjuncti	vae,	and	on	the	fi	ngerti	ps.	
Telangiectases	in	the	nasal	mucosa	can	result	in	epistaxis,	usually	the	fi	rst	and	most	common	
symptom,	present	in	more	than	90%	of	pati	ents	with	HHT	[2–4].

Larger	arteriovenous	malformati	ons	(AVM)	are	mostly	 located	in	the	 lung	(pulmonary	
arteriovenous	malformati	ons;	PAVM),	brain	(cerebral	arteriovenous	malformati	ons;	CAVM)	
and	liver	(hepati	c	arteriovenous	malformati	ons;	HAVM)[3-7].	PAVMs	are	esti	mated	to	develop	
in	15–35%	of	pati	ents	 [3,8],	 resulti	ng	 in	a	right	to	 left		shunt.	PAVMs	can	cause	hypoxemia,	
bleeding	(hemothorax),	and	bypass	of	emboli	or	septi	c	material,	which	can	lead	to	serious	
systemic	complicati	ons	such	as	cerebral	abscess	and	infarcti	on	[3,5,9].	Screening	for	PAVMs	is	
therefore	advised,	and	treatment	of	PAVMs	is	justi	fi	ed	even	when	asymptomati	c.	

Cerebral	arteriovenous	malformati	ons	(CAVMs)	are	less	common	(5–13%	of	pati	ents),	
but	are	probably	under	 recognised	 [6,10-12].	Although	 they	are	oft	en	silent,	 they	can	cause	
headache,	seizures,	ischemia,	and	bleeding	[6,10].	The	bleeding	risk	ranges	from	<1%	to	1.5–
2%	per	year	per	pati	ent	[10,13].

The	frequency	of	hepati	c	involvement	in	HHT	varies	considerably,	mainly	because	HHT	
pati	ents	have	not	been	routi	nely	screened	for	HAVM.	The	frequency	is	esti	mated	to	be	up	
to	32%	[8,14-17].	Liver	involvement	predominantly	concerns	shunts	between	the	hepati	c	artery	
and	hepati	c	veins.	HAVMs	are	oft	en	asymptomati	c,	but	may	lead	to	a	high	cardiac	output	
with	heart	failure	and	eventually	to	portal	hypertension	and	biliary	disease.	

Gastrointesti	nal	(GI)	bleeding	is	usually	present	at	an	older	age,	due	to	telangiectases	
in	the	GI	tract,	which	can	cause	severe	anemia.	The	esti	mated	prevalence	is	15–45%	[4,6,8,18].

It	 should	 be	 emphasized	 that	 there	 is	 considerable	 interfamilial	 and	 intrafamilial	
variability	with	respect	to	age	related	penetrance	and	patt	ern	of	clinical	expression.	

Mutati	ons	in	the	endoglin	(ENG;	OMIM	#131195)	or	acti	vin	A	receptor	type-like	kinase	1	
(ACVRL-1,	ALK-1;	OMIM	#601284)	genes	cause	HHT.	Expression	studies	in	human	umbilical	
vein	endothelial	cells	and	peripheral	blood	monocytes	have	confi	rmed	haploinsuffi		ciency	as	
the	causati	ve	mechanism	in	both	forms	of	HHT	[8,19-21].	In	2004,	pati	ents	with	clinical	features	
of	both	HHT	and	juvenile	polyposis	were	shown	to	carry	mutati	ons	in	the	MADH4	gene	[22].	
To	date,	mutati	ons	in	the	MADH4	gene	have	not	been	reported	in	pati	ents	with	HHT	without	
juvenile	polyposis.	Recently,	a	new	locus	has	been	mapped	to	chromosome	5,	associated	
with	classical	HHT	[23].
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Mutations	in	ENG	and	ACVRL1	result	in	HHT1	and	HHT2	respectively.	The	identification	and	
characterisation	of	mutations	in	HHT	patients	revealed	extensive	molecular	heterogeneity	
[20,24,25].	As	a	result	of	different	selection	criteria,	populations,	and	detection	methods	for	the	
mutation	analysis,	different	groups	report	different	mutation	detection	rates.	In	a	national	
study	of	Dutch	HHT	patients,	pathogenic	mutations	were	detected	in	93%	of	the	families,	of	
which	53%	were	in	the	ENG	gene	and	40%	in	the	ACVRL1	gene	[24].

The	genetic	heterogeneity	 in	HHT	explains	part	of	the	phenotypic	variability.	A	higher	
prevalence	of	PAVMs	and	CAVMs	was	suggested	in	HHT1,	while	families	with	HHT2	generally	
tend	to	show	a	later	onset	of	the	symptoms	and	a	milder	phenotype	[3,4,7,8].	Accurate	data	on	
the	prevalence	of	the	symptoms	in	HHT1	and	HHT2	are,	however,	scarce.	No	extensive	studies	
on	the	clinical	manifestations	in	relation	to	the	gene	involved	and	the	type	of	pathogenic	
mutation	have	been	reported.	Although	Berg	et al.[4]	were	the	first	to	compare	patients	with	
HHT1	and	HHT2	and	to	report	differences	in	clinical	features	between	the	two	groups,	the	
clinical	data	were	obtained	using	a	questionnaire.	The	presence	of	symptoms	was	provided	
by	the	participants,	and	data	were	not	cross	checked	with	a	review	of	the	medical	records.	
The	participants	were	from	the	UK	and	the	USA,	areas	with	different	screening	protocols	
and	population	backgrounds.	In	83	participants,	this	group	found	a	PAVM	significantly	more	
often	in	patients	with	HHT1	(35%)	compared	with	HHT2	(0%).	

Abdalla	 et al.[8]	 reported	 the	 analysis	 of	 patients	 with	 ACVRL1	 documented	 in	 the	
literature	(281).	They	found	PAVM	in	only	5%	of	patients,	CAVM	in	2%,	HAVM	in	13%,	and	GI	
manifestations	in	12%.	Although	the	visceral	manifestations	are	reported	more	frequently	
in	HHT1,	publications	on	this	subject	are	limited.	

We	report	on	the	frequencies	of	the	visceral	manifestations	in	HHT1	and	HHT2	in	a	large	
Dutch	cohort.	This	is	the	second	study	to	compare	the	clinical	data	of	patients	from	families	
with	ENG	(HHT1)	and	ACVRL1	(HHT2)	mutations.	This	is	the	first	study	to	use	clinical	data	
obtained	from	one	national	HHT	centre	covering	a	circumscribed	region	in	north	western	
Europe	with	equal	access	to	healthcare	facilities.	

Materials	and	methods

Patients

The	patients	were	 selected	 from	a	panel	 consisting	of	 all	 probands	and	 family	members	
screened	 for	 HHT.	 Family	members	 of	 index	 cases	 were	 advised	 to	 attend	 the	 hospital.	
Subjects	referred	until	August	2004	were	included	in	a	database.	This	date	was	also	used	to	
calculate	the	age	of	each	person;	the	ages	depicted	are	not	the	ages	at	diagnosis,	but	the	age	
at	the	time	of	the	analysis.	Most	probands	and	family	members	were	screened	for	visceral	
manifestations	at	St.	Antonius	Hospital,	which	specialises	 in	 the	diagnosis	and	treatment	
of	HHT.	Clinical	data	of	a	minority	of	the	patients	(n	=	57)	were	obtained	through	medical	
records	 from	elsewhere;	 these	patients	were	 included	after	 re-evaluation	of	 the	medical	
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records.	All	manifestati	ons	of	HHT	were	recorded	in	the	database,	for	both	probands	and	
family	members.	At	the	ti	me	of	analysis,	the	database	consisted	of	1291	people	screened	
for	the	presence	of	HHT.

The	clinical	diagnosis	HHT	was	established	according	to	the	Curaçao	criteria	[26].	At	least	
three	of	the	following	four	criteria	were	required	for	a	clinical	diagnosis:	spontaneous	and	
recurrent	 epistaxis,	 telangiectases	 at	 characteristi	c	 sites,	 visceral	 manifestati	ons	 (PAVM,	
CAVM,	HAVM,	or	GI	telangiectases)	and	a	fi	rst	degree	relati	ve	with	HHT.	In	the	presence	of	
two	criteria,	the	diagnosis	was	considered	possible.	

Molecular	analysis

Mutati	on	analysis	was	performed	as	reported	[24].	In	short,	DNA	was	isolated	from	each	of	
the	probands,	and	exons	1–14	of	ENG	and	exons	1–10	ACVRL1	and	their	fl	anking	intronic	
sequences	were	amplifi	ed	using	PCR.	The	PCR	products	were	purifi	ed	and	sequenced.	Once	
the	mutati	on	was	identi	fi	ed,	relati	ves	were	tested	for	the	disease	causing	mutati	on.	

A	geneti	c	diagnosis	was	considered	to	be	positi	ve	when	the	family	mutati	on	was	present	
or	when	the	pati	ent	was	an	obligate	carrier	of	the	mutati	on.	All	pati	ents	with	a	clinically	
and/or	geneti	cally	confi	rmed	diagnosis	and	who	were	older	than	16	years	at	the	ti	me	of	the	
screening	were	included	in	the	study.	

When	 a	 pathogenic	 mutati	on	 was	 found	 in	 the	 proband,	 apparently	 aff	ected	 and	
unaff	ected	relati	ves	were	off	ered	geneti	c	counseling	and	DNA	analysis,	which	was	performed	
for	most	relati	ves	but	not	all.	Pati	ents	not	tested	but	with	a	proven	HHT	and	with	one	or	
more	aff	ected	family	members	with	a	known	pathogenic	mutati	on	were	considered	to	have	
the	 same	mutati	on.	The	aff	ected	pati	ents	were	divided	 in	 three	groups,	HHT1,	HHT2,	or	
HHT?	on	the	basis	of	the	mutati	on	fi	ndings.	The	group	HHT?	consisted	of	probands	and	their	
relati	ves	for	whom	DNA	was	either	not	available	(66	pati	ents	from	37	families)	or	in	whom	
a	pathogenic	mutati	on	was	not	found	(10	pati	ents	from	7	HHT?	families).	

Screening	for	visceral	manifestati	ons

Screening	for	the	presence	of	a	PAVM	was	performed	routi	nely	by	chest	radiography	and	
by	measuring	parti	al	oxygen	pressure	 in	arterial	blood	and,	 if	abnormal,	 followed	by	 the	
100%	oxygen	right	to	left		shunt	test	[27].	A	normal	result	excluded	a	PAVM.	Pati	ents	with	a	
suspected	PAVM	were	off	ered	subsequently	a	conventi	onal	angiography,	a	digital	subtracti	on	
angiography	of	the	pulmonary	arteries,	or	computed	tomography	(CT)	of	the	chest.	When	
an	abnormal	chest	radiography	and	or	a	pathological	right	to	left		shunt	(>5%)	was	found,	but	
confi	rmati	on	through	subsequent	angiography	or	CT	analysis	was	not	performed,	the	PAVM	
was	classifi	ed	as	doubtf	ul.	

Unti	l	2001,	 screening	 for	CAVMs	was	performed	using	 intravenous	digital	 subtracti	on	
angiography;	when	 a	 CAVM	was	 suspected,	 conventi	onal	 cerebral	 angiography	was	 also	
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performed.	 Since	 2001,	 this	 screening	 was	 performed	 with	 CT	 or	 magnetic	 resonance	
imaging	(MRI)	only	when,	after	counseling,	the	patient	requested	it	or	because	of	symptoms.	
The	screening	for	HAVM	was	not	done	routinely.	Ultrasonography,	CT	or	MRI	was	performed	
in	cases	of	elevated	alkaline	phosphatase	level	or	gamma	glutamyl	transpeptidase,	or	the	
presence	of	a	murmur	over	the	liver,	heart	failure,	or	abdominal	pain.	Between	1996	and	
2003,	screening	for	an	HAVM	was	also	performed	before	embolisation	of	a	PAVM,	in	order	
to	avoid	embolisation	complications	[28].

The	search	 for	GI	 involvement	was	only	performed	(by	means	of	a	 regular	diagnostic	
endoscopy	 or	 videocapsule	 endoscopy)	 when	 unexplained	 iron	 deficiency	 anemia	 was	
detected	or	in	cases	of	overt	bleeding.	Only	when	multiple	GI	telangiectases	were	detected	
was	GI	involvement	considered	confirmed.	

Statistical	analysis

The	proportion	of	subjects	in	each	group	with	visceral	manifestations	was	calculated.	The	
statistical	analysis	was	performed	using	2×2	table	analysis	with	the	χ2	test.	To	compensate	
for	 multiple	 testing,	 the	 p	 value	 for	 individual	 tests	 was	 multiplied	 by	 the	 number	 of	
comparisons	made	(Bonferroni	correction,	pc).	

Results
In	 total,	 1291	 people	 (558	men,	 733	women)	were	 included	 in	 the	 database	 containing	
patients	and	their	family	members	screened	for	HHT	symptoms.	Of	these,	1130	were	older	
than	16	years	at	the	time	of	the	screening.	Four	people	were	excluded	from	the	analysis	
because	MADH4	mutations	were	detected	as	a	cause	of	HHT	and	juvenile	polyposis.	The	
1126	people	were	100	probands	(32	men	and	68	women),	484	affected	family	members,	
and	542	family	members	in	whom	the	diagnosis	could	not	be	established	or	was	excluded.	
Thus,	584	(242	men	and	342	women)	were	older	than	16	years	and	had	been	diagnosed	
clinically	or	genetically	with	HHT	(table	1).	Telangiectases	detected	on	physical	examination	
or	in	the	nose	(rhinoscopy)	were	present	in	98.4%	of	patients,	and	97.2%	of	patients	were	
known	to	have	epistaxis	(data	not	shown).	

A	clinically	doubtful	but	genetically	confirmed	diagnosis	was	found	in	19	patients	in	HHT1	
(5%)	and	in	11	patients	with	HHT2	(8.6%).	Numbers,	ages,	sex,	and	mean	ages	of	different	
groups	are	depicted	in	table	1.	There	was	a	preponderance	of	women	in	the	database,	both	
as	affected	and	unaffected	family	members.	There	was	no	significant	difference	in	sex	ratio	
between	the	three	groups.	The	frequency	of	visceral	manifestations	found	in	HHT1,	HHT2,	
and	HHT?	is	depicted	(tables	2	and	3).	
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Table 1 -	Proporti	on	of	male	(M)	and	female	(F)	subjects	for	HHT1,	HHT2	and	HHT?,	with	mean	ages	
(SD).	Family	members	with	a	clinical	and	or	geneti	c	certain	diagnosis,	ascertained	from	the	database,	
are	shown.	The	‘HHT	present’	group	consists	of	pati	ents	with	a	clinically	and	or	geneti	cally	confi	rmed	
diagnosis.	Pati	ents	were	deemed	“possible”	when	two	of	the	four	criteria	are	present.	Pati	ents	with	
HHT	 in	combinati	on	with	 juvenile	polyposis	were	excluded.	 (M/F	rati	o)	 indicates	 the	proporti	on	of	
males,	(SD)	gives	the	standard	deviati	on	

HHT1 HHT2 HHT?

Probands and family

 No	of	subjects	(m/f	rati	o) 735	(0.74) 216	(0.77) 175	(0.68)

			mean	age	(SD) 44.8	yr	(17.2) 46.2	yr	(16.6) 47.8	yr	(18.1)

 HHT	present	(m/f	rati	o) 380	(0.74) 128	(0.71) 76	(0.58)

			mean	age	(SD) 48,4	yr	(18.2) 51,2	yr	(16.2) 53,7	yr	(15.5)

 HHT	possible	(m/f	rati	o) 84	(0.83) 25	(1.27) 60	(0.67)

			mean	age	(SD) 40.0	yr	(16.8) 38.0	(14.8) 43.8	(20.9)

 HHT	absent	(m/f	rati	o) 271	(0.73) 63	(0.75) 39	(0.95)

			mean	age	(SD) 41.2	yr	(14.7) 39.1	yr	(16.8) 42.6	(15.2)

HHT  present

no	of	subjects 380 128 76

no	of	families 63 40 44

members	per	family 6 3,2 1,7

		men 161	(42,4%) 53	(41,4%) 28	(36,8%)

		women 219	(57,6%) 75	(58,6%) 48	(63,1%)

mean	age	(SD) 48,4	yr	(18.2) 51,2	yr	(16.2) 53,7	yr	(15.5)

		mean	age	M	(SD) 47,9	(18,8) 53,5	(13,6) 51,9	(13,6)

		mean	age	F	(SD) 48,8	(17,7) 49,7	(17,7) 54,8	(16,5)

PAVM
In	the	HHT1	group,	359	pati	ents	were	examined	clinically.	Of	these,	16	pati	ents	(4.4%)	had	
a	doubtf	ul	result.	Of	the	remaining	343	pati	ents,	167	(48.7%)	were	diagnosed	clinically	with	
a	PAVM.	In	the	HHT2	group,	12	of	the	126	examined	pati	ents	(9.5%)	had	a	doubtf	ul	result.	
The	frequency	of	PAVM	in	the	HHT2	group	was	5.3%	(6/114	pati	ents).	

In	total,	151	men	with	HHT1	were	screened	for	PAVM,	of	whom	eight	had	a	doubtf	ul	
result.	Of	the	remaining	143	men,	58	men	had	a	PAVM	(40.6%).	Of	the	208	women	screened	
for	a	PAVM,	eight	had	an	uncertain	result.	Of	the	remaining	200	women,	109	had	a	PAVM	
(54.5%).	Therefore,	PAVM	occurred	not	only	signifi	cantly	more	oft	en	in	HHT1	than	in	HHT2	
(p	=	6×10−16),	but	also	occurred	more	oft	en	in	HHT1	women	than	HHT1	men,	although	this	
diff	erence	was	not	signifi	cant	aft	er	correcti	on	for	multi	ple	testi	ng.	

In	the	HHT?	group,	71	pati	ents	were	examined	for	the	presence	of	a	PAVM,	of	whom	11	
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had	a	doubtful	result.	A	PAVM	was	detected	in	27	out	of	the	remaining	60	patients	(45%);	10	
of	20	men	and	17	of	40	women.	

Table 2 -	Prevalence	of	visceral	manifestations	in	HHT1,	HHT2	and	HHT?.	
Patients	with	a	doubtful	result	are	not	included	in	the	analysis.	Denominators	vary	between	categories	
since	 not	 all	 patients	 underwent	 all	 examinations	 for	 all	 visceral	 organs.	 The	 statistical	 analysis	 is	
performed	comparing	HHT1	and	HHT2.	The	p	values	are	shown	with	the	p	values	after	correction	for	
multiple	testing	in	brackets.	

HHT1 HHT2 HHT? p value

PAVM 167/343		(48.7%) 6	/114		(5.3%) 27/60		(45%) 1.2x10-16	(pc	=	6x10
-16)

CAVM 38/260		(14.6%) 		1/76		(1.3%) 4/42		(9.5%) 0.0015	(pc	=	0.007)

CAVM + PAVM 22/253	(8.7%) 0/67	(0%) 1/38	(2.6%) 0.012	(pc	=	0.062)

HAVM 11/144		(7.6%) 	13/32		(40.6%) 7/33		(21.2%) 8.7	x	10-7	(pc	=	4.4	x	10
-6)

GI telangiectasia 56/78	(71.8%) 	19/29		(65.5%) 11/16		(68.8%) ns	(ns)

CAVM
In	total,	268	HHT1	patients	were	investigated	for	a	CAVM.	In	eight	patients	(four	men,	four	
women)	 the	 presence	 of	 a	 CAVM	 could	 not	 be	 definitely	 determined.	 The	 frequency	 of	
CAVM	in	HHT1	was	14.6%	(38/260).	Of	76	HHT2	patients	(28	men,	48	women)	screened	for	
CAVM,	none	had	a	doubtful	result	and	only	one	woman	had	a	CAVM	(1.3%).	

In	the	HHT1	group,	of	the	109	men	14	had	a	CAVM	(12.8%)	compared	with	24/151	of	the	
women	(15.9%).	In	the	HHT?	group,	two	patients	had	a	dubious	result.	Of	the	remaining	42	
patients	(16	men,	26	women),	four	had	a	CAVM	(9.5%).	

The	 combination	 of	 PAVM	 and	 CAVM	 in	 the	 same	 patient	 was	 found	 only	 in	 the	
HHT1	group.	Patients	were	 included	who	were	 screened	 for	both	manifestations,	 that	 is	
had	 screening	performed	 for	 PAVM	and	CAVM	and	had	definite	 absence	or	 presence	of	
the	manifestations.	 In	patients	with	only	one	manifestation,	 the	other	one	excluded,	 the	
combination	PAVM/CAVM	was	considered	absent.	In	HHT1,	the	combination	was	present	
in	 22	 (6	 men	 and	 16	 women)	 of	 253	 patients	 (8.7%).	 Of	 the	 231	 patients	 without	 the	
combination,	120	had	only	PAVM,	13	had	CAVM	only,	and	98	had	neither	PAVM	nor	CAVM.	
In	the	HHT2	patients,	the	combination	of	CAVM	and	PAVM	was	not	detected	in	any	of	the	67	
patients.	Six	of	the	67	patients	had	a	PAVM,	1	a	CAVM	and	60	had	no	manifestation.	In	the	
HHT?	group,	the	combination	was	detected	in	one	of	38	patients	(2.6%).
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Table 3 -	Prevalence	of	visceral	manifestati	ons	in	HHT1	and	HHT2,	for	men	and	women.
Pati	ents	with	a	doubtf	ul	result	are	not	included	in	the	analysis.	Denominators	vary	between	categories	
because	not	all	pati	ents	underwent	all	examinati	on	for	all	visceral	organs.	The	stati	sti	cal	analysis	 is	
performed	comparing	men	and	women.	The	p	values	are	shown,	with	p	values	aft	er	correcti	on	for	
multi	ple	testi	ng	in	brackets.	

HHT1 males females p value

PAVM 58/143	(40.6%) 109/200		(54.5%)	 0.011	(pc	=	0.054)

CAVM 14/109		(12.8%) 24/151		(15.9%) 0.49	(ns)

PAVM + CAVM 6/105	(5.7%) 16/148	(10.8%) 0.16	(ns)

HAVM 1/56		(1.8%) 10/88		(11.4%) 0.035	(pc	=	0.174)

GI telangiectases 23/33		(69.7%) 33/45		(73.3%) ns	(ns)

HHT2 males females p value

PAVM 2/50		(4%) 4/64	(6.3%) 0.593	(ns)

CAVM 0/28		(0%) 	1/48		(2.1%) 0.442	(ns)

PAVM + CAVM 0/27	(0%) 0/40	(0%) ns	(ns)

HAVM 2/12		(16.7%) 11/20		(55%) 0.033	(pc	=	0.162)

GI telangiectases 11/16		(68.8%) 8/13		(61.5%) ns	(ns)

HAVM
In	the	HHT1	group,	162	pati	ents	(61	men,	101	women)	were	screened	for	HAVM,	of	whom	
18	had	a	doubtf	ul	result.	Of	the	remaining	144	pati	ents	(56	men,	88	women)	1	man	and	
10	women	were	diagnosed	with	an	HAVM.	In	the	HHT2	group,	the	liver	was	examined	in	
38	pati	ents,	of	whom	six	had	a	doubtf	ul	result.	An	HAVM	was	detected	in	13	(2	men,	11	
women)	of	the	remaining	32	pati	ents	(12	men,	20	women).	Signifi	cantly	more	HAVMs	were	
detected	in	HHT2	(40.6%	versus	7.6%,	p	=	0.0004).	Furthermore,	in	both	groups	HAVMs	were	
present	more	oft	en	in	women	than	in	men.	However,	this	diff	erence	was	not	signifi	cant	aft	er	
Bonferroni	correcti	on.	In	the	HHT?	group,	there	was	a	frequency	of	21.2%	(7/33)	for	HAVM.	

GI	 localisati	on	 of	 HHT	 (telangiectases)	 was	 investi	gated	 in	 78	 HHT1	 pati	ents.	 In	 56	
(23	 men,	 33	 women)	 multi	ple	 telangiectases	 were	 detected.	 Screening	 of	 the	 GI	 tract	
was	undertaken	 in	29	HHT2	pati	ents,	and	 in	19	GI	telangiectases	were	found	(11	men,	8	
women).	 In	the	HHT?	group,	the	intesti	nes	were	investi	gated	in	16	pati	ents,	of	whom	11	
were	diagnosed	with	HHT	of	the	bowels.	In	an	att	empt	to	correct	for	possible	referral	bias,	
we	performed	a	second	analysis,	in	which	we	excluded	the	proband	of	each	of	the	families,	
the	fi	rst	of	the	family	who	was	referred.	

The	 results	 are	given	 in	 table	4.	 The	 signifi	cant	diff	erences	between	HHT1	and	HHT2	
for	PAVM	and	HAVM	remained	aft	er	exclusion	of	the	probands.	In	HHT1,	signifi	cantly	more	
women	have	an	HAVM	(table	5).	An	increased	frequency	of	CAVM	was	again	observed	in	
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HHT1	compared	with	HHT2,	but	this	trend	was	not	significant	after	Bonferroni	correction,	
nor	was	the	difference	in	PAVM	in	HHT1	between	men	and	women	significant.	

Table 4 -	 Prevalence	 of	 visceral	 manifestations	 in	 HHT1,	 HHT2	 and	 HHT?	 after	 exclusion	 of	 the	
proband	of	each	family	(first	patient	referred	and	ascertained)	 in	order	correct	for	possible	referral	
bias.	Patients	with	a	doubtful	result	were	not	included	in	the	analysis.	Denominators	vary	between	
categories	because	not	all	patients	underwent	all	examinations	for	all	visceral	organs.	The	statistical	
analysis	was	performed	comparing	HHT1	and	HHT2.	The	p	values	are	shown,	with	the	p	values	after	
correction	for	multiple	testing	in	brackets

HHT1 HHT2 HHT? p value

PAVM 133/300		(44.3%) 		3/88		(3.4%) 16/42	(38.1%) 1.5x10-12	(pc	=	6x10
-12)

CAVM 31/225		(13.8%) 		1/50		(2.0%) 2/27	(7.4%) 0.019	(pc		=	0.094)

CAVM + PAVM 16/218	(7.3%) 0/45	(0%) 0/27	(0%) 0.06	(ns)

HAVM 9/119	(7.6%) 		8/21		(38.1%) 6/19		(31.6%) 7.8x10-5	(pc	=	0.0004)

GI telangiectasia 44/62	(71%) 12/18		(66.7%) 7/11		(63.3%) ns	(ns)

Table 5 -	Prevalence	of	visceral	manifestations	in	men	and	women	after	exclusion	of	the	proband	of	
each	family	(first	patient	referred	and	ascertained)	in	order	correct	for	possible	referral	bias.	Patients	
with	 a	 doubtful	 result	were	not	 included.	Denominators	 vary	between	 categories,	 because	not	 all	
patients	 underwent	 all	 examinations	 of	 all	 visceral	 organs.	 The	 statistical	 analysis	 was	 performed	
comparing	men	 and	women.	 The	 p	 values	 are	 shown,	with	 p	 values	 after	 correction	 for	multiple	
testing	in	brackets.	

HHT1 men women p value

PAVM 50/132	(37.9%) 83/168	(49.4%) 0.046	(pc	=	0.23)

CAVM 13/101	(12.9%) 18/124	(14.5%) 0.72	(ns)

CAVM + PAVM 5/97	(5.2%) 11/121	(9.1%) 0.35	(ns)

HAVM 0/50	(0%) 9/69	(13.0%) 0.008	(pc	=	0.04)

GI telangiectasia 20/29	(69%) 24/33	(72.7%) ns	(ns)

HHT2 men women p 

PAVM 1/39	(2.6%) 2/49	(4.1%) 0.70	(ns)

CAVM 0/20	(0%) 1/30	(3.3%) 0.41	(ns)

CAVM + PAVM 0/19 0/26 ns	(ns)

HAVM 2/9	(22.2%) 6/12	(50%) 0.19	(ns)

GI telangiectasia 8/11	(72.7%) 4/7	(57.1%) Ns	(ns)



Genotype-phenotype relati onship in hereditary hemorrhagic telangiectasiaGenotype-phenotype relati onship in hereditary hemorrhagic telangiectasia 81

3.1

Discussion
This	study	 is	 the	fi	rst	analysis	based	on	a	nati	onal	HHT	populati	on	evaluated	by	use	of	a	
standard	protocol	applied	within	a	single	nati	onal	HHT	centre.	In	this	study,	we	compared	
pati	ents	 from	 families	 with	 ENG	 mutati	ons	 with	 pati	ents	 from	 families	 with	 ACVRL1	
mutati	ons.	We	 report	 on	 the	 frequencies	 of	 disease	manifestati	ons	 in	HHT1,	HHT2,	 and	
HHT?.	The	results	reveal	diff	erences	between	HHT1	pati	ents	and	HHT2	pati	ents	and	between	
men	and	women.	

The	three	pati	ent	groups,	HHT1,	HHT2,	and	HHT?,	were	comparable	with	respect	to	age	
and	age	distributi	on,	which	is	important	when	comparing	age	dependent	disease	expressions.	
The	groups	are	also	large	from	the	viewpoint	of	stati	sti	cal	power.	The	proporti	on	of	family	
members	with	a	certain	diagnosis	in	the	database	was	slightly	diff	erent	for	HHT1	and	HHT2.	
For	HHT1,	51.7%	of	the	family	members	were	diagnosed	with	HHT,	while	for	HHT2	this	was	
59.3%.	In	the	HHT2	group,	obviously	fewer	unaff	ected	family	members	older	than	16	years	
are	known	in	the	clinic.	This	may	be	due	to	the	fact	that	family	members	of	HHT1	pati	ents	
are	more	likely	to	att	end	hospital	because	of	the	more	severe	phenotype	in	their	relati	ves,	
even	when	they	themselves	are	asymptomati	c.	This	may	also	explain	the	higher	number	of	
relati	ves	referred	or	examined	from	families	with	HHT1	compared	with	HHT2.	

In	the	HHT1	and	HHT2	groups,	the	percentage	of	family	members	with	possible	diagnosis	
was	11.4%	and	11.5%	respecti	vely.	The	mean	ages	of	 these	groups	were	 lower	 than	 the	
mean	ages	of	the	total	group.	This	probably	refl	ects	the	age	related	penetrance,	but	has	no	
infl	uence	on	the	comparison	of	the	two	groups.	
In	 all	 three	 HHT	 groups,	 there	 was	 a	 signifi	cant	 female	 preponderance.	 The	 female	
preponderance	was	uniformly	present	in	the	database	of	1291	people	(56.7%	women),	aft	er	
selecti	on	 for	 the	 family	members	above	16	years	 (57.5%	women)	and	 in	 the	group	with	
clinically	or	geneti	cally	confi	rmed	HHT	(58.6%	women).	A	female	preponderance	was	also	
found	among	unaff	ected	family	members	and	among	the	groups	that	were	screened	but	
with	an	uncertain	diagnosti	c	result.	Only	in	the	HHT2	“possibly	aff	ected”	group	was	there	a	
male	preponderance,	but	this	is	a	small	group.	This	fi	nding	may	refl	ect	the	noti	on,	held	by	
both	families	and	physicians,	that	women	have	an	AVM	more	oft	en	than	men.	Therefore,	
women	in	a	family	are	more	aware	of	HHT	or	are	sti	mulated	to	have	screening	performed.	
Another	explanati	on	might	be	that	a	diff	erent	atti		tude	towards	healthcare	exists	between	
men	 and	women.	 This	was	 suggested	 to	 be	 the	 cause	 for	 female	 preponderance	 in,	 for	
example,	 families	with	 colon	 cancer.29	 The	 fact	 that	 there	 is	 a	 female	 preponderance	 in	
both	the	aff	ected	and	unaff	ected	cohorts	also	raises	the	questi	on	as	to	whether	there	is	a	
diff	erence	in	geneti	c	fi	tness	between	men	and	women.	When	there	is	a	disadvantage	for	
male	fetuses	in	the	early	embryonic	period,	more	girls	will	be	born,	resulti	ng	in	a	female	
preponderance.	Thorough	family	investi	gati	ons	will	shed	light	on	this	aspect.	
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Phenotypic	differences	between	HHT1	and	HHT2
A	PAVM	was	significantly	more	frequent	in	HHT1	(48.7%)	than	in	HHT2	(5.3%).	This	concurs	
with	earlier	reports.	Berg	et al.[4]	reported	PAVM	in	34.7%	of	HHT1	patients	and	no	PAVM	in	
HHT2	patients.	The	combined	data	published	by	Abdalla	et al.[8]	show	a	frequency	of	PAVMs	
in	HHT2	patients	of	5%,	very	similar	 to	our	findings.	Our	screening	 technique	with	chest	
radiography	and	arterial	blood	gas	is	not	as	sensitive	in	the	detection	of	PAVM	as	the	echo	
bubble	technique	 [30],	therefore,	small	PAVMs	may	have	been	missed	in	our	study.	As	the	
same	screening	method	was	used	in	HHT1	and	HHT2	and	there	is	no	evidence	that	patients	
with	HHT2	have	smaller	PAVMs	than	patients	with	HHT1,	our	results	probably	reflect	the	
proportional	 difference	 between	 HHT1	 and	 HHT2,	 and	 provide	 a	 good	 estimate	 of	 the	
frequency	of	PAVM.	

CAVM	was	detected	in	14.6%	of	patients	with	HHT1	and	1.3%	of	the	HHT2	patients	(pc	

=	0.007).	Although	the	significance	was	lost	after	correction	for	referral	bias,	caused	by	the	
smaller	number	of	patients,	the	difference	remains	striking.	The	gold	standard	for	diagnosing	
CAVM	is	carotid	angiography,	but	this	technique	is	too	invasive	for	screening	asymptomatic	
patients.	Therefore,	small	CAVMs	could	have	remained	undetected.	The	prevalence	of	CAVM	
in	HHT1	and	HHT2	in	our	study	is	comparable	with	other	reports	[4,8,11,12].	In	the	literature,	
very	few	reports	found	significant	different	frequencies	for	HHT1	and	HHT2,	but	owing	to	
low	numbers,	the	power	to	detect	significant	differences	was	low.	Two	earlier	reports	found	
CAVMs	in	8.2%	of	cases	in	HHT14	and	2–3%	in	HHT2	[4,8].

In	this	study,	the	combination	of	PAVM	and	CAVM	in	the	same	patient	was	found	only	in	
the	HHT1	cohort,	in	8.7%	of	patients.	This	is	very	similar	to	the	expected	frequency	that	can	
be	calculated	by	multiplying	the	separate	frequencies	from	PAVM	and	CAVM	solely	(7.1%).	
This	suggests	that	PAVM	and	CAVM	occur	 independently	of	each	other,	are	not	due	to	a	
common	pathogenic	factor	such	as	specific	HHT1	mutations	and	may	be	due	to	different	
interacting	factors	that	are	genetic,	environmental,	or	both.	

There	 is	 a	 highly	 significant	 difference	 in	 the	 prevalence	 of	 HAVM	 between	 HHT1	
(7.6%)	and	HHT2	(40.6%).	A	potential	source	of	bias	is	the	fact	that	in	HHT1	relatively	more	
asymptomatic	patients	have	been	screened	because	of	the	high	number	of	embolisations.	
When	all	patients	with	a	PAVM	were	excluded,	only	2.4%	(1/41)	of	the	HHT1	patients	had	
an	HAVM	compared	with	 40.7%	 (11/27)	 of	 the	HHT2	patients,	which	 is	 still	 significantly	
different	(pc	=	2.5×10

−4).		Telangiectases	of	the	GI	tract	were	found	in	similar	proportions	in	
HHT1	and	HHT2.	The	high	prevalence	is	probably	the	result	of	the	fact	that	only	patients	with	
unexplained	anemia	or	overt	GI	bleeding	were	examined.	Therefore,	the	true	prevalences	
are	hard	to	estimate.	

The	group	named	HHT?	comprised	patients	from	families	with	an	unknown	genotype,	
either	because	DNA	was	unavailable	(66	patients	from	37	families)	or	no	mutation	could	be	
detected	(10	patients	from	7	families).	In	these	seven	families,	subsequent	MLPA	analysis	
revealed	no	large	rearrangements,	making	HHT1	or	HHT2	in	these	families	unlikely.	In	the	
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10	pati	ents,	3	of	8	pati	ents	had	a	PAVM,	0	of	6	a	CAVM,	0	of	7	an	HAVM,	and	3	of	3	GI	
manifestati	ons.	We	assume	that	most	of	the	remaining	HHT?	pati	ents	have	either	HHT1	or	
HHT2.	However,	we	cannot	exclude	the	possibility	of	one	or	more	alternati	ve	genes	for	HHT	
with	a	much	lower	frequency	in	this	populati	on.	The	relati	vely	high	prevalence	of	PAVM	and	
CAVM	in	HHT?	suggests	a	larger	proporti	on	of	HHT1	in	the	HHT?	panel.	On	the	other	hand,	
the	presence	of	HAVMs	is	higher	than	would	be	expected	in	HHT1,	suggesti	ng	that	there	is	
indeed	a	mix	of	both	HHT1	and	HHT2	in	HHT?.	
	

Diff	erences	between	men	and	women
To	our	knowledge,	systemati	c	phenotype	analysis	in	relati	on	to	sex	has	not	been	previously	
performed.	There	are	publicati	ons	suggesti	ng	that	women	are	more	prone	to	develop	visceral	
manifestati	ons,	 but	 signifi	cant	 diff	erences	 have	 not	 been	 reported.	 We	 found	 a	 higher	
prevalence	of	PAVMs	in	women	compared	with	men	for	HHT1,	and	more	HAVMs	were	found	
in	women	for	both	HHT1	and	HHT2.	The	diff	erences	were	not	signifi	cant	aft	er	correcti	on	for	
multi	ple	testi	ng,	but	the	prevalence	of	manifestati	ons	shows	obvious	diff	erences	between	
men	and	women.	As	women	more	frequently	have	a	PAVM,	and	consequently	more	women	
underwent	embolisati	ons	in	our	study,	more	asymptomati	c	women	will	have	been	screened	
for	HAVM.	Correcti	on	for	pati	ents	with	a	PAVM	resulted	in	very	small	groups;	for	HHT1	no	
men	and	1/22	women	(4.5%)	had	an	HAVM,	while	for	HHT2,	there	were	2/10	men	(20%)	
and	9/17	women	(53%).	

Explanati	ons	 for	 these	 sex	 related	diff	erences	 are	 sti	ll	 diff	use,	 such	as	 environmental	
factors,	modifi	er	genes,	or	hormonal	diff	erences.	Additi	onally,	within	families	there	is	a	wide	
variety	of	expression	of	symptoms.	The	six	HHT2	pati	ents	with	a	PAVM	did	not	cluster	in	a	
single	family	but	were	from	six	diff	erent	families.	The	167	PAVMs	in	HHT1	occurred	in	51	(of	
63)	families,	with	some	degree	of	familial	clustering.	For	example,	in	one	family	7	of	the	8	
aff	ected	family	members	had	a	PAVM,	while	in	another	family	a	low	prevalence	was	detected	
(9	of	28	pati	ents).	The	observed	sex	diff	erences	and	the	intrafamilial	variability	may	provide	
an	 interesti	ng	 clue	 for	 the	 search	 for	 (sex)	 related	 geneti	c	 and/or	 environmental	 factors	
interacti	ng	with	the	major	gene	mutati	ons.	

In	order	to	correct	for	potenti	al	referral	bias	associated	with	features	of	the	probands’	
phenotypes,	we	performed	a	second	analysis	excluding	the	probands	(tables	4	and	5).	Aft	er	
this	 correcti	on,	 the	 diff	erence	 between	HHT1	 and	HHT2	 for	 PAVM	and	HAVM	 remained	
stati	sti	cally	 signifi	cant.	The	proporti	on	of	pati	ents	with	a	CAVM	showed	a	minor	change,	
and	the	stati	sti	cal	signifi	cance	was	 lost	aft	er	correcti	on	for	multi	ple	testi	ng.	The	diff	erent	
frequency	in	PAVMs,	CAVMs,	and	HAVMs	between	HHT1	men	and	HHT1	women	showed	
only	slight	changes	compared	with	the	analysis	of	the	whole	group.	Despite	this	correcti	on,	
there	may	sti	ll	be	a	referral	bias	left	,	owing	to	the	eff	ect	of	the	severity	of	the	phenotype	
in	the	family	of	the	proband.	This	seems	to	be	confi	rmed	by	the	proporti	on	of	unaff	ected	
family	 members	 in	 HHT1	 (36%)	 and	 HHT2	 (29%).	 Apparently,	 fewer	 family	 members	 of	
probands	with	the	less	severe	phenotype	had	screening	performed.
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Genetic	Counseling
These	data	show	that	a	significant	phenotypic	difference	exists	between	HHT1	and	HHT2.	
Genetic	counseling	of	patients	and	family	members	can	be	given	more	accurately	when	the	
pathogenic	gene	mutation	in	the	family	is	known.	We	intend	to	use	the	prevalence	found	
before	and	after	correction	for	referral	bias.	For	HHT1,	the	chance	of	having	a	PAVM	above	
the	age	of	16	years	is	45–50%,	and	the	risk	of	having	a	CAVM	is	13–15%.	For	HHT2,	PAVM	
is	present	 in	3–5%	and	CAVM	in	1–2%.	Risk	estimates	 for	HAVM	and	GI	 involvement	are	
difficult	to	give	because	most	patients	were	symptomatic	at	the	time	of	the	screening.	For	
HHT2,	the	frequency	of	HAVM	appears	to	be	between	38%	and	41%,	while	for	HHT1,	it	is	
between	2.5%	and	8%.	

It	 is	our	opinion	 that	 the	differences	between	men	and	women	should	be	confirmed	
by	others,	before	adjusted	percentages	for	sex	difference	can	be	used.	For	the	time	being,	
the	significant	difference	between	the	sexes	 justifies	mentioning	 that	women	with	HHT1	
are	more	 likely	 to	develop	a	PAVM	or	HAVM	and	women	with	HHT2	are	more	prone	 to	
develop	HAVM.	It	should	of	course	always	be	emphasized	that	there	can	be	considerable	
intrafamilial	and	interfamilial	variability	and	that	the	frequencies	we	calculated	are	averages	
and	 subject	 to	 potentially	 referral	 and	 selection	 bias.	 Family	 specific	 risk	 values	may	 or	
may	not	vary	but	cannot	be	given,	because	the	factors	determining	the	clinical	expression	
(genetic,	environmental,	or	both)	are	still	unknown.	

Three	out	of	four	Curaçao	criteria	are	required	for	a	definite	clinical	diagnosis	of	HHT.	
Our	data	show	that	visceral	involvement	(PAVM	and	CAVM)	is	rare	in	HHT2	and	will	be	of	
little	value	in	the	clinical	diagnosis.	Assuming	similar	degrees	of	clinical	variability	for	the	
remaining	three	criteria,	there	may	be	a	larger	proportion	of	patients	with	HHT2	that	remain	
undiagnosed	than	for	HHT1.	This	raises	the	question	as	to	how	to	apply	the	Curaçao	criteria	
in	HHT	now	that	we	are	more	aware	of	the	fact	that	clinical	expression	shows	consistent	
variability	between	sexes	and	is	dependent	on	the	type	of	gene	involved.	The	prevalence	of	
HAVM	in	HHT2	is	high,	and	routine	screening	for	HAVM	with	ultrasound	Doppler	might	be	
indicated	in	members	of	HHT2	families	as	well	as	in	new	HHT	patients	and	their	relatives,	
for	whom	a	molecular	genetic	diagnosis	is	not	yet	available,	in	order	to	arrive	at	the	correct	
clinical	 diagnosis,	 despite	 the	 fact	 that	 the	finding	of	HAVM	usually	 has	 few	 therapeutic	
consequences.	
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Abstract
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 is	 an	 autosomal	 dominant	 disease	
characterized	 by	 arteriovenous	 malformations	 ranging	 from	 telangiectases	 to	 larger	
arteriovenous	malformations.	Mutations	in	two	genes	cause	HHT;	ENG	(HHT1)	and	ACVRL1	
(HHT2).	Although	the	hallmark	for	clinical	diagnosis	is	the	presence	of	telangiectases,	there	
are	 few	 publications	 reporting	 the	 relative	 distribution	 and	 frequency	 of	 these	 features	
between	HHT1	and	HHT2.	Here,	the	results	of	such	analysis	of	telangiectases	in	268	patients	
with	HHT1	and	130	patients	with	HHT2	are	described.	Localization	of	the	telangiectases	is	
reported,	and	patients	were	clustered	by	age	to	estimate	the	site	prevalence	for	different	
age	categories.	We	show	that	telangiectases	of	the	nasal	mucosa	are	present	at	a	higher	
prevalence	and	start	to	appear	earlier	in	life	than	those	of	the	oral	mucosa	or	dermal	sites	
in	patients	with	either	HHT1	or	HHT2.	Oral	and	nasal	mucosal	telangiectases	are	present	
earlier	in	life	in	patients	with	HHT1	compared	to	patients	with	HHT2,	whereas	dermal	lesions	
are	more	frequent	and	appear	earlier	in	life	in	patients	with	HHT2.	In	patients	with	either	
HHT1	or	HHT2,	the	number	of	sites	affected	increases	with	age.	In	patients	with	HHT1,	more	
women	than	men	had	skin	telangiectases,	particularly	on	the	face.	These	results	confirm	
that	the	frequency	of	arteriovenous	malformations	differ	between	patients	with	HHT1	and	
HHT2,	and	that	these	differences	can	be	detected	on	physical	examination.	



Genotype-phenotype relati onship for localizati on and age distributi on of telangiectases in HHTGenotype-phenotype relati onship for localizati on and age distributi on of telangiectases in HHT 89

3.2

Introducti	on
Hereditary	hemorrhagic	telangiectasia	(HHT)	or	Rendu-Osler-Weber	disease	is	inherited	in	
an	autosomal	dominant	patt	ern	and	 is	characterized	by	vascular	dysplasia.	Characteristi	c	
manifestati	ons	 are	 epistaxis,	 telangiectases,	 and	 arteriovenous	 malformati	ons.	
Telangiectases	 are	 found	predominantly	 on	 the	 face,	 lips,	 tongue	 and	fi	ngers	 and	 in	 the	
nasal,	oral,	and	gastrointesti	nal	mucosa.	Larger	arteriovenous	malformati	ons	(AVMs)	occur	
mostly	in	the	lungs	(PAVM),	brain	(CAVM)	and	liver	(HAVM)	[1].	

Mutati	ons	in	endoglin	(ENG,	chromosome	9q34,	OMIM	131195)	or	in	the	acti	vin	receptor	
like	kinase	1	gene	 (ACVRL-1, ALK1,	 chromosome	12q13,	OMIM	601284)	cause	HHT1	and	
HHT2,	respecti	vely	[2,3].	The	ENG	and	ACVRL1	genes	are	predominantly	expressed	in	vascular	
endothelium,	and	published	data	support	haploinsuffi		ciency	as	the	main	causati	ve	model	of	
HHT.	Mutati	ons	result	in	a	reducti	on	of	the	level	of	functi	onal	proteins	and	in	dysregulati	on	
of	the	TGFβ	pathway,	which	plays	an	 important	role	 in	vascular	homeostasis.	 It	has	been	
suggested	that	local	processes	(infl	ammati	on,	cell	injury)	can	act	as	trigger	for	the	formati	on	
of	 arteriovenous	malformati	ons	 and	 that	modifi	er	 genes	might	play	 a	 crucial	 role	 in	 the	
development	of	the	manifestati	ons	[4,5,6].	

Although	the	same	clinical	manifestati	ons	occur	 in	pati	ents	with	HHT1	and	HHT2,	the	
frequency	of	the	visceral	manifestati	ons	vary	[7,8,9].	Furthermore,	in	HHT1	and	HHT2	there	is	
a	considerable	inter-	and	intra-familial	variability	for	the	visceral	manifestati	ons.	

Litt	 le	 is	known	regarding	the	distributi	on	and	occurrence	of	telangiectases	 in	pati	ents	
with	HHT1	and	HHT2.	In	pati	ents	with	HHT,	telangiectases	usually	appear	in	the	third	decade	
of	 life	 and	 increase	 in	 size	 and	 in	 number	 [5,10,11].	 Plauchu	 et al.[10]	 described	 the	 clinical	
manifestati	ons	in	324	pati	ents	with	HHT	and	found	telangiectases	in	74%	of	the	pati	ents,	
with	approximately	half	of	the	pati	ents	presenti	ng	before	the	age	of	30	years.	At	that	ti	me	it	
was	not	possible	to	disti	nguish	between	HHT1	and	HHT2.	

Berg	et al.[12]	was	the	fi	rst	to	report	on	diff	erences	between	pati	ents	with	HHT1	or	HHT2	
regarding	the	frequency	of	the	clinical	manifestati	ons.	The	results	were	based	on	83	pati	ents	
from	the	USA	and	the	UK.	Both	epistaxis	and	telangiectases	were	found	earlier	in	pati	ents	
with	HHT1	compared	to	pati	ents	with	HHT2.	Folz	et al.[5]	described	the	telangiectases	in	70	
pati	ents	with	HHT	and	found	the	highest	frequency	in	the	endonasal	mucosa	(88%)	followed	
by	the	oral	cavity	(77%),	facial	skin	(74%),	and	the	hands	(46%).	

To	date,	no	detailed	age-related	analysis	has	been	performed	and	in	most	reports	the	
age	of	appearance	of	the	telangiectases	is	based	on	recollecti	on	of	the	pati	ents.	In	this	study	
we	report	on	the	presence	and	distributi	on	of	telangiectases	in	a	large	Dutch	HHT	cohort,	
based	on	the	results	of	physical	examinati	on,	performed	by	HHT	specialists.	This	diminishes	
the	inter-observer	bias	and	avoids	the	problem	of	recall	bias.	
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Materials	and	methods
The	screening	of	 family	members	of	patients	with	HHT	was	performed	from	1990	 in	 the	
Dutch	HHT	center	(St	Antonius	Hospital,	Nieuwegein)	[13].	Screening	included	an	inspection	
for	telangiectases	on	the	first	visit	to	the	department.	The	skin	(face,	hands,	legs,	feet,	thorax,	
abdomen	and	neck),	conjunctiva	and	oral	mucosa	(tongue,	lip	and	mouth)	were	examined	
using	a	2X	magnifying	 lens.	Each	patient	was	examined	by	one	of	 three	 senior	 clinicians	
(RS,	JM,	CW).	The	nose	was	inspected	by	an	otorhinolaryngologist	(FD)	with	an	endoscope	
(magnification	x	10).	The	sites	of	the	telangiectases	were	scored	on	a	standardized	form.	
These	forms	were	studied	retrospectively	in	all	Caucasian	patients	with	a	definite	genetic	
diagnosis	or	clinical	diagnosis	according	to	the	Curaçao	criteria[14].	In	this	study	only	Caucasian	
patients	from	families	with	ENG	or	ACVRL1	mutations	were	included,	because	patients	of	
African	descent	have	less	visible	telangiectases	[15].

Mutation	analysis	was	performed	to	discriminate	between	HHT1	and	HHT2	as	described	
earlier	 [16].	 When	 mutational	 analysis	 revealed	 a	 mutation	 in	 the	 proband,	 all	 clinically	
affected	family	members	were	considered	to	have	the	same	mutation.	

For	 each	 patient	 with	 HHT1	 or	 HHT2,	 the	 location	 of	 telangiectases,	 the	 age	 at	 the	
time	of	examination,	and	the	gender	were	scored.	Dubious	telangiectases	were	excluded.	
Telangiectases	 found	 using	 capillary	 microscopy	 of	 the	 nail	 fold	 were	 not	 included	 as	
telangiectases	of	the	hands	or	arms,	since	this	is	not	a	widely	used	technique.	Instead	they	
were	denoted	as	telangiectases	“elsewhere”.	

To	 gain	 insight	 into	 the	 relationship	 between	 telangiectases	 and	 age,	 patients	 were	
clustered	 into	 age	 groups,	 based	 on	 the	 age	 at	 the	 time	 of	 clinical	 investigation.	 The	
frequency	of	telangiectases	in	each	group	was	calculated	and	studied	in	relation	to	HHT	and	
gender.	For	each	patient	the	number	of	sites	involved	was	counted	(including	telangiectases	
elsewhere)	and	the	average	number	of	sites	involved	was	calculated	for	each	age	group.	

Statistical	 analysis	 was	 done	 using	 the	 χ2	 test.	 Bonferroni	 correction	 for	 multiple-
comparison	was	not	used	because	the	comparisons	were	not	considered	independent	tests.	
To	correct	for	multiple	testing	a	more	stringent	p-value	was	used,	p-values	above	0.01	were	
considered	to	be	statistically	non-significant.	

Results
Of	the	315	patients	with	HHT1,	47	were	excluded	and	of	the	131	patients	with	HHT2	one	
was	excluded	because	of	 insufficient	examinations	of	 several	 sites,	 typically	because	 the	
diagnosis	was	made	because	of	a	PAVM	and	a	positive	family	history.	The	remaining	268	
patients	with	HHT1	were	from	56	families	and	130	patients	with	HHT2	were	from	39	families	
(table	1).	

The	age	distribution	shows	that	patients	with	HHT1	presenting	with	telangiectases	were	
significantly	younger	than	similar	patients	with	HHT2.	There	was	a	non-significant	female	
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preponderance	in	both	HHT1	(56.7%)	and	in	HHT2	(60%).	Men	and	women	with	HHT1	or	
HHT2	did	not	diff	er	signifi	cantly	regarding	age	(table	1).

The	overall	frequency	of	the	HHT1	and	HHT2	telangiectases	at	the	various	mucosal	and	
dermal	sites	in	both	genders	is	shown	in	table	2.	The	nasal	mucosa	was	only	investi	gated	
in	219	pati	ents	with	HHT1	and	108	with	HHT2,	because	not	all	pati	ents	were	seen	by	the	
otorhinolaryngologist.	In	the	total	group	there	was	only	a	slight	diff	erence	in	the	presence	of	
nasal	mucosal	telangiectases;	95%	in	pati	ents	with	HHT1	compared	to	93%	in	pati	ents	with	
HHT2.	Oral	telangiectases	(lip,	tongue	or	mouth)	were	present	in	about	80%	of	all	pati	ents.

Table 1 -	Proporti	on	of	males	 (M)	and	females	 (F)	 included	and	excluded	 in	the	analysis	with	their	
characteristi	cs:	mean	age	(SD,	standard	deviati	on),	proporti	on	of	males	(M/F	rati	o)	and	the	number	
of	families	included

	 HHT1 HHT2
n n

pati ents investi gated (M/F) 315	(0.78) 131	(0.66)

excluded (M/F) 47	(0.88) 1	(F)

    mean age excluded (SD) 45,2	yr	(22.3) 73	yr

oral mucosa and skin (M/F) 268 (0.76) 130 (0.67)

    families 56 39

    males,  (mean age; SD) 116	(33.7	yr;	17.8) 52	(45.9	yr;	15.7)

    females (mean age; SD) 152	(36.5	yr;	18.8	) 78	(42.5	yr;	17.3)

nasal mucosa (M/F) 219 (0.82) 108 (0.74)

    families 53 36

    males,  (mean age; SD) 99	(33.1	yr;	18.2) 46	(45.9	yr;	15.9)

    females (mean age; SD) 120	(36.0	yr;	18.6) 62	(42.4	yr;	16.6)

The	 prevalence	 of	 dermal	 telangiectases	 is	 lower	 than	 the	 prevalence	 of	 nasal	 and	 oral	
lesions,	 in	 pati	ents	 with	 either	 HHT1	 or	 HHT2.	 Dermal	 lesions	 are	 found	more	 oft	en	 in	
pati	ents	with	HHT2	 (74%)	 compared	 to	HHT1	 (59%;	 p	 =	 0.004),	most	 signifi	cantly	when	
comparing	 telangiectases	on	 the	hands	 (62%	and	45%;	p	=	0.001),	but	also	a	 suggesti	ve	
diff	erence	in	facial	telangiectases	(40%	and	29%;	p	=	0.02).	

The	proporti	on	of	pati	ents	with	conjuncti	va	involvement	is	similar	for	both	HHT1	(13%)	
and	HHT2	(15%).	Telangiectases	on	the	neck,	feet	and	abdomen	are	found	only	in	a	minority	
of	 pati	ents	with	HHT.	 The	 low	prevalence	 on	 the	 feet	 compared	 to	 the	 hands	 has	 been	
observed	 before[5,10].	 Signifi	cant	 diff	erences	 between	men	 and	 women	 were	 only	 found	
for	dermal	telangiectases	in	HHT1	with	a	higher	prevalence	in	women	(47%	and	68%;	p	=	
0.0008),	parti	cularly	for	the	hands	(31%	and	56%;	p	=	4.9x10-5).	
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Table 2 -	The	presence	of	telangiectases	for	the	entire	HHT1	and	HHT2	population.	The	number	of	
patients	is	depicted	for	each	group	(n).	The	numbers	represent	the	number	of	patients	in	which	the	
telangiectases	 for	 the	 particular	 site	 were	 detected.	 Between	 brackets	 the	 percentage	 of	 patient	
affected	for	the	site

HHT1 HHT2

men women total men women total

n=99 n=120 n=219 n=46 n=62 n=108

nasal mucosa (%) 92	(92.9) 117	(97.5) 209	(95.4) 45	(97.8) 55	(88.7) 100	(92.6)

n=116 n=152 n=268 n=52 n=78 n=130

oral mucosa (%) 88 (75.9) 125 (82.2) 213 (79.5) 40 (76.9) 65 (83.3) 105 (80.8)

    tongue 65 (56.0) 108 (71.1) 173 (64.6) 33 (63.5) 53 (67.9) 86 (66.1)

    lip 70 (60.3) 101 (66.4) 171 (63.8) 32 (61.5) 47 (60.3) 79 (60.8)

    mouth 36 (31.0) 63 (41.4) 99 (36.9) 16 (30.8) 27 (34.6) 43 (33.1)

conjunctivae (%) 18 (15.5) 18 (11.8) 36 (13.4) 10 (19.2) 9 (11.5) 19 (14.6)

dermal total (%) 55 (47.4) 103 (67.8) 158 (59) 39 (75.0) 57 (73.1) 96 (73.8)

    hands, arms 36 (31.0) 85 (55.9) 121 (45.1) 36 (69.2) 45 (57.5) 81 (62.3)

    face 34 (29.3) 43 (28.3) 77 (28.7) 22 (42.3) 30 (38.5) 52 (40.0)

    chest 5 (4.3) 16 (10.5) 21 (7.8) 8 (15.4) 7 (9.0) 15 (11.5)

    neck 9 (7.8) 14 (9.2) 23 (8.6) 6 (11.5) 2 (2.6) 8 (6.1)

    feet, legs 3 (2.6) 1 (0.7) 4 (1.5) 2 (3.8) 1 (1.3) 3 (2.3)

    abdomen 0 (0) 1 (0.7) 1 (0.4) 0 (0) 0 0 (0)

The	presence	of	telangiectases	in	the	different	age	groups	on	the	various	mucosal	and	dermal	
sites	for	HHT1	and	HHT2	are	depicted	in	table	3	and	figure	2.	The	frequency	increases	with	
age	in	both	forms	for	all	sites	except	the	neck,	feet	and	abdomen,	which	are	rarely	affected.	
A	steeper	curve	was	found	in	nasal	and	oral	mucosa	compared	to	the	skin,	indicating	that	
mucosal	lesions	tend	to	appear	earlier	and	in	a	higher	proportion	of	the	patients.	

Nasal	telangiectases	are	present	at	a	younger	age	in	patients	with	HHT1	compared	to	
those	with	HHT2.	Over	90%	of	the	patients	with	HHT1	have	nasal	lesions	in	the	age	group	
0-20	in	HHT1,	compared	to	67%	in	the	HHT2	group	0-20.	Also,	oral	mucosal	lesions	in	general	
occur	at	a	younger	age	in	patients	with	HHT1.	In	the	age	group	21-30	87%	of	the	patients	
with	HHT1	have	oral	lesions,	whereas	88%	of	the	patients	with	HHT2	have	oral	involvement	
ten	years	later,	in	the	age	group	31-40.	Among	the	individual	sites	(tongue,	lip,	mouth)	the	
difference	is	most	striking	on	the	lip.	
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Figure 1 -	Graphical	view	of	the	dermal	(hands/arms,	chest,	feet/legs	and	abdomen),	oral	(tongue,	lip	
and	mouth)	and	nasal	telangiectases.	Age	groups	(years)	are	depicted	on	the	X-axis,	proporti	on	of	the	
pati	ents	with	telangiectases	for	the	site	on	the	Y-	axis.	The	diff	erent	point	prevalence’s	are	connected.	
In	an	att	empt	to	correct	for	possible	referral	bias,	HHT*	shows	the	results	when	the	probands	of	the	
families	were	excluded.
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Table 3	-	The	age	at	the	time	of	examination	determined	the	age	group	in	which	the	patient	is	clustered.	
The	presence	of	telangiectases	per	age	group	is	given	in	numbers	(n)	and	the	percentage	(between	
brackets)	is	the	number	of	patient	with	telangiectases	divided	by	the	total	of	the	corresponding	age	
group	(n).

	 	 	 	 HHT1 	 	 	 	 	 	 	 	 HHT2 	 	 	

	 0 - 10 11 - 20 21 - 30 31 - 40 41 - 50 51 - 60 61 - 70 71 + 0 - 10 11 - 20 21 - 30 31 - 40 41 - 50 51 - 60 61 - 70 71 + 

number (M/F) n=20 (1.2) n=42 (0.75) n=36 (1.38) n=32 (0.39) n=41 (0.78) n=30 (0.76) n=12 (1.0) n=6 (0.20) n=5 (0.67) n=4 (0.33) n=11 (0.83) n=23	(0.44) n=28	(0.87) n=19 (1.11) n=12 (0.71) n=6 (1.0)

mean	age 5.9 15.9 25.6 35.4 45.6 55.2 65.5 74.0 7.6 15.5 26.4 36.1 44.6 55.1 64.7 74.0

nasal mucosa (%) 16	(80) 40	(95.2) 34	(94.4) 32	(100) 41	(100) 29	(96.7) 11	(91.7) 6	(100) 4	(80.0) 2	(50) 7	(63.6) 23	(100) 27	(96.4) 19	(100) 12	(100) 6	(100)

number (M/F) n=24 (1.0) n=47 (0.68) n=45 (1.5) n=40	(0.54) n=51 (0.70) n=38 (0.65) n=16 (0.78) n=7 (0.17) n=5 (0.67) n=8	(0.14) n=14 (0.75) n=25 (0.47) n=33 (0.83) n=22 (1.0) n=16 (0.60) n=7 (0.75)

mean	age 6.0 15.9 25.8 35.4 45.2 55.4 65.8 74.3 7.6 16.5 26.2 36.1 44.9 55.3 65.0 74.1

oral mucosa (%) 4 (16.7) 25 (53.2) 39 (86.7) 36 (90.0) 50 (98.0) 37 (97.4) 15 (93.8) 7 (100) 2 (40.0) 2 (25.0) 8 (57.1) 22 (88.0) 28 (84.8) 21 (95.5) 16 (100) 6 (85.7)

tongue 2 (8.3) 16 (34.0) 28 (62.2) 28 (70.0) 42 (82.4) 36 (94.7) 14 (87.5) 7 (100) 1 (20.0) 1 (12.8) 5 (35.7) 18 (72.0) 22 (66.7) 18 (81.8) 15 (93.8) 6 (85.7)

lip 4 (16.7) 15 (31.9) 30 (66.7) 30 (75.0) 39 (76.5) 33 (86.8) 13 (81.3) 7 (100) 0 (0) 1 (12.5) 4 (28.6) 17 (68.0) 22 (66.7) 16 (72.7) 15 (93.8) 4 (57.1)

mouth 0 (0) 6 (12.8) 12 (26.7) 16 (40.0) 29 (56.9) 23 (60.5) 8 (50.0) 5 (71.4) 1 (20.0) 0 (0) 1 (7.1) 8 (32.0) 11 (33.3) 10 (45.5) 9 (56.3) 3 (42.9)

conjunctivae (%) 0 (0) 3 (6.4) 2 (4.4) 8 (20.0) 8 (15.7) 10 (26.3) 3 (18.8) 2 (28.6) 0 (0) 0 (0) 2 (14.3) 3 (12.0) 2 (6.1) 6 (27.3) 4 (25.0) 2 (28.6)

dermal total (%) 7 (29.2) 16 (34.0) 18 (40.0) 27 (67.5) 39 (76.5) 32 (84.2) 13 (81.3) 6 (85.7) 3 (60.0) 2 (25.0) 6 (42.9) 17 (68.0) 27 (81.8) 21 (95.5) 14 (87.5) 6 (85.7)

hands, arms 3 (12.5) 14 (29.8) 13 (28.9) 20 (50.0) 30 (58.8) 26 (68.4) 12 (75.0) 3 (42.9) 2 (40.0) 1 (12.5) 6 (42.9) 14 (56.0) 22 (66.7) 17 (77.3) 13 (81.3) 6 (85.7)

face 4 (16.7) 1 (2.1) 3 (6.7) 11 (27.5) 20 (39.2) 24 (63.2) 9 (56.3) 5 (71.4) 1 (20.0) 2 (25.0) 1 (7.1) 7 (28.0) 12 (36.4) 17 (77.3) 7 (43.8) 5 (71.4)

chest 0 (0) 2 (4.3) 3 (6.7) 1 (2.5) 7 (13.7) 6 (15.8) 1 (6.3) 1 (14.3) 0 (0) 0 (0) 1 (7.1) 4 (16.0) 7 (21.2) 1 (4.5) 0 (0) 2 (28.6)

neck 2 (8.3) 1 (2.1) 6 (13.3) 4 (10.0) 4 (7.8) 4 (10.5) 2 (12.5) 0 (0) 0 (0) 0 (0) 1 (7.1) 0 (0) 3 (9.1) 2 (9.1) 0 (0) 2 (28.6)

feet, legs 0 (0) 0 (0) 2 (4.4) 0 (0) 2 (3.9) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (6.1) 1 (4.5) 0 (0) 0 (0)

abdomen 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
mean 

localizations 1.7 2.6 3.3 4.0 4.5 5.3 4.7 5.1 2 1.3 2.4 4.1 4.2 5.1 4.8 5.6

In	 contrast,	 dermal	 telangiectases	 in	 general	 tend	 to	 be	 present	 at	 a	 younger	 age	 in	
patients	with	HHT2	 than	 in	 patients	with	HHT1.	 The	 individual	 dermal	 sites	 also	 do	 not	
show	a	significant	difference	in	the	age	related	prevalence	between	HHT1	and	HHT2.	The	
point	prevalence	of	telangiectases	in	the	conjunctivae	increases	with	age,	but	there	is	no	
difference	between	HHT1	and	HHT2.

The	mean	number	of	sites	with	telangiectases	also	increases	with	increasing	age	(table	3).	
More	sites	were	involved	at	a	younger	age	in	patients	with	HHT1	than	in	those	with	HHT2.	

To	 correct	 for	 possible	 referral	 bias,	 the	 analyses	 per	 age	 group	was	 also	 performed	
excluding	 the	 probands,	 the	 first	 patient	 of	 each	 family	 to	 attend	 the	 HHT	 centre.	 The	
results	of	this	analysis	show	that	excluding	the	probands	resulted	in	negligible	changes	in	
the	results	(figure	1).
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Table 3	-	The	age	at	the	ti	me	of	examinati	on	determined	the	age	group	in	which	the	pati	ent	is	clustered.	
The	presence	of	telangiectases	per	age	group	is	given	in	numbers	(n)	and	the	percentage	(between	
brackets)	is	the	number	of	pati	ent	with	telangiectases	divided	by	the	total	of	the	corresponding	age	
group	(n).

	 	 	 	 HHT1 	 	 	 	 	 	 	 	 HHT2 	 	 	

	 0 - 10 11 - 20 21 - 30 31 - 40 41 - 50 51 - 60 61 - 70 71 + 0 - 10 11 - 20 21 - 30 31 - 40 41 - 50 51 - 60 61 - 70 71 + 

number (M/F) n=20 (1.2) n=42 (0.75) n=36 (1.38) n=32 (0.39) n=41 (0.78) n=30 (0.76) n=12 (1.0) n=6 (0.20) n=5 (0.67) n=4 (0.33) n=11 (0.83) n=23	(0.44) n=28	(0.87) n=19 (1.11) n=12 (0.71) n=6 (1.0)

mean	age 5.9 15.9 25.6 35.4 45.6 55.2 65.5 74.0 7.6 15.5 26.4 36.1 44.6 55.1 64.7 74.0

nasal mucosa (%) 16	(80) 40	(95.2) 34	(94.4) 32	(100) 41	(100) 29	(96.7) 11	(91.7) 6	(100) 4	(80.0) 2	(50) 7	(63.6) 23	(100) 27	(96.4) 19	(100) 12	(100) 6	(100)

number (M/F) n=24 (1.0) n=47 (0.68) n=45 (1.5) n=40	(0.54) n=51 (0.70) n=38 (0.65) n=16 (0.78) n=7 (0.17) n=5 (0.67) n=8	(0.14) n=14 (0.75) n=25 (0.47) n=33 (0.83) n=22 (1.0) n=16 (0.60) n=7 (0.75)

mean	age 6.0 15.9 25.8 35.4 45.2 55.4 65.8 74.3 7.6 16.5 26.2 36.1 44.9 55.3 65.0 74.1

oral mucosa (%) 4 (16.7) 25 (53.2) 39 (86.7) 36 (90.0) 50 (98.0) 37 (97.4) 15 (93.8) 7 (100) 2 (40.0) 2 (25.0) 8 (57.1) 22 (88.0) 28 (84.8) 21 (95.5) 16 (100) 6 (85.7)

tongue 2 (8.3) 16 (34.0) 28 (62.2) 28 (70.0) 42 (82.4) 36 (94.7) 14 (87.5) 7 (100) 1 (20.0) 1 (12.8) 5 (35.7) 18 (72.0) 22 (66.7) 18 (81.8) 15 (93.8) 6 (85.7)

lip 4 (16.7) 15 (31.9) 30 (66.7) 30 (75.0) 39 (76.5) 33 (86.8) 13 (81.3) 7 (100) 0 (0) 1 (12.5) 4 (28.6) 17 (68.0) 22 (66.7) 16 (72.7) 15 (93.8) 4 (57.1)

mouth 0 (0) 6 (12.8) 12 (26.7) 16 (40.0) 29 (56.9) 23 (60.5) 8 (50.0) 5 (71.4) 1 (20.0) 0 (0) 1 (7.1) 8 (32.0) 11 (33.3) 10 (45.5) 9 (56.3) 3 (42.9)

conjuncti vae (%) 0 (0) 3 (6.4) 2 (4.4) 8 (20.0) 8 (15.7) 10 (26.3) 3 (18.8) 2 (28.6) 0 (0) 0 (0) 2 (14.3) 3 (12.0) 2 (6.1) 6 (27.3) 4 (25.0) 2 (28.6)

dermal total (%) 7 (29.2) 16 (34.0) 18 (40.0) 27 (67.5) 39 (76.5) 32 (84.2) 13 (81.3) 6 (85.7) 3 (60.0) 2 (25.0) 6 (42.9) 17 (68.0) 27 (81.8) 21 (95.5) 14 (87.5) 6 (85.7)

hands, arms 3 (12.5) 14 (29.8) 13 (28.9) 20 (50.0) 30 (58.8) 26 (68.4) 12 (75.0) 3 (42.9) 2 (40.0) 1 (12.5) 6 (42.9) 14 (56.0) 22 (66.7) 17 (77.3) 13 (81.3) 6 (85.7)

face 4 (16.7) 1 (2.1) 3 (6.7) 11 (27.5) 20 (39.2) 24 (63.2) 9 (56.3) 5 (71.4) 1 (20.0) 2 (25.0) 1 (7.1) 7 (28.0) 12 (36.4) 17 (77.3) 7 (43.8) 5 (71.4)

chest 0 (0) 2 (4.3) 3 (6.7) 1 (2.5) 7 (13.7) 6 (15.8) 1 (6.3) 1 (14.3) 0 (0) 0 (0) 1 (7.1) 4 (16.0) 7 (21.2) 1 (4.5) 0 (0) 2 (28.6)

neck 2 (8.3) 1 (2.1) 6 (13.3) 4 (10.0) 4 (7.8) 4 (10.5) 2 (12.5) 0 (0) 0 (0) 0 (0) 1 (7.1) 0 (0) 3 (9.1) 2 (9.1) 0 (0) 2 (28.6)

feet, legs 0 (0) 0 (0) 2 (4.4) 0 (0) 2 (3.9) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (6.1) 1 (4.5) 0 (0) 0 (0)

abdomen 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
mean 

localizati ons 1.7 2.6 3.3 4.0 4.5 5.3 4.7 5.1 2 1.3 2.4 4.1 4.2 5.1 4.8 5.6

In	 contrast,	 dermal	 telangiectases	 in	 general	 tend	 to	 be	 present	 at	 a	 younger	 age	 in	
pati	ents	with	HHT2	 than	 in	 pati	ents	with	HHT1.	 The	 individual	 dermal	 sites	 also	 do	 not	
show	a	signifi	cant	diff	erence	in	the	age	related	prevalence	between	HHT1	and	HHT2.	The	
point	prevalence	of	telangiectases	in	the	conjuncti	vae	increases	with	age,	but	there	is	no	
diff	erence	between	HHT1	and	HHT2.

The	mean	number	of	sites	with	telangiectases	also	increases	with	increasing	age	(table	3).	
More	sites	were	involved	at	a	younger	age	in	pati	ents	with	HHT1	than	in	those	with	HHT2.	

To	 correct	 for	 possible	 referral	 bias,	 the	 analyses	 per	 age	 group	was	 also	 performed	
excluding	 the	 probands,	 the	 fi	rst	 pati	ent	 of	 each	 family	 to	 att	end	 the	 HHT	 centre.	 The	
results	of	this	analysis	show	that	excluding	the	probands	resulted	in	negligible	changes	in	
the	results	(fi	gure	1).

In	both,	the	HHT1	and	HHT2	groups,	there	were	eight	pati	ents	without	telangiectases	found	
on	physical	examinati	on.	In	the	HHT1	group,	six	of	the	eight	pati	ents	were	<	10	years.	Two	
of	the	six	pati	ents	had	a	PAVM	and	three	of	the	six	had	regular	nosebleeds.	Only	two	of	the	
six	pati	ents	had	no	epistaxis,	no	 telangiectases	and	no	visceral	manifestati	ons,	but	were	
diagnosed	 using	DNA	 analysis.	 The	 two	 remaining	 pati	ents	with	HHT1	 (23	 years	 and	 53	
years)	had	regular	nosebleeds,	but	no	other	HHT	manifestati	ons.	

Among	pati	ents	with	HHT2,	three	(7,	22	and	34	years)	had	no	telangiectases	or	other	
HHT	symptoms.	One	pati	ent	without	telangiectases	(27	years)	had	epistaxis,	a	PAVM,	and	
a	HAVM.	Four	pati	ents	(12,	20,	29	and	37	years)	had	nosebleeds	regularly,	without	other	
manifestati	ons	of	HHT.	
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Figure 2	-	Graph	of	separate	oral	localisations	(lip,	tongue	mouth)	and	dermal	localisations	(hands	and	
face)	per	age	group.	Age	groups	(years)	are	depicted	on	the	X-axis,	proportion	of	the	patients	with	
telangiectases	for	the	particular	site	on	the	Y-	axis.	The	different	point	prevalence’s	are	connected.

Discussion
In	this	study,	the	sites	of	telangiectases	on	skin	and	mucosa	were	scored.	The	number	of	
lesions	per	site	was	not	considered,	because	telangiectases	may	be	numerous	and	counting	
may	 be	 difficult	 and	 subject	 to	 observer	 bias.	 Moreover,	 the	 number	 does	 not	 add	 to	
diagnostic	 accuracy,	 as	 long	 as	 the	 typical	 telangiectases	 are	present.	 The	 results	 of	 this	
analysis	give	a	cross	sectional	view	of	the	frequency	and	distribution	of	telangiectases	 in	
patients	with	HHT.	Telangiectases	were	studied	 in	families	with	confirmed	HHT1	or	HHT2	
mutations.	We	observed	that	patients	with	HHT1	visited	the	outpatient	department	at	a	
younger	age	than	did	patients	with	HHT2.	This	difference	persisted	after	exclusion	of	the	
probands.	This	is	not	surprising,	since	more	patients	with	HHT1	have	PAVMs	and	CAVMs	[7-9],	
and	most	probands	are	initially	referred	because	of	visceral	manifestations,	mostly	PAVMs.	
This	will	bias	towards	screening	of	family	members	of	patients	with	HHT1	at	a	younger	age,	
as	compared	to	those	with	HHT2.	To	circumvent	this	problem,	analysis	by	age	group	was	
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performed.	
A	bias	 in	the	data	for	telangiectases	 is	therefore	not	 likely,	but	cannot	be	excluded.	 If	

the	 pathogenesis	 of	 the	 visceral	 manifestati	ons	 and	 the	 telangiectases	 are	 overlapping,	
then	referral	with	a	PAVM	might	introduce	bias.	To	correct	for	this,	strati	fi	cati	on	by	age	was	
also	performed	discarding	the	initi	ally	referred	proband	of	the	family	(fi	gure	1).	The	graphs	
show	only	a	slight	change,	 indicati	ng	that	 the	probands	did	not	cause	a	major	distorti	on	
in	 the	analysis.	 In	our	HHT2	populati	on,	 in	 the	youngest	group	 (0-10)	more	pati	ents	had	
telangiectases	than	in	the	next	older	group	(11-20).	Although	the	youngest	group	is	small	
(n=5),	 the	 higher	 frequency	 might	 refl	ect	 an	 ascertainment	 bias.	 Parents	 who	 suspect	
telangiectases	 in	 their	 children	 at	 a	 younger	 age	 might	 att	end	 the	 HHT	 center	 earlier.	
Another	potenti	al	bias	is	the	exclusion	of	47	pati	ents	with	HHT1,	but	only	one	with	HHT2.	
These	pati	ents	were	referred	for	treatment	of	a	PAVM	and	were	therefore	not	thoroughly	
examined	 for	 telangiectases.	 Exclusion	 of	 probands	 (also	 referred	 with	 PAVM)	 did	 not	
change	the	results	of	the	analysis;	we	conclude	that	the	results	did	not	change	signifi	cantly	
because	of	exclusion	of	these	pati	ents.	

The	HHT	phenotype	has	 an	 age-dependent	penetrance.	 The	 analysis	 by	 age	 group	 is	
therefore	important	and	useful	for	clinicians.	Age-dependent	penetrance	of	telangiectases	
has	been	reported	[5,10,12],	based	on	the	recollecti	on	of	the	pati	ents.	To	study	the	relati	onship	
of	 age	 and	 penetrance	 of	 telangiectases,	we	 performed	 physical	 examinati	on.	We	 show	
that	with	 increasing	age	the	frequency	of	telangiectases	 increases,	for	the	nasal	mucosa,	
the	oral	mucosa	(tongue,	lip,	mouth),	the	conjuncti	va	and	the	skin	of	the	hands	and	face.	
Furthermore,	 the	 nasal	 mucosa	 was	 aff	ected	 signifi	cantly	 earlier	 in	 pati	ents	 with	 HHT1	
compared	 to	 those	with	HHT2.	 This	 confi	rms	 the	fi	ndings	 of	 Berg	et al.[12],	who	 showed	
an	earlier	onset	of	epistaxis	 in	pati	ent	with	HHT1.	A	high	prevalence	of	 telangiectases	 in	
the	nasal	mucosa	in	pati	ents	below	the	age	of	21	in	those	with	HHT1	(90%)	or	HHT2	(67%)	
was	found.	In	contrast,	oral	and	dermal	lesions	are	at	this	age	present	in	a	minority	of	the	
pati	ents.	This	indicates	that	nasal	endoscopy	is	a	useful	tool	to	establish	a	clinical	diagnosis.	

When	 comparing	 our	 results	 to	 earlier	 publicati	ons,	 we	 encountered	 three	 major	
problems.	First,	since	there	 is	an	age-dependent	penetrance	for	the	symptoms,	 including	
telangiectases,	 the	 age	 of	 the	 populati	on	 is	 crucial.	 In	 the	 reports	 by	 Plauchu	 et al.[10]	
and	 Folz	et al.[5]	 the	 (mean)	 age	 of	 the	 investi	gated	 populati	on	 is	 not	 specifi	ed.	 In	 both	
reports	 the	populati	on	appeared	to	be	younger,	which	explains	 the	 lower	 frequencies	of	
telangiectases	 in	 those	 reports.	 Second,	 Plauchu	et al.[10]	 and	 Folz	et al.[5]	 report	 on	 the	
frequency	 of	 telangiectases	 in	 pati	ents	with	HHT,	 comprising	 a	mixture	 of	 pati	ents	with	
ENG	mutati	ons,	ACVRL1	mutati	ons,	and	possibly	other	genes.	Subsequent	geneti	c	analysis	
revealed	 that	 ACVRL1 mutati	ons	 are	 found	 more	 oft	en	 in	 France	 than	 ENG	 mutati	ons,	
whereas	 in	 the	Dutch	 populati	on	ENG	mutati	ons	 are	more	 frequent	 [16,17].	 This	 apparent	
populati	on	diff	erence	between	the	French	and	the	Dutch	HHT	populati	ons	can	also	explain	
part	of	 the	observed	diff	erences.	 Third,	 there	 is	 the	problem	of	ascertainment	bias.	 The	
way	the	pati	ents	were	ascertained	indicates	what	kind	of	referral	bias	one	has	to	anti	cipate	
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and	how	to	correct	for	it.	The	difference	in	telangiectases	in	the	nose	is	striking.	The	nose	
was	affected	in	the	French	population	in	37%	of	the	patients	whereas	epistaxis	was	present	
in	96%	of	the	patients.	Our	panel	showed	nasal	telangiectases	in	92%	of	the	patients	with	
HHT2	and	in	95%	of	those	with	HHT1.	Since	epistaxis	in	patients	with	HHT	is	usually	caused	
by	nasal	telangiectases,	a	prevalence	of	nasal	telangiectases	of	37%	seems	surprisingly	low.	
The	strong	concordance	between	epistaxis	and	nasal	telangiectases	in	the	Dutch	population	
might	be	explained	by	the	endoscopic	examination	used	here.	

In	HHT1	more	patients	develop	a	PAVM	and/or	a	CAVM	compared	to	HHT2	 [7-9].	HHT1	
has	also	an	earlier	onset	of	telangiectases	of	the	nasal	and	oral	mucosa.	The	mechanisms	
leading	to	the	inter-	and	intrafamilial	variability	in	HHT	are	not	obvious.	Most	likely	these	
differences	 are	 caused,	 by	 a	 combination	 of	 multiple	 modifier	 genes	 interacting	 with	
several	(maybe	tissue	specific)	environmental	factors	 in	a	complex	manner.	An	important	
role	for	environmental	factors	in	dermal	telangiectases,	is	very	likely,	since	the	sun	exposed	
skin	 (face	 and	 hands)	 are	 most	 often	 affected.	 In	 a	 normal	 population,	 telangiectases	
were	 associated	 with	 sun	 exposure,	 smoking,	 and	 increasing	 age	 [18].	 Although	 these	
telangiectases	are	distinct	from	the	telangiectases	found	in	HHT,	the	association	found	in	
the	healthy	population	might	also	hold	 true	 for	 the	HHT	population.	The	high	 frequency	
of	 telangiectases	 in	 the	 nasal	 and	 oral	mucosa	might	 be	 a	 reflection	of	 the	 density	 and	
superficial	localization	of	arteries	in	mucosal	tissue	in	general.	It	is	more	likely	that	the	high	
frequency	is	explained	by	a	combination	of	the	density	and	environmental	factors;	possible	
environmental	factors	being	local	stress,	infection,	minor	trauma,	exposure	to	toxic	agents,	
and	temperature	changes.	

Gender-associated	differences	in	patients	with	HHT1	and	HHT2	have	been	reported	for	
the	visceral	manifestations	 [9].	The	observed	higher	frequency	of	dermal	telangiectases	in	
women,	significantly	in	those	with	HHT1,	particularly	on	the	hands,	is	in	concordance	with	
that	observation.	If	this	sex	difference	is	confirmed,	it	will	be	worthwhile	to	devote	research	
to	its	causal	factors	and	mechanisms.	

In	conclusion,	we	show	that	in	patients	with	HHT1	and	patients	with	HHT2,	telangiectases	
are	identified	in	descending	order	in	the	nasal	mucosa,	oral	mucosa,	and	skin.	The	number	
of	affected	sites	increase	with	increasing	age,	in	both	HHT1	and	HHT2.	In	general,	oral	and	
nasal	 lesions	 tend	 to	 appear	 earlier	 in	 patients	 with	 HHT1,	 whereas	 dermal	 lesions	 are	
observed	earlier	in	patients	with	HHT2.	This	predilection	of	sites	is	likely	to	be	the	result	of	
a	combination	of	multiple	modifier	genes	 interacting	with	several	 (maybe	tissue	specific)	
environmental	factors	in	a	complex	manner.	
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Abstract
Hereditary	hemorrhagic	telangiectasia	(HHT)	or	Rendu-Osler-Weber	disease	is	an	autosomal	
dominant	 disease	 with	 an	 age-related	 penetrance.	 Telangiectases	 are	 the	 hallmark	 of	
the	 clinical	diagnosis	 for	HHT.	Bleeding	 from	nasal	 telangiectases	 is	often	 the	presenting	
symptom,	appearing	early	in	life.	Mutations	in	the	ENG	gene	and	ACVRL1	cause	HHT1	and	
HHT2	 respectively.	 The	 present	 study	was	 undertaken	 to	 evaluate	 the	 age	 of	 onset	 and	
the	 severity	 of	 epistaxis	 in	 HHT	 patients,	 comparing	 HHT1	 with	 HHT2.	 A	 retrospective,	
questionnaire	based,	analysis	was	performed	including	466	HHT	patients,	294	HHT1	patients	
and	172	HHT2.	Data	were	stratified	for	age,	gender	and	ancestral	background,	to	evaluate	
their	influence	on	the	severity	of	the	phenotype.	We	found	that	in	HHT1	epistaxis	occurred	
significantly	earlier	in	life	than	in	HHT2,	in	both	men	and	women	and	in	both	patients	from	
the	Netherlands	 and	 from	 the	Dutch	Antilles.	 The	number	of	 nosebleeds	 increases	with	
increasing	 age,	 in	 HHT1	 and	 HHT2,	 without	 gender	 differences.	 In	 our	 study,	 gender	 or	
ancestral	background	has	no	apparent	influence	on	the	occurrence	or	severity	of	epistaxis.	
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Introducti	on
Hereditary	 hemorrhagic	 telangiectasia	 	 (HHT)	 or	 Rendu-Osler-Weber	 disease	 is	 an	
autosomal	dominant	disease	characterized	by	the	presence	of	multi	ple	direct	arteriovenous	
connecti	ons	(AVMs).	Larger	AVMs	occur	in	the	liver	(HAVM),	brain	(CAVM)	and	lungs	(PAVM).	
Complicati	ons	of	larger	AVMs	result	from	bleeding	and	shunti	ng	and	warrant	screening	for	
these	manifestati	ons,	especially	 for	AVMs	 in	the	 lung	 (PAVMs).	Smaller	 lesions	are	called	
telangiectases	 and	 they	 present	 on	 the	 skin,	 mucosa	 of	 the	mouth,	 digesti	ve	 tract	 and	
parti	cularly	in	the	nose.	Telangiectases	can	bleed	easily	and	telangiectases	of	the	nose	can	
result	in	spontaneous	epistaxis.	Spontaneous	and	recurrent	epistaxis	is	usually	the	presenti	ng	
symptom	in	HHT	[1-3],	frequently	leading	to	severe	anemia	requiring	iron	supplementati	on	or	
blood	transfusions.	Pati	ents	identi	fy	epistaxis	as	a	major	health	concern	that	aff	ects	every	
day	life	and	is	an	important	factor	reducing	quality	of	live	[4].

Recurrent	 spontaneous	 epistaxis	 occurs	 in	 85-95%	 of	 the	 pati	ents	 with	 HHT	 and	 is	
therefore	one	of	the	main	criteria	for	the	clinical	diagnosis.	The	clinical	criteria	to	establish	
the	clinical	diagnosis	are:	recurrent	and	spontaneous	epistaxis,	multi	ple	telangiectases	at	
characteristi	c	sites,	visceral	AVMs	and	a	fi	rst	degree	relati	ve	with	HHT.	Three	of	 the	 four	
criteria	are	required	for	a	defi	nite	clinical	diagnosis	[5].

In	the	majority	of	cases,	HHT	is	caused	by	mutati	ons	in	one	of	two	genes:	in	the	gene	
coding	 for	 endoglin	 (ENG,	 OMIM	 131195)	 or	 acti	vin	 receptor-like	 kinase	 (ACVRL1-ALK1,	
OMIM	601284)	[6,7].	ENG	mutati	ons	result	in	HHT1,	ACVRL1	mutati	ons	cause	HHT2.	In	2004,	
pati	ents	with	a	combined	phenotype	of	both	HHT	and	 juvenile	polyposis	were	shown	to	
carry	SMAD4	mutati	ons	(OMIM	600993)	[8].	A	few	families	with	classical	HHT,	not	linked	to	
ENG,	ACVRL1	or	SMAD4	were	linked	to	chromosome	5	and	chromosome	7	[9,10].	

DNA	analysis	in	the	Netherlands	has	shown	ENG	to	be	the	cause	in	the	majority	of	cases	in	
this	populati	on;	53%	of	the	families	have	ENG	mutati	ons	whereas	40%	show	ACVRL1	mutati	ons	
[7].	In	the	Dutch	Anti	lles,	only	ENG	mutati	ons	occur	with	three	diff	erent	haplotypes	[11].	

To	 disti	nguish	 between	 HHT1	 and	 HHT2,	 mutati	on	 analysis	 is	 required.	 The	 clinical	
symptoms	in	HHT1	and	HHT2	are	similar,	but	the	frequency	of	the	diff	erent	symptoms	is	
diff	erent	for	ENG	or	ACVRL1	mutati	ons.	There	is	a	signifi	cantly	higher	prevalence	of	PAVMs	
and	CAVMs	in	HHT1	and	HAVM	in	HHT2	[12].	Dermal	telangiectases	tend	to	occur	earlier	in	
HHT2	than	in	HHT1,	but	mucosal	lesions	are	present	at	a	signifi	cantly	earlier	age	in	HHT1	
[13].	Nasal	telangiectases,	the	cause	of	nosebleeds,	were	found	to	be	present	in	92%	of	the	
Dutch	HHT1	pati	ents	and	in	67%	of	the	HHT2	pati	ents	at	the	age	of	20	years.	A	signifi	cantly	
earlier	onset	of	epistaxis	 in	HHT1	has	been	 reported	several	ti	mes,	but	mostly	based	on	
limited	number	of	pati	ents	[3,	14-19].	To	our	knowledge,	an	age-related	analysis	has	only	been	
performed	once	 [17],	but	to	date	no	disti	ncti	on	has	been	made	between	male	and	female	
pati	ents	for	the	frequency	and	severity	of	epistaxis.	The	present	study	was	undertaken	to	
evaluate	the	age	of	onset	and	the	severity	of	epistaxis	in	a	large	group	of	pati	ents	with	HHT1	
and	HHT2	from	The	Netherlands	and	the	Dutch	Anti	lles.	Data	were	also	strati	fi	ed	for	age,	
gender	and	ancestral	origin	to	establish	whether	these	have	an	infl	uence	on	the	severity	of	
the	phenotype.	
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Patients	and	Methods

Data	collection

We	 performed	 a	 retrospective	 cross-sectional	 study	 of	 patients	 registered	 at	 an	 HHT	
outpatient	clinic	(Antonius	hospital,	Nieuwegein).	The	patient	population	consisted	of	Dutch	
patients	and	Dutch	Antillean	patients	because	family	screening	has	been	carried	out	in	The	
Netherlands	and	the	Antillean	Islands	(Curaçao	and	Bonaire).	Patients	registered	with	the	
HHT	clinic	attend	the	clinic	regularly	for	screening	for	HHT-associated	pathology.	As	a	part	of	
the	regular	clinical	care,	probands	and	family	members	were	screened	for	the	presence	of	
mutations	in	the	ACVRL1	gene	and	the	ENG	gene,	as	described	previously	[7].	For	this	study,	
patients	with	either	HHT1	or	HHT2	were	included.	All	patients	gave	informed	consent	for	
this	study.	

A	 standard	 questionnaire	 has	 been	 used	 with	 queries	 concerning	 the	 age	 of	 onset	
of	 epistaxis	 and	 the	 frequency	 of	 epistaxis	 during	 the	 preceding	 year.	 Furthermore,	 the	
questionnaires	contained	queries	about	treatment	of	epistaxis	and	the	results	of	treatment.	
As	a	measure	of	severity,	we	used	the	number	of	nosebleeds	per	month.	The	frequency	of	
epistaxis	was	scored	in	grade	1	(no	epistaxis	to	once	a	week),	grade	2	(epistaxis	2	to	6	times	a	
week)	or	grade	3	(>	daily	epistaxis).	Demographic	variables	such	as	gender,	age	and	ethnicity	
were	recorded.	When	necessary,	incomplete	questionnaires	were	completed	by	telephone	
interview.

The	study	population	consisted	of	466	Dutch	and	Dutch	Antillean	patients	with	HHT1	
and	Dutch	patients	with	HHT2.	Of	 the	questionnaires,	 27	were	 completed	by	 telephone	
interview,	23	questionnaires	from	Dutch	patients	and	4	from	patients	originating	from	the	
Dutch	Antilles.	As	described	previously,	family	screening	was	carried	out	in	The	Netherlands	
and	 the	 Antillean	 Islands,	 Curaçao	 and	 Bonaire	 [20,	 21].	 Dutch	 patients	 are	 of	 Caucasian	
descent,	whereas	 Antillean	 patients	 are	 of	 African	 descent.	 Only	 patients	with	 a	 known	
family	mutation	 and	with	 a	 genetic	 diagnosis	 or	 a	 definite	 clinical	 diagnosis	 (>	 3	 of	 the	
Curacao	criteria)	were	included	for	this	analysis.

Statistical	analysis

Differences	in	number	of	patients	with	HHT1	or	HHT2,	gender	of	the	patients	and	ethnicity	
were	examined	using	χ2	statistics.	Age	at	inclusion	and	age	at	first	occurrence	of	epistaxis	was	
investigated	using	analysis	of	variance.	Differences	between	first	occurrence	of	symptoms	
stratified	by	gender,	ethnicity	or	HHT	subtype	were	examined	using	Kaplan-Meier	analysis.	
In	order	to	relate	the	severity	of	epistaxis	to	age,	we	graded	frequency	of	epistaxis	(ranging	
from	grade	0	to	grade	3)	and	we	divided	age	in	4	categories	(i.e.,	below	21	years,	21-40,	41-
60,	and	61	years	and	over).
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Results
We	included	a	total	of	466	pati	ents,	294	pati	ents	(63.1%)	diagnosed	with	HHT1:	105	(22.5%)	
from	the	Dutch	Anti	lles	and	189	(40.6%)	from	The	Netherlands,	consisti	ng	of	124	men	and	
170	women.	Of	our	total	cohort,	172	pati	ents	(36.9%)	were	diagnosed	with	HHT2,	72	men	
and	100	women	of	Dutch	descent	(Table	1).	

The	mean	 age	 at	 inclusion	was	 signifi	cantly	 lower	 in	 HHT1	 compared	 to	 HHT2,	 38.0	
versus	44.3	years	respecti	vely	(p	<	0.001),	for	both	the	Dutch	HHT1	populati	on	(37.9	years,	
p	 =	 0.001)	 and	 the	Anti	llean	 populati	on	 (38.2	 years,	 p	 =	 0.007),	 suggesti	ng	 earlier	 clinic	
att	endance	of	HHT1	pati	ents	than	HHT2	pati	ents.	The	age	distributi	on	was	similar	in	men	
and	women	with	HHT1	or	with	HHT2	(data	not	shown).	

Table 1 -	Ethnicity,	age,	and	gender	of	study	populati	on

HHT1 HHT2

	 Dutch Anti llian total total
N (mean age 
± SD) 189	(37.9	yr	±	18.5) 105	(38.2	yr	±	18.8) 294	(38.0	yr	±	18.6) 172	(44.3	yr	±	16.9)

gender (M/F) 0.67 0.84 0.73 0.72
male	

(mean	age;	SD) 76	(35.5	yr	±	18.8) 48	(38.2	yr	±	19.5) 124	(36.5	yr	±	19.1) 72	(44.8	yr	±	16.5)
female	

(mean	age;	SD) 113	(39.5	yr	±	18.1) 57	(38.2	yr	±	18.3) 170	(39.1	yr	±	18.1) 100	(44.0	yr	±	17.3)
number of 
families 27 8 35 39
number of 
mutati ons 20 3 23 33

epistaxis (%) 182	(96.3%) 97	(92.4%) 279	(94.9%) 156	(90.7%)

	male	(%) 75	(98.7%) 45	(93.7%) 120	(96.8%) 67	(93.1%)

female	(%) 107	(94.7%) 52	(91.2%) 159	(93.5%) 89	(89.0%)

Prevalence	of	epistaxis	
In	the	total	populati	on,	spontaneous	and	recurrent	epistaxis	was	not	signifi	cantly	diff	erent	
between	HHT1	(94.9%)	and	HHT2	(90.7%)	(p	=	0.128),	in	men	or	in	women,	despite	a	younger	
mean	 age	 in	 HHT1	 (Table	 1).	More	men	 than	women	 tended	 to	 have	 epistaxis	 in	 HHT1	
(in	both	Dutch	and	Anti	llean	pati	ents)	 and	HHT2,	but	 the	diff	erence	was	not	 stati	sti	cally	
signifi	cant	(data	not	shown).	

31	pati	ents	did	not	have	epistaxis,	15/294	pati	ents	with	HHT1	and	16/172	with	HHT2	
(p	=	0.079).	Gender	did	not	infl	uence	the	absence	of	epistaxis	(p	=	0.128;	22/270	women	
and	9/196	men).	The	31	pati	ents	without	epistaxis	(33.7	years)	were	signifi	cantly	younger	
compared	to	the	pati	ents	with	epistaxis	(40.8	years;	p	=	0.035).	For	3	pati	ents,	the	age	of	
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onset	of	epistaxis	was	not	known	(Table	2a).	
The	onset	of	epistaxis	is	shown	in	figure	1	and	tables	2a	and	2b	stratified	for	ethnicity	and	

gender.	Epistaxis	occurred	significantly	earlier	in	patients	with	HHT1	compared	to	patients	
with	HHT2	 (p	<	0.001)	 for	both	Dutch	and	Antillean	patients.	 There	were	no	differences	
in	the	age	of	onset	of	epistaxis	between	men	and	women,	with	either	HHT1	(Antillean	or	
Dutch;	p	=	0.458	or	0.164,	respectively)	or	HHT2	(p	=	0.903)	(data	not	shown).

Table 2a -	First	occurrence	of	epistaxis	in	age	categories,	stratified	for	gender,	in	patients	with	HHT1	
and	HHT2

HHT1 total HHT2 total

age category, N (%) males females total males females total

0-10	yrs 81	(65.3%) 110	(64.7%) 191	(65%) 25	(34.7%) 42	(42%) 67	(39%)

11-20	yrs 27	(21.8%) 27	(15.9%) 54	(18.4%) 11	(15.3%) 20	(20%) 31	(18%)

21-30	yrs 3	(2.4%) 12	(7.1%) 15	(5.1%) 13	(18.1%) 10	(10%) 23	(13.4%)

31-40	yrs 4	(3.2%) 7	(4.1%) 11	(3.7%) 12	(16.7%) 9	(9%) 21	(12.2%)

41-50	yrs 5	(4.0%) 0	(0%) 5	(1.7%) 4	(5.5%) 2	(2%) 6	(3.5%)

51-60	yrs 0	(0%) 1	(0.6%) 1	(0.3%) 1	(1.4%) 2	(2%) 3	(1.7%)

61-70	yrs 0	(0%) 1	(0.6%) 1	(0.3%) 0	(0%) 3	(3%) 3	(1.7%)

unknown 0	(0%) 1	(0.6%) 1	(0.3%) 1	(0.9%) 1	(1%) 2	(1.2%)

no epistaxis 4	(3.2%) 11	(6.5%) 15	(5.1%) 5	(6.9%) 11	(11%) 16	(9.3%)

total 124 170 294 72 100 172

Table 2b -	First	occurence	of	epistaxis	in	age	categories,	stratified	for	gender,	in	Dutch	and	Antillean	
patients	with	HHT1

HHT1 Dutch HHT1 Antillian

age category, N (%) males females total males females total

0-10	yrs 49	(64.5%) 79	(69.9%) 128	(68.3) 32	(66.7%) 31	(54.4%) 63	(60%)

11-20	yrs 16	(21.1%) 13	(11.5%) 29	(15.3%) 11	(22.9%) 14	(24.6%) 25	(23.8%)

21-30	yrs 2	(2.6%) 9	(7.9%) 11	(5.8%) 1	(2.1%) 3	(5.3%) 4	(3.8%)

31-40	yrs 3	(3.9%) 4	(3.6%) 7	(3.7%) 1	(2.1%) 3	(5.3%) 4	(3.8%)

41-50	yrs 5	(6.6%) 0	(0%) 5	(2.6%) 0	(0%) 0	(0%) 0	(0%)

51-60	yrs 0	(0%) 1	(0.9%) 1	(0.5%) 0	(0%) 0	(0%) 0	(0%)

61-70	yrs 0	(0%) 1	(0.9%) 1	(0.5%) 0	(0%) 0	(0%) 0	(0%)

unknown 0	(0%) 0	(0%) 0	(0%) 0	(0%) 1	(1.7%) 1	(0.9%)

no epistaxis 1	(1.3%) 6	(5.3%) 7	(3.7%) 3	(6.3%) 5	(8.8%) 8	(7.6%)

total 76 113 189 48 57 105
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Figure 1 -	Kaplan-Meier	curve	showing	probability	of	being	aff	ected	with	epistaxis	 for	Dutch	HHT1	
and	HHT2	subjects	and	Anti	llian	HHT1	pati	ents.	Age	categories	are	on	the	X-axis,	on	the	Y-axis	 the	
proporti	on	of	persons	with	epistaxis.	Persons	without	epistaxis	were	not	included	in	this	analysis	

Severity	of	epistaxis
The	severity	of	epistaxis	was	strongly	correlated	with	the	age	of	the	pati	ents	(fi	gures	2	and	
3).	Pati	ents	without	epistaxis	were	younger	than	pati	ents	with	epistaxis	grade	1,	pati	ents	
with	epistaxis	grade	1	were	younger	than	pati	ents	with	epistaxis	grade	2,	and	so	on	(p	<	
0.001).	This	eff	ect	was	stati	sti	cally	signifi	cant	for	both	men	and	women,	and	Dutch	pati	ents	
with	HHT1	and	HHT2.	Data	for	Anti	llean	pati	ents	did	not	reach	signifi	cance	due	to	the	lower	
number	of	cases;	(data	not	shown).

Eff	ect	of	treatment
The	informati	on	about	nasal	treatment	was	limited.	Since	the	pati	ents	did	not	usually	know	
the	 specifi	c	 treatment	modality,	 e.g.	 YAG	 laser	 or	 argonplasma	 coagulati	on,	 the	 various	
treatment	modaliti	es	were	grouped	together.	37	HHT1	pati	ents	(18	men	and	19	women)	
and	37	HHT2	pati	ents	(24	men	and	13	women)	were	treated,	oft	en	several	ti	mes	and	with	
several	diff	erent	modaliti	es.	Lasti	ng	benefi	t	occurred	in	only	16%	of	the	treated	pati	ents.	
The	percentage	of	successful	treatment	would	be	lower	when	not	the	number	of	pati	ents,	
but	the	number	of	treatments	was	taken	into	account.	
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Figure 2 -	Severity	of	epistaxis	in	patients	with	HHT1	by	age	category

Figure 3 -	Severity	of	epistaxis	in	patients	with	HHT2	by	age	category

Discussion
In	 this	 study	 a	 retrospective	 analysis	 was	 performed	 to	 establish	 phenotypic	 variability	
regarding	the	severity	and	age	of	onset	of	epistaxis,	comparing	HHT1	and	HHT2.	Furthermore,	
within	HHT1	and	HHT2,	the	influence	of	gender	and	ethnicity	was	analyzed.	

The	 overall	 frequency	 of	 spontaneous	 recurrent	 epistaxis	 did	 not	 differ	 significantly	
between	 patients	 with	 HHT1	 (95%)	 compared	 to	 HHT2	 (91%).	 These	 percentages	 are	
in	 concordance	 with	 the	 presence	 of	 nasal	 telangiectases	 in	 (approximately)	 the	 same	
population;	nasal	telangiectases	were	present	in	95%	of	patients	with	HHT1	and	92%	with	
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HHT2	[13]	and	similar	to	the	frequencies	published	in	earlier	studies	[15,17,18].		Furthermore,	in	
HHT1	nosebleeds	are	present	at	an	earlier	age	in	both	males	and	females.	Within	HHT1,	no	
diff	erence	was	found	between	Dutch	pati	ents	or	pati	ents	from	the	Dutch	Anti	lles.	

Earlier	 studies	also	describe	an	earlier	onset	of	epistaxis	 in	HHT1	 than	HHT2.	Bayrak-
Toydemir	et al.[18]	found	 in	both	HHT1	and	HHT2	that	all	pati	ents	 (100%)	above	40	years,	
had	epistaxis,	Lesca	et al.[17],	described	persons	without	epistaxis	only	in	HHT2	(9%	above	60	
years).	Sabba	et al.[15]	found	epistaxis	in	91%	of	HHT1	pati	ents	and	95%	of	the	HHT2	pati	ents.

In	our	cohort,	absence	of	epistaxis	occurred	more	oft	en	in	women	(22)	than	in	men	(9),	
in	both	HHT1	(3.2%	versus	6.5%)	and	in	HHT2	(6.9%	versus	11%).	It	is	possible	that	several	
pati	ents	without	epistaxis	might	sti	ll	develop	nosebleeds,	because	of	their	age	at	the	ti	me	
of	the	questi	onnaire.	

It	has	been	suggested	that	supplemental	estrogens	might	have	benefi	cial	infl	uence	on	
epistaxis	[22].	But	only	4	of	22	women	without	epistaxis	were	known	to	use	estrogens	(data	
not	shown).	

The	 clustering	 of	 pati	ents	 into	 age	 categories	 created	 a	 relati	onship	 between	 age	 of	
onset	and	epistaxis.	Although	this	is	a	cross	secti	onal	analysis,	it	can	be	a	very	useful	tool	for	
clinicians	because	it	is	a	refl	ecti	on	of	the	age-related	penetrance.	Strati	fi	cati	on	of	the	data	
by	age	category	also	has	the	benefi	t	of	circumventi	ng	bias	created	by	referral	at	a	younger	
age.		Correcti	on	for	referral	bias	by	excluding	probands	from	the	analysis	was	not	performed	
in	this	study.	We	have	shown	in	earlier	publicati	ons,	that	the	data	on	nasal	telangiectases	
(the	cause	of	nosebleeds)	did	not	change	signifi	cantly	when	excluding	the	probands	[13].		

HHT1	pati	ents	were	signifi	cantly	younger	than	pati	ents	with	HHT2.	This	is	not	surprising,	
since	 pati	ents	with	HHT1	 have	more	 oft	en	 a	 PAVM	or	 CAVM	 [12].	 Therefore	more	 family	
members	with	severe	complicati	ons	or	symptoms	will	be	known	in	these	families,	promoti	ng	
screening	of	the	other	family	members	and	resulti	ng	in	a	younger	age	at	presentati	on.	To	
avoid	 interference	of	our	 results	by	 this	age	diff	erence,	age	categories	were	established.	
These	show	that	the	onset	of	epistaxis	is	signifi	cantly	earlier	in	HHT1	than	in	HHT2,	as	well	
in	men	as	 in	women.	Accordingly,	nasal	 telangiectases	occurred	also	earlier	 in	HHT1	 in	a	
comparable	but	not	totally	similar	populati	on	[13].	At	age	20	years,	84%	of	the	pati	ents	with	
HHT1	reported	epistaxis,	compared	to	only	57%	of	the	pati	ents	with	HHT2.	No	diff	erence	
was	detected	comparing	the	onset	of	epistaxis	in	Dutch	HHT1	pati	ents	with	Anti	llean	HHT1	
pati	ents.

The	clinical	diagnosis	of	HHT	is	based	on	the	Curaçao	criteria	[5].	One	of	the	4	criteria	is	
spontaneous	recurrent	epistaxis.	Three	criteria	are	required	for	a	defi	nite	clinical	diagnosis.	
Usually,	a	 family	history	of	HHT	 is	present,	but	PAVMs	and	CAVMs	are	 rare,	especially	 in	
HHT2	[12].	Furthermore,	pati	ents	under	the	age	of	20	years	with	HHT2	have	dermal	and	oral	
telangiectases	only	in	a	minority	of	the	pati	ents,	38.5%	and	30.8%	[13].	Epistaxis	is	present	in	
57%	of	the	pati	ents	and	nasal	telangiectases	in	67%	of	the	pati	ents	under	the	age	20	years.	
These	fi	gures	indicate	that	the	clinical	diagnosis	can	be	missed	easily	in	pati	ents	with	HHT2	
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at	or	under	age	20	years.	Especially	in	these	age	categories	and	especially	in	HHT2,	a	clinical	
diagnosis	cannot	be	excluded	when	manifestations	of	HHT	are	absent	and	warrants	DNA	
analysis,	for	certainty.	

Severity	of	epistaxis
The	severity	of	epistaxis	is	difficult	to	establish.	The	amount	of	blood	loss	and	the	duration	
of	the	bleeding	may	vary	in	time	and	is	hard	to	quantify.	Therefore	only	the	frequency	of	
epistaxis	in	the	preceding	year	has	been	taken	into	account	in	this	study.	The	mean	age	of	
patients	increased	significantly	with	increasing	frequency	of	epistaxis,	suggesting	increasing	
number	of	nosebleeds	with	increasing	age.	The	significant	aggravation	with	age	was	present	
in	both	males	and	females	in	Dutch	patients	with	HHT1	and	HHT2.	The	influence	of	treatment	
on	the	frequency	of	epistaxis	has	not	been	evaluated	because	only	13%	of	the	patients	with	
HHT1	 and	21%	of	 the	patients	with	HHT2	were	 known	 to	have	been	 treated.	Moreover	
details	 of	 the	 treatment	were	 not	 available	 and	 only	 12	 of	 74	 patients	 reported	 lasting	
improvement	of	 the	treatment.	These	poor	results	are	 in	accordance	with	the	 literature,	
which	indicated	that	failure	of	short	term	palliation	is	the	rule	and	that	the	natural	history	
is	 usually	 not	 altered.	 [23].	 It	 should	 be	mentioned	 that	 septodermatoplasty	 according	 to	
Saunders	with	 the	 Ross	modification	 seems	 promising	 in	 case	 of	 transfusion	 dependent	
epistaxis	[24-26].	In	the	present	study	only	14	patients	had	some	form	of	dermatoplasty.	
In	conclusion,	in	HHT1	and	HHT2	the	majority	of	patients	develop	epistaxis.	In	HHT1	epistaxis	
occurs	earlier	in	life	compared	to	HHT2	in	both	males	and	females.	Comparison	within	HHT1	
and	HHT2	revealed	no	significant	differences,	suggesting	the	onset	or	severity	of	epistaxis	
is	not	influenced	by	gender.	In	HHT1	onset	of	epistaxis	was	similar	for	both	Antillean	and	
Dutch	HHT1	patients	(males	and	females).	This	means	that	different	ancestral	backgrounds	
(different	 genetic	 backgrounds?)	 apparently	 do	 not	 influence	 this	 manifestation	 of	 the	
disease,	which	is	confirmed	by	similar	frequencies	of	epistaxis	in	different	populations.	The	
number	of	nosebleeds	increases	with	increasing	age	in	Dutch	patients	with	HHT1	and	HHT2.	
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Abstract
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 is	 an	 autosomal	 dominant	 disorder	 with	
mucocutaneous	 telangiectasia	 and	 visceral	 arteriovenous	 malformations.	 Mutations	 of	
endoglin	and	Activin	A	receptor	like	kinase-1	have	different	phenotypes,	HHT1	and	HHT2,	
respectively.	 The	 gastrointestinal	 tract	 is	 frequently	 affected,	 but	 limited	 information	 is	
available	on	the	relationship	with	genotype.				
The	aim	of	this	study	is	to	determine	whether	different	genotypes	have	different	phenotypes	
with	 respect	 to	 intestinal	 telangiectasia.	 HHT	 patients,	 referred	 for	 anemia	 underwent	
videocapsule	endoscopy.	Chart	review	was	performed	for	information	on	genotype	and	HHT	
manifestations.

Twenty-five	 patients	 were	 analyzed	 (men/women	 13/9,	 mean	 age	 49±15	 years.),	 14	
HHT1,	eight	HHT2	and	three	without	known	mutation.	Epistaxis	occurred	in	96%	of	patients.	
Gastroduodenoscopy	 revealed	 telangiectasia	 in	 7/12	 (58%)	 HHT1	 and	 3/8	 (38%)	 HHT2	
patients.	 Videocapsule	 endoscopy	 found	 telangiectasia	 in	 all	 HHT1	 and	 5/8	 (63%)	 HHT2	
patients.	In	9/14	HHT1	patients,	telangiectasia	were	large.	Telangiectasia	in	the	colon	was	
restricted	to	6/11	(55%)	HHT1	patients.	Hepatic	arteriovenous	malformations	were	present	
in	1/7	HHT1	and	5/6	HHT2	patients.

Thus,	large	telangiectasia	in	small	intestine	and	colon	appear	to	occur	predominantly	in	
HHT1.	Hepatic	arteriovenous	malformations	are	mainly	found	in	HHT2.	In	HHT	patients	with	
unexplained	anemia,	videocapsule	endoscopy	should	be	considered	to	determine	the	size	
and	extent	of	telangiectasia	and	exclude	other	abnormalities.
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Introducti	on			
HHT	 or	 Rendu-Osler-Weber’s	 disease	 is	 a	 hereditary	 autosomal	 dominant	 disorder	 with	
variable	expression.	Telangiectases	are	present	at	characteristi	c	sites	like	the	lips,	oral	cavity,	
nose	and	fi	ngers	in	about	90%	of	the	pati	ents.	Epistaxis	frequently	is	the	fi	rst	manifestati	on	
of	the	disease.	The	gastrointesti	nal	tract	is	frequently	involved,	but	the	exact	prevalence	of	
the	 intesti	nal	 lesions	 is	not	known	 [1-3].	Gastrointesti	nal	hemorrhage	 is	seen	 in	10-45%	of	
pati	ents	[4-6].	Other	manifestati	ons	of	HHT	are	due	to	visceral	arteriovenous	malformati	ons,	
which	can	occur	in	lungs,	liver	and	brain.

So	far,	mutati	ons	of	endoglin	(ENG;	OMIM	131195)	on	chromosome	9,	of	Acti	vin	A	receptor	
like	kinase-1	(ALK-1;	OMIM	601284)	on	chromosome	12	and	MADH4	on	chromosome	18	
have	been	demonstrated	to	be	the	geneti	c	basis	of	HHT	[7-9].	These	diff	erent	genotypes	have	
diff	erent	phenotypes.	The	ENG	mutati	on	predisposes	to	the	HHT1	phenotype	associated	with	
pulmonary	arteriovenous	malformati	ons	(PAVM)	and	cerebral	arteriovenous	malformati	ons	
(CAVM)	[10].	Mutati	ons	in	the	ACVRL1	gene,	the	HHT2	phenotype,	are	associated	with	a	later	
onset,	 a	milder	 phenotype	 and	with	 hepati	c	 arteriovenous	malformati	ons	 (HAVM)	 [10,11].	
MADH4	mutati	on	is	associated	with	the	combinati	on	of	HHT	and	juvenile	polyposis	[8].

Litt	 le	 informati	on	 is	available,	however,	on	the	prevalence	of	gastrointesti	nal	vascular	
malformati	ons	 in	 pati	ents	 with	 HHT.	 Telangiectases	 are	 located	 preferenti	ally	 in	 the	
proximal	stomach	[12-14].	Pati	ents	above	50	years	are	more	likely	to	have	gastric	or	duodenal	
telangiectases	 than	pati	ents	younger	 than	50	years	 [14].	Data	concerning	 the	 involvement	
of	 the	 small	 intesti	ne	 in	 HHT	 are	 sparse.	 Unti	l	 recently,	 complete	 examinati	on	 of	 the	
small	 intesti	ne	could	only	be	achieved	by	 intraoperati	ve	enteroscopy.	With	the	advent	of	
videocapsule	endoscopy	(VCE)	the	enti	re	small	intesti	ne	can	be	visualized	in	a	non-invasive	
way	[15].	

We	therefore	investi	gated	the	relati	onship	between	HHT	phenotype,	with	an	emphasis	
on	the	occurrence	of	small	intesti	nal	telangiectasia	as	assessed	by	VCE,	and	the	genotype.	
These	 data	 may	 have	 implicati	ons	 for	 the	 understanding	 and	 clinical	 management	 of	
intesti	nal	blood	loss	in	HHT	pati	ents.

Methods

Pati	ents

Twenty-fi	ve	pati	ents	with	known	HHT,	based	on	the	Curaçao	criteria	were	selected	because	
their	medical	history	revealed	anemia	insuffi		ciently	explained	by	epistaxis	 [16].	All	pati	ents	
except	numbers	3,	9	and	20	are	a	subgroup	of	the	HHT	populati	on	previously	described	by	
Lett	eboer	et al.[7,11].	A	chart	review	of	HHT	manifestati	ons	was	performed	for	all	the	pati	ents.	
Subgroup	 analysis	 was	 performed	 for	 genotype,	 age	 and	 sex.	 The	 presence	 of	 visceral	
arteriovenous	malformati	ons	was	established	by	chest	radiograph,	abdominal	ultrasound,	
computed	tomography-scanning,	magneti	c	resonance	imaging	or	angiography.	In	pati	ents	
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who	 underwent	 gastroduodenoscopy,	 the	 telangiectases	 were	 classified	 depending	 on	
the	 presence	 in	 esophagus,	 stomach	 or	 duodenum.	 For	 description	 of	 telangiectasia	 in	
the	duodenum,	data	from	gastroduodenoscopy	and	VCE	were	used.	If	a	colonoscopy	was	
performed,	the	presence	or	absence	of	 telangiectasia	was	noted.	All	patients	underwent	
VCE.

Videocapsule	endoscopy			

VCE	was	performed	using	the	Given	Imaging	M2A	wireless	capsule	(Given	Imaging,	Yoqneam,	
Israel),	as	described	previously	[17].	In	brief,	a	swallowable	capsule	is	propelled	by	intestinal	
peristalsis	 taking	 two	 pictures	 per	 second	 of	 the	 intestine.	 Images	 are	 transmitted	 to	
antennas	on	the	abdominal	wall	for	registration,	and	can	be	downloaded	to	a	work	station.			

The	 VCE	 images	 were	 reviewed	 by	 one	 of	 four	 gastroenterologists	 with	 extensive	
experience	 of	 using	 this	 technique,	 without	 knowledge	 of	 the	 results	 of	 HHT	mutation	
analysis.	Vascular	malformations	were	classified	for	location	(stomach,	proximal	duodenum,	
small	intestine	and	colon)	and	for	number	[none,	few	(<	5)	or	multiple	(>	5)].	As	the	size	of	
the	telangiectasia	cannot	be	measured	adequately	at	VCE,	they	were	assessed	as	large	or	
small.	 This	qualification	was	 reassessed	by	a	 second	 reviewer.	 In	 case	of	 large	and	 small	
telangiectasia	in	the	same	patient,	they	were	classified	as	large.

Figure 1 -	 Small	 intestinal	 telangiectasia	 detected	 by	 videocapsule	 endoscopy	 in	 four	 different	
hereditary	hemorrhagic	telangiectasia
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Stati	sti	cs			

Parametric	results	were	compared	by	two-sided	Student’s	t-test.	Group	proporti	ons	were	
compared	with	χ2	test	or	Fisher’s	exact	test	where	appropriate.	A	p <	0.05	was	considered	
signifi	cant.

Table 1 -	Phenotypic	diff	erences	between	HHT1	and	HHT2	pati	ents

	 HHT1 HHT2 P

n 14 8 	

age (years) 56	±14.9	 47±	13.9	 ns

sex (men/women) 7/7 6/2 ns

hemoglobin (mmol/l) 5.8±	0.9 	5.6±	1.6 ns

gastric AVM

				total 7/12	(58%) 3/5	(60%) ns

				large 3/12	(25%) 1/5	(20%)	 ns

small intesti ne AVM

				total 14/14	(100%) 5/8	(63%)	 0.005

				large 9/14	(64%) 1/8	(13%)	 0.02

colonic AVM

				total 6/11	(55%) 0/7(0%) 0.03

				large 	2/11	(18%) 0/7	(0%)	 ns

HAVM 1/7	(14%)	 5/6	(83%)	 0.02

epistaxis 13/14	(93%)	 7/8	(88%)	 ns

PAVM 	9/13	(69%) 	0/8	(0%)	 0.003

CAVM 2/9	(22%) 	0/8	(0%)	 ns

AVM,	 arteriovenous	malformati	ons;	 CAVM,	 cerebral	 arteriovenous	malformati	ons;	 HAVM,	 hepati	c	
arteriovenous	 malformati	ons;	 HHT1,	 hereditary	 hemorrhagic	 teleangiectasia	 1;	 HHT2,	 hereditary	
hemorrhagic	teleangiectasia	2;	PAVM,	pulmonary	arteriovenous	malformati	ons

			

Results
Twenty-fi	ve	 pati	ents	 were	 analyzed	 (men/women	 14/11,	 mean	 age	 49±17	 years,	 range	
18-72	years).	 Fourteen	pati	ents	 carried	 the	ENG	mutati	on	 (HHT1)	and	eight	pati	ents	 the	
ACVRL1	mutati	on	(HHT2).	In	three	pati	ents,	the	family	mutati	on	was	not	known	(HHT?).	No	
signifi	cant	diff	erence	was	found	between	HHT1	and	HHT2	pati	ents	concerning	age,	sex	and	
hemoglobin	level	(Table	1).
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Arteriovenous	malformations	of	the	digestive	tract			
Telangiectasia	 were	 found	 in	 the	 entire	 digestive	 tract	 in	 23/25	 patients	 (92%),	 at	
gastroduodenoscopy	in	14/21	patients	(67%),	at	VCE	in	19/25	(76%),	and	at	colonoscopy	in	
6/19	patients	(32%).	All	telangiectases	in	the	duodenum	that	were	detected	by	conventional	
endoscopy	were	confirmed	by	VCE.

Upper	digestive	tract			
Twenty-one	patients	underwent	a	gastroduodenoscopy.	This	revealed	upper	gastrointestinal	
telangiectasia	 in	 10	 (48%)	 patients.	 One	 patient	 (5%)	 had	 a	 small	 telangiectasy	 in	 the	
distal	 esophagus.	 Ten	 patients	 (48%)	 had	 gastric	 telangiectases,	 four	 of	 them	 had	 large	
telangiectasia.	 Six	 patients	 (29%)	 had	 duodenal	 telangiectases,	 three	 of	 them	 had	 both	
gastric	and	duodenal	telangiectasia	(Tables	2	and	3).	No	significant	differences	were	found	
in	the	prevalence	of	lesions	between	HHT1	and	HHT2.

Small	intestine			
All	 patients	 underwent	 VCE	without	 complications.	 The	 average	 gastric	 transit	 time	was	
25±35	min	and	small	intestinal	transit	time	was	264±91	min.	The	cecum	was	reached	in	96%.	
Small	bowel	telangiectases	were	found	in	19/25	(76%)	patients	(Fig.	1).	In	all	HHT1	patients,	
telangiectases	were	present	 in	 the	small	 intestine.	 In	9/14	 (64%)	patients,	multiple	 large	
telangiectases	were	 seen,	whereas	 the	other	 patients	 had	multiple	 small	 telangiectases.	
Telangiectases	were	present	 in	5/8	 (63%)	of	HHT2	patients.	Multiple	 large	telangiectases	
were	found	in	one	patient	and	few	small	telangiectases	were	found	 in	four	patients.	The	
occurrence	of	telangiectasia	and	large	telangiectasia	was	therefore	more	frequent	in	HHT1,	
than	in	HHT2	patients	(p	=	0.005	and	0.02,	respectively).	 In	four	patients,	active	bleeding	
was	seen	during	VCE,	three	of	them	were	HHT1	patients.	 In	two	HHT?	patients,	multiple	
small	telangiectasia	were	found	and	in	one	HHT?	patients	VCE	was	without	abnormalities.

Six	HHT1	patients	were	younger	than	50	years,	three	of	them	had	large	telangiectasia	
and	 the	 other	 three	 had	 small	 telangiectasia.	 Eight	 HHT1	 patients	 were	 older	 than	 50	
years	and	7/8	(88%)	of	them	had	multiple	large	telangiectases	and	one	(13%)	had	multiple	
small	telangiectases	(p	=	NS).	Three	HHT2	patients	were	younger	than	50	years	and	had	no	
abnormalities	at	VCE,	whereas	all	five	patients	older	than	50	years	had	telangiectasia	(p	=	
0.02).	No	major	abnormalities	except	telangiectasia	were	detected	by	VCE.	In	one	patient,	
the	presence	of	a	polyp	in	the	proximal	small	intestine	was	suggested,	which	could	not	be	
confirmed	by	push	enteroscopy.	In	two	other	patients,	superficial	erosions	in	the	stomach	
were	found.
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Colon			
Colonoscopy	was	performed	in	19	pati	ents.	Telangiectases	were	found	in	six	(32%)	pati	ents.	
Two	of	them	had	a	solitary	large	telangiectasy,	one	pati	ent	had	a	small	solitary	lesion	and	
three	had	multi	ple	small	telangiectases.	All	six	pati	ents	with	telangiectasia	belonged	to	the	
11	 examined	HHT1	pati	ents	 (55%).	None	of	 the	HHT2	pati	ents	 had	 telangiectasia	 in	 the	
colon	(p =	0.03).

Liver			
HAVM	was	present	in	six	pati	ents.	In	HHT1	pati	ents	1/7	(14%)	had	a	HAVM,	and	in	HHT2	
pati	ents	5/6	(83%)	had	a	HAVM	(p	=	0.02).	The	presence	of	a	HAVM	was	not	known	in	seven	
HHT1	pati	ents	and	in	two	HHT2	pati	ents.	The	two	HHT?	pati	ents	who	were	examined	had	
no	HAVM.

HHT	manifestati	ons	outside	the	digesti	ve	tract			
Spontaneous	 recurrent	 epistaxis	was	 present	 in	 24/25	 pati	ents	 (96%)	 and	 no	 diff	erence	
between	HHT1	and	HHT2	pati	ents	was	found.	PAVM	were	present	in	11	pati	ents	(tables	2	
and	3).	In	case	of	HHT1	pati	ents	9/13	(69%)	had	a	PAVM,	whereas	in	HHT2	pati	ents	no	PAVM	
was	found	(p =	0.003).	Two	pati	ents	with	HHT?	had	a	PAVM.	In	one	HHT1	pati	ent	and	in	one	
HHT?	pati	ent,	the	presence	of	a	PAVM	was	not	examined.

Eighteen	pati	ents	were	analyzed	for	the	presence	of	a	CAVM.	CAVM	was	present	in	two	
HHT1	pati	ents	and	in	one	pati	ent	without	a	known	mutati	on	(p =	NS).

Discussion
HHT	 is	 a	 relati	vely	 rare	 disorder,	 but	many	 pati	ents	 aff	ected	 by	 this	 disease	 suff	er	 from	
recurrent	occult,	or	overt	gastrointesti	nal	bleeding,	oft	en	 leading	 to	anemia.	As	a	 result,	
these	 pati	ents	 may	 be	 presented	 to	 a	 gastroenterologist	 for	 diagnosis	 and	 treatment.	
Depending	on	the	site	of	telangiectasia,	treatment	with	argon-plasma	coagulati	on	can	be	
considered	and	in	case	of	diff	use	abnormaliti	es,	treatment	with	estrogens	may	be	tried	[4,18-21].	
Longacre	et al.[4]	also	described	the	possibility	of	treatment	with	danazol,	a	weak	androgen,	
or	aminocaproic	acid,	which	inhibits	fi	brinolysis.	There	is	however,	limited	informati	on	on	
the	distributi	on	of	telangiectasia	 in	the	small	 intesti	ne.	The	majority	of	studies	examined	
pati	ents	 by	 gastroduodenoscopy	 and	 colonoscopy,	 but	 litt	 le	 informati	on	 is	 available	 on	
the	small	 intesti	nal	manifestati	ons	of	HHT	as	 this	part	of	 the	digesti	ve	 tract	was	diffi		cult	
to	examine	using	endoscopic	techniques.	The	proximal	small	intesti	ne	can	be	investi	gated	
by	push	enteroscopy,	but	for	the	endoscopic	assessment	of	the	enti	re	small	intesti	ne,	unti	l	
recently	an	intraoperati	ve	enteroscopy	was	mandatory.
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This	 is	 an	 invasive	 procedure.	 Enteroclysis	 is	 not	 reliable	 for	 the	 detection	 of	 superficial	
mucosal	 abnormalities	 like	 telangiectasia.	 VCE	 is	 a	 new	 and	 non-invasive	 technique	 for	
endoscopic	evaluation	of	the	small	intestine.

The	presence	of	telangiectasia	in	the	small	intestine	of	HHT	patients	as	assessed	by	VCE	
has	been	reported	previously	 in	a	single	study	 [22].	 In	this	study,	gastroduodenoscopy	and	
VCE	were	performed	 in	20	HHT	patients	without	knowledge	of	 the	underlying	mutation.	
The	prevalence	of	telangiectasia	was	reported	to	be	56%,	with	a	preferential	occurrence	of	
telangiectasia	in	older	patients.

In	the	present	study,	telangiectasia	of	the	digestive	tract	were	found	in	92%	of	patients,	
which	is	much	higher	as	compared	with	the	study	of	Ingrosso	et al.[22].	The	difference	will	
probably	be	explained	by	selection	as	our	study	includes	only	patients	with	anemia.	Ingrosso	
et al.[22]	describe	patients	with	hemoglobin	level	varying	between	5.3	and	9.7	mmol/l	and	
report	a	 lower	hemoglobin	 level	 in	patients	with	 telangiectasia.	Although	our	 study	also	
includes	colonic	telangiectasia,	this	does	not	account	for	the	difference	because	all	patients	
with	colonic	telangiectasia	also	had	gastric	or	small	intestinal	telangiectasia.	An	interesting	
observation	was	the	absence	of	 telangiectases	at	colonoscopy	 in	HHT2	patients	whereas	
telangiectases	in	the	colon	were	found	in	43%	of	the	HHT1	patients.	In	the	small	intestine,	
telangiectases	were	 found	 at	VCE	 in	 all	HHT1	patients,	with	 large	 telangiectases	 in	 9/14	
(64%).	In	only	one	HHT2	patient	was	a	large	telangiectasy	found,	four	HHT2	patients	had	a	
few	small	telangiectases.	Four	patients	(2,	4,	7	and	24)	who	were	examined	in	our	study	had	
no	abnormalities	at	gastroduodenoscopy	and	colonoscopy,	but	multiple	large	telangiectases	
at	VCE.	The	absence	of	abnormalities	at	conventional	endoscopy	in	HHT	patients	therefore	
does	not	exclude	the	presence	of	large	telangiectasia	in	the	small	intestine.

			On	the	basis	of	previous	reports,	the	major	confounding	factor	in	the	gastrointestinal	
manifestations	 of	 HHT	 is	 age,	 because	 telangiectasia	 is	more	 frequent	 in	 patients	 older	
than	 50	 years	 [14].	 The	 only	 other	 study	 using	 VCE	 for	 the	 detection	 of	 small	 intestinal	
telangiectasia	also	reported	that	patients	without	telangiectasia	had	a	mean	age	of	45	years	
compared	with	a	mean	age	of	63	years	if	telangiectasia	were	present	[22].	These	findings	are	
compatible	with	a	study	by	Plauchu	et al.[23]	describing	324	HHT	patients	with	gastrointestinal	
bleeding	in	15%.	Half	of	the	patients	were	older	than	58	years	at	the	initial	manifestation	
of	gastrointestinal	bleeding	as	compared	with	the	manifestation	of	epistaxis	in	half	of	the	
patients	before	the	age	of	20	years.

So	far,	no	consistent	difference	in	the	gastrointestinal	manifestations	of	HHT1	and	HHT2	
could	be	established	[10,11].	In	a	study	comparing	39	HHT1	patients	and	16	HHT2	patients	[24],	
more	severe	gastrointestinal	bleeding	was	reported	in	HHT1	patients.	Berg	et al.[10]	describe	
data	from	49	HHT1	patients	and	34	HHT2	patients,	and	found	no	significant	difference	for	the	
prevalence	of	gastrointestinal	hemorrhage	between	both	groups.	A	separate	analysis	of	the	
prevalence	of	gastrointestinal	bleeding	in	patients	older	than	60	years	found	predominance	
for	HHT2	patients	(37	vs.	11%),	although	this	did	not	reach	statistical	significance	[10].	
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Our	 study	 found	a	higher	prevalence	of	 large	 telangiectasia	 in	HHT1	pati	ents	older	 than	
50	 years,	 although	 this	 did	 not	 reach	 signifi	cance.	 In	 HHT2	 pati	ents,	 the	 presence	 of	
telangiectasia	was	restricted	to	pati	ents	older	than	50	years.	Despite	the	signifi	cantly	higher	
prevalence	of	telangiectasia	in	the	small	intesti	ne	and	colon	in	HHT1,	the	level	of	anemia	was	
comparable	in	both	genotypes.	The	questi	on	remains	to	be	resolved	whether	telangiectases	
increase	in	size	and	number	during	life.	VCE	might	be	a	valuable	tool	to	address	this	issue	in	
a	research	setti		ng.

It	is	diffi		cult	to	determine	whether	there	are	true	phenotypical	diff	erences	in	the	pati	ents	
of	this	study	between	HHT1	and	HHT2	with	respect	to	gastrointesti	nal	localizati	on,	because	
the	pati	ents	were	selected	largely	on	account	of	anemia,	which	was	insuffi		ciently	explained	
by	 epistaxis.	 To	 confi	rm	 the	 presence	 of	 a	 true	 phenotypical	 diff	erence,	 a	 systemati	c	
investi	gati	on	 in	 large	groups	of	HHT	pati	ents	without	anemia	should	be	performed	using	
VCE.

Recently,	 double	 balloon	 enteroscopy	has	 been	 introduced,	 in	which	 an	 enteroscope	
is	 introduced	 through	 the	 enti	re	 small	 bowel	 by	 sequenti	al	 insuffl		ati	on	 and	 desuffl		ati	on	
of	 balloons	 on	 the	 ti	p	 of	 the	 endoscope	 and	 an	 overtube	 [25,26].	 This	 technique	 allows	
investi	gati	on	 of	 the	 enti	re	 small	 intesti	ne	 without	 the	 need	 for	 a	 laparotomy.	 It	 off	ers	
the	 possibility	 to	 take	 biopsies	 or	 perform	 argon-plasma	 coagulati	on	 of	 telangiectasia.	
This	 technique	might	 therefore	be	of	 relevance	for	HHT	pati	ents	with	unexplained	blood	
loss	 from	telangiectases	 identi	fi	ed	by	VCE,	because	they	can	be	treated	by	argon-plasma	
coagulati	on	 [19,27,28].	Although	solid	data	are	sparse,	 there	seems	to	be	a	good	correlati	on	
between	 images	obtained	by	VCE	 and	 conventi	onal	 endoscopy.	A	 study	by	Hartmann	et 
al.[29]	compared	the	fi	ndings	of	VCE	and	intraoperati	ve	enteroscopy	in	47	pati	ents	and	VCE	
had	a	sensiti	vity	of	95%	and	a	specifi	city	of	75%,	considering	intraoperati	ve	enteroscopy	as	
the	reference.	One	study	prospecti	vely	compared	the	fi	ndings	of	VCE	and	double	balloon	
enteroscopy	in	35	pati	ents	[30].	In	this	study,	VCE	demonstrated	abnormaliti	es	of	the	small	
intesti	ne	 in	 28	 pati	ents	 that	 were	 confi	rmed	 in	 20	 pati	ents	 (71%).	 Further	 comparati	ve	
studies	 of	 VCE	 and	 double	 balloon	 enteroscopy	 are	 needed	 to	 establish	 the	 correlati	on	
between	both	the	techniques.

In	 this	 study,	 several	pati	ents	with	 severe	anemia	 (pati	ents	8,	11	and	24)	 showed	no	
or	 few	 small	 intesti	nal	 telangiectasia.	 Although	 a	 negati	ve	 gastrointesti	nal	 endoscopy	
(gastroduodenoscopy,	VCE	and	colonoscopy)	in	these	pati	ents	does	not	completely	exclude	
an	intesti	nal	source	of	bleeding,	it	strongly	points	to	epistaxis	as	the	main	cause	of	anemia.	
As	 VCE	 is	 now	 accepted	 as	 a	 diagnosti	c	 tool	 in	 the	 analysis	 of	 obscure	 gastrointesti	nal	
bleeding,	it	should	be	considered	in	case	of	unexplained	anemia	in	HHT	pati	ents	[31,32].	In	this	
way,	alternati	ve	diagnoses	can	be	excluded	and	in	case	of	large	telangiectasia	in	the	small	
intesti	ne,	endoscopic	treatment	can	be	considered	in	case	of	anemia	requiring	chronic	iron	
supplementati	on	or	frequent	transfusions.
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Conclusion	
HHT	 frequently	 affects	 the	 digestive	 tract,	 resulting	 in	 anemia	 because	 of	 bleeding	
telangiectasia.	 Large	 telangiectasia	 in	 the	 small	 intestine	 and	 the	 colon	mainly	 occur	 in	
HHT1	patients,	whereas	HAVM	is	predominantly	present	in	HHT2	patients.	This	has	become	
more	 relevant	 with	 the	 emerging	 possibilities	 of	 new	 endoscopic	 techniques	 for	 the	
treatment	of	small	intestinal	telangiectasia.	In	HHT	patients	with	unexplained	anemia,	VCE	
should	be	considered	to	determine	the	size	and	extent	of	telangiectasia	and	exclude	other	
abnormalities.
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Focus	of	this	thesis
The	primary	goal	of	this	thesis	was	to	study	the	geneti	c	causes	of	HHT	and	the	relati	onship	
between	 genotype	 and	 phenotype.	 HHT,	 like	 many	 other	 human	 monogenic	 disorders,	
shows	 considerable	 clinical	 variability	 as	 well	 as	 geneti	c	 heterogeneity.	 Understanding	
the	geneti	c	causes	and	how	they	relate	 to	clinical	expression	and	course	of	disease	 is	of	
signifi	cant	importance	for	accurate	and	reliable	geneti	c	counseling	of	pati	ents	and	families	
with	HHT	and	 for	 the	development	of	 strategies	 for	management	and	preventi	on	of	 the	
disease	or	its	complicati	ons.	

Therefore,	we	started	to	characterize	the	molecular	and	geneti	c	heterogeneity	of	HHT	
families	(chapter	2).	Once	mutati	ons	in	the	majority	of	families	were	found,	the	identi	fi	cati	on	
of	carriers	and	non-carriers	in	families	together	with	well	described	phenotypes,	allowed	for	
an	extensive	analysis	of	the	genotype-phenotype	relati	onship	(chapter	3).	This	resulted	in	
knowledge	of	the	frequency	of	HHT1	and	HHT2	and	of	the	diff	erent	manifestati	ons	in	both	
subtypes.	Furthermore,	within	HHT1	and	HHT2,	strati	fi	cati	on	of	the	symptoms	(epistaxis,	
telangiectases	and	AVMs)	for	gender	provided	gender	specifi	c	prevalences.	This	resulted	in	
a	further	improvement	of	geneti	c	counseling	in	HHT	and	in	the	possibility	to	more	precisely	
address	intra-	and	interfamilial	variability.		

Molecular	and	geneti	c	heterogeneity
Mutati	on	 analysis	 was	 performed	 in	 several	 hundred	 probands	 of	 families	 suspected	 of	
HHT.	The	main	focus	was	on	the	ENG	and	ACVRL1	genes.	Sequence	analysis	was	performed	
on	 the	 exons	 and	 their	 fl	anking	 intronic	 sequences	 that	 contain	 at	 least	 the	 splice	 site	
consensus	 sequences.	 These	 regions	were	 amplifi	ed	 using	 PCR.	When	 no	mutati	on	was	
found,	 subsequent	 MLPA	 analysis	 was	 performed	 to	 identi	fy	 deleti	ons	 or	 duplicati	ons,	
which	increased	the	mutati	on	detecti	on	rate	only	slightly	(chapter	2.1	and	2.2).

In	 HHT	 probands,	 a	 broad	 spectrum	 of	mutati	ons	 of	 both	 genes	was	 found.	 Among	
pathogenic	mutati	ons	we	observed	missense	mutati	ons,	 nonsense	mutati	ons,	 splice	 site	
mutati	ons	and	small	and	large	deleti	ons	and	inserti	ons/duplicati	ons.

The	majority	of	 families	 show	 their	own	private	mutati	on	 (for	 the	distributi	on	of	 the	
mutati	ons	described	in	chapter	2.1,	see	fi	gure	1).	A	few	apparently	independent	probands	
share	the	same	mutati	on.	Several	of	these	mutati	ons	have	been	shown	to	be	of	the	same	
ancestral	origin,	either	by	genealogical	analysis	or	by	haplotyping.		

The	 deleterious	 eff	ects	 on	 gene	 expression	 of	 nonsense,	 frame	 shift		 and	 splice	
site	 mutati	ons	 is	 easy	 to	 understand,	 the	 pathogenicity	 of	 missense	 mutati	ons	 is	 less	
unambiguous.	In	ACVRL1,	the	majority	of	missense	mutati	ons	are	found	in	exon	7	and	exon	8,	
encoding	the	kinase	domain.	It	is	a	region	in	which	diff	erent	amino	acid	substi	tuti	ons	for	the	
same	codon	are	reported	and	in	which	missense	mutati	ons	are	not	tolerated	(deleterious)	
[1-6].	As	expected,	these	missense	mutati	ons	occur	at	positi	ons	that	are	highly	conserved	
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Figure 1 - Mutation	 spectrum	 of	 the	mutations	 detected	 ENG	 (HHT1)	 and	ACVRL1	 (HHT2)	 in	 the	
probands	described	in	chapter	2.1
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between	species	and	among	other	type	1	receptors.	These	mutati	ons	are	predicted	to	have	
structural	eff	ects,	creati	ng	misfolding	and	a	nonfuncti	onal	protein	[5,7].

In	ENG,	the	majority	of	the	mutati	ons	are	nonsense	mutati	ons	and	frame	shift	s	mutati	ons	
that	result	in	a	premature	stop	of	translati	on.	The	missense	mutati	ons,	in	contrast	to	those	
in	the	ACVRL1	gene,	are	in	the	ENG	gene	less	restricted	to	certain	exonic	regions.		

The	third	gene	analyzed	was	SMAD4.	Mutati	ons	in	SMAD4,	causing	JP-HHT,	are	found	in	
a	small	proporti	on	of	probands,	less	than	3%	(chapter	2.3).	In	JP-HHT,	SMAD4	mutati	ons	are	
mainly	restricted	to	the	last	four	exons	of	the	gene	(MH2	domain).	In	contrast,	mutati	ons	in	
SMAD4	causing	only	juvenile	polyposis	are	found	throughout	the	gene.	Although	suggesti	ve	
for	a	specifi	c	domain	involved	in	JP-HHT,	identi	cal	mutati	ons	have	been	found	in	probands	
with	 juvenile	 polyposis	 and	 in	 probands	 with	 the	 JP-HHT	 phenotype	 (chapter	 2.3)[8].	
Moreover,	Gallione	et al.[8]	showed	that	although	the	SMAD4	mutati	ons	in	JP-HHT	pati	ents	
do	show	a	tendency	to	cluster	in	the	MH2	domain,	mutati	ons	in	other	parts	of	the	gene	can	
also	be	associated	with	the	combined	syndrome	[9].	Because	of	the	age	related	penetrance	
of	 juvenile	 polyposis	 and	 the	 fact	 that	 not	 all	 mutati	on	 carriers	 develop	 symptomati	c	
polyps,	absence	of	polyposis	symptoms	does	not	obviate	screening	for	SMAD4	mutati	ons.	
Therefore,	screening	for	SMAD4	mutati	ons	is	warranted	when	in	an	HHT	positi	ve	proband,	
mutati	ons	in	ENG	and	ACVRL1	are	excluded.	

Are	there	more	or	less	“severe”	mutati	ons?
The	mutati	on	spectra	in	ENG	and	ACVRL1	confi	rm	loss	of	functi	on	as	the	predominant	causal	
mechanism	 in	HHT1	and	HHT2.	Some	hypothesized	that	 the	type	of	mutati	on	can	play	a	
role	 in	the	severity	of	the	disease.	Two	publicati	ons	hinted	towards	a	more	severe	eff	ect	
of	 truncati	ng	mutati	ons	 compared	 to	missense	mutati	ons	 [10,11].	 Bayrak-Toydemir	et al.[10]	
described	two	or	less	organs	aff	ected	in	69%	of	pati	ents	with	an	ENG	missense	mutati	on,	
compared	 to	 38%	 with	 a	 truncati	ng	mutati	on.	 Lesca	 et al.[11]	 found	more	 pati	ents	 with	
epistaxis	(HHT1	and	HHT2),	telangiectases	(HHT2)	and	PAVMs	(HHT1)	comparing	truncati	ng	
mutati	ons	 to	 missense	 mutati	ons.	 In	 contrast,	 Sabba	 et al.[12]	 described	 in	 HHT2	 more	
pati	ents	with	PAVMs	and	HAVMs,	associated	with	a	specifi	c	splice	site	mutati	on	compared	to	
missense	mutati	on	and	truncati	ng	mutati	ons.	They	found	no	diff	erence	between	truncati	ng	
mutati	ons	and	missense	mutati	ons	[12].	

In	our	study	we	focused	on	the	gene	involved	and	not	on	the	type	of	mutati	on	involved,	
because	the	eff	ect	of	the	mutati	on	is	in	most	cases	hard	to	predict.	Functi	onal	analysis	of	the	
mutati	ons	will	be	helpful	for	establishing	the	relati	onship	between	mutati	on	and	phenotype.		

Mutati	on	detecti	on	rates,	ENG	versus	ACVRL1
Mutati	on	detecti	on	rates	in	HHT	probands	diff	er	between	diff	erent	countries.	This	is	most	
likely	caused	by	the	way	HHT	pati	ents	and	families	were	ascertained.	Obviously,	the	more	
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patients	with	a	clinically	confirmed	diagnosis	(instead	of	possible	diagnosis	or	even	unlikely	
diagnosis),	the	higher	the	mutation	detection	rate.	The	mutation	analyses	presented	in	this	
thesis	were	performed	in	a	cohort	of	patients	that	were	referred	to	a	single	HHT	expertise	
centre	 (Nieuwegein),	 assuring	 a	 uniformly	 established	 clinical	 diagnosis.	 This	 approach	
resulted	in	a	detection	rate	of	>	90%,	the	highest	reported.	Others	have	found	percentages	
ranging	from	63%	to	88%,	when	looking	at	clinically	confirmed	probands	only	[2,3,13-18].	Our	
results	show	and	confirm	that	in	patients	with	a	clinical	diagnosis	(that	fulfill	the	diagnostic	
criteria),	the	vast	majority	of	patients	have	mutations	in	ENG	or	ACVRL1.		

In	probands	with	a	possible	or	unlikely	 clinical	diagnosis	 (<	3	of	 the	Curaçao	criteria)	
the	mutation	detection	 rate	was	 still	 32%	 (chapter	 2.2),	 showing	 the	 clinical	 criteria	 are	
useful,	but	when	used	too	strictly,	patients	will	be	missed	and	consequently		escape	clinical	
surveillance.						

When	 comparing	 the	 involvement	 of	 ENG	 versus	 ACVRL1	 in	 HHT,	 there	 are	 clear	
differences	 between	 countries.	 In	 The	 Netherlands,	 there	 is	 a	 predominance	 of	 ENG	
mutations	in	HHT	probands	(the	ratio	ENG	versus	ACVRL1	is	1.32).	An	ENG	predominance	is	
also	observed	in	Canada	and	Denmark	(HHT1/HHT2	of	1.6	and	2.0	respectively).	In	France,	
Spain	and	Italy	however,	ACVRL1	mutations	are	more	prevalent	(HHT1/HHT2	of	0.51,	0.54	
and	0.41	respectively)	[1,2,19].The	cause	of	these	geographical	differences	is	not	obvious.	After	
correction	for	founder	effects,	Bayrak-Todemir	et al.[10]	found	virtually	no	difference	between	
HHT1	and	HHT2	(53%	and	47%).	 In	contrast,	when	assuming	that	 identical	mutations	are	
mostly	from	a	common	ancestor,	one	would	expect	similar	relative	contributions	of	the	two	
respective	genes	in	our	HHT	population.	This	is	indeed	the	case	in	the	Netherlands	(40	ENG	
mutations	versus	31	ACVRL1	mutations).	Lesca	et al.[2]	found	a	higher	prevalence	of	ACVRL1	
mutations,	also	after	correction	for	founder	effects.	If	indeed	geographical	factors	exist,	this	
would	add	to	the	complexity	of	the	phenotypic	variability	(environmental	factors,	genetic	
background)	within	HHT	and	its	subtypes.	

Other	candidate	genes	for	HHT
In	some	HHT	families,	gene	analysis	does	not	reveal	a	pathogenic	mutation	in	ENG,	ACVRL1	
or	SMAD4.	These	families	are	not	atypical	HHT	families,	since	HHT	manifestations	are	present	
in	probands	and	their	relatives,	and	probands	fulfill	the	Curaçao	criteria.	The	proportion	of	
probands	with	particular	visceral	manifestations,	are	within	the	range	of	 those	found	for	
genetically	confirmed	HHT1	and	HHT2	(chapter	3.1).	

Of	 course,	 it	 cannot	 be	 excluded	 that	 in	 families	 in	 which	 no	 pathogenic	 mutation	
was	detected	 (by	our	 tests)	 in	ENG,	ACVRL1	 or	SMAD4,	 they	 could	 still	 have	a	mutation	
in	 these	 genes,	 albeit	 in	 regions	 not	 investigated	 (promotor	 region,	 intronic	 regions	 or	
untranslated	 regions).	Genes	 other	 than	ENG,	ACVRL1	 or	SMAD4	might	 be	 the	 cause	 of	
HHT	in	these	families.	To	date,	other	candidate	regions	for	HHT	map	to	chromosome	5q31	
and	chromosome	7p14	[20.21].	For	both	loci	linkage	has	been	found	in	isolated	families	with	
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“typical”	 HHT.	 No	 genes	 have	 been	 found	 in	 these	 loci	 nor	 have	 there	 been	 reports	 on	
other	families	that	could	be	linked	to	these	chromosomal	regions.	The	families	without	a	
confi	rmed	mutati	on	from	our	cohort,	however,	are	too	small	to	perform	informati	ve	linkage	
analysis.	An	alternati	ve	approach	considered	for	these	families	is	analyzing	the	“exome”	i.e.	
all	exons	of	all	genes	by	next	generati	on	sequencing.	

Juvenile	 polyposis	 is	 not	 only	 associated	 with	 SMAD4,	 but	 also	 with	 mutati	ons	 in	
BMPR1A.	In	contrast	JP-HHT	pati	ents	have	only	been	shown	to	carry	mutati	ons	in	SMAD4.	
There	have	been	no	reports	of	juvenile	polyposis	pati	ents	with	mutati	ons	in	BMPR1A	with	
HHT-like	symptoms.	

Mutati	ons	 in	BMPR2	 are	associated	with	an	autosomal	dominant	 form	of	pulmonary	
arterial	 hypertension	 with	 a	 penetrance	 of	 around	 20%.	 Pulmonary	 hypertension	
(PH)	 can	 also	 occur	 in	 pati	ents	with	HAVM.	 It	 is	 important	 to	 recognize	 that	 pulmonary	
hypertension	in	HHT	can	be	disti	nguished	into	two	diff	erent	types;	(1)	associated	with	liver	
AVMs,	 secondary	 to	high	cardiac	output	 (PH)	and	 (2)	associated	with	pulmonary	arterial	
hypertension	 (PAH)	 caused	 by	 arteriopathy.	 In	 HHT,	 PH	 is	 not	 frequent	 and	 PAH	 is	 rare,	
although	not	systemati	cally	evaluated.	Since	the	fi	rst	publicati	on	on	PAH	in	HHT,	a	variety	of	
mutati	ons	in	ACVRL1	have	been	found	to	predispose	for	the	development	of	PAH	in	HHT2	
[22-25].	 	ACVRL1	 and	 BMPR2 operate	 on	 TGFβ	 receptors	 and	 share	 intracellular	 pathways	
through	SMAD1/5/8.	This	on	top	of	SMAD4	and	BMPR1A as	causes	of	JP	further	supports	
the	crosslinks	between	BMP	signaling	and	HHT	and	can	be	of	help	considering	potenti	al	
candidate	genes.	To	date,	SMAD1,	SMAD5,	SMAD7,	BMPRII and	BMPR1A,	all	genes	part	of	
the	TGFβ/BMP	signaling	pathway	have	already	been	excluded	 in	a	panel	of	HHT	 families	
without	a	causati	ve	mutati	on	in	ENG,	ACVRL1	or	SMAD4	[2].

Phenotypic	variability
This	thesis	adds	to	the	knowledge	of	the	variability	of	the	clinical	manifestati	ons	of	HHT1	
and	 HHT2,	 namely	 epistaxis,	 telangiectases	 and	 visceral	 manifestati	ons).	 At	 the	 start	 of	
our	analyses,	accurate	data	on	the	prevalence	of	the	symptoms	for	HHT1	and	HHT2	were	
hardly	available.	This	was	because	of	the	lack	of	large	numbers	of	pati	ents	and	families	that	
were	genotypically	as	well	as	clinically	well	characterized.	Thus,	the	establishment	of	the	
genotype	in	HHT	families	in	our	study	resulted	in	the	opportunity	to	discriminate	between	
HHT1	and	HHT2	and	between	carriers	and	non	carriers.	This	 combined	with	an	accurate	
phenotypic	descripti	on	gave	insight	in	the	phenotype-genotype	relati	onship	(chapter	3).		

Epistaxis,	telangiectases,	AVM
In	HHT	 epistaxis	 is	 usually	 the	 presenti	ng	 symptom	 and	may	 commence	 before	 the	 age	
of	20	years.	We	found	that	at	this	age	80%	of	the	pati	ents	with	HHT1	reported	epistaxis,	
compared	to	only	54%	of	the	pati	ents	with	HHT2.	Nosebleeds	appear	earlier	in	life	in	HHT1	



Chapter 4 Discussion and perspectives 134 Discussion and perspectives 

but	at	age	40,	the	majority	of	patients	have	nosebleeds,	with	no	difference	between	HHT1	
and	HHT2	(chapter	3.3).	We	found	that	telangiectases	of	the	nasal	mucosa	have	a	higher	
frequency	and	start	to	appear	earlier	in	life	than	those	of	the	oral	mucosa	or	dermal	sites	
in	both	HHT1	and	HHT2.	Telangiectases	in	the	oral	and	nasal	mucosa	are	detected	earlier	
in	 life	 in	HHT1	patients.	 In	 the	age	 category	0-20	year	more	 than	90%	of	HHT1	patients	
had	nasal	telangiectases,	whereas	in	HHT	2	only	67%	had	those.	The	earlier	onset	of	nasal	
telangiectases	in	HHT1	is	in	line	with	the	earlier	onset	of	epistaxis.	Dermal	lesions	are	more	
frequent	and	appear	earlier	 in	 life	 in	HHT2.	 In	both	HHT1	and	HHT2	the	number	of	sites	
affected	increase	with	increasing	age	(cross	sectional	study,	chapter	3.2).		

In	chapter	3.1	it	is	established	that	PAVMs	are	more	frequent	in	HHT1	than	in	HHT2	(48.7%	
-	5.3%).	CAVM	was	detected	in	14.6%	of	HHT1	whereas	they	were	present	in	1.3%	of	HHT2	
patients,	not	 significantly	different	after	correction	 for	 referral	bias,	but	clearly	a	 striking	
difference.	HAVMs	were	 found	 significantly	more	often	 in	HHT2	patients	 (40.6%	 -	7.6%).	
Telangiectases	in	the	GI	tract	were	investigated	in	a	small	cohort	of	HHT	patients,	referred	
with	unexplained	anemia.	 In	 these	patients,	 telangiectases	 in	 the	GI	 tract	were	 found	 in	
92%	of	the	patients.	In	the	small	intestine,	telangiectases	were	more	frequently	present	and	
generally	larger	in	HHT1	patients	compared	to	HHT2	patients.	Colonic	telangiectases	were	
only	detected	in	HHT1	patients	(chapter	3.4).		

Potential	pit-falls	in	genotype-phenotype	analyses			
In	this	thesis	we	provide	an	extensive	genotype-phenotype	analysis.	Establishing	a	genotype-
phenotype	 relation	 is	 highly	 dependent	 on	 several	 factors.	 First	 and	 most	 important	 is	
the	way	the	patients	were	ascertained.	For	example,	if	the	majority	of	patients	had	been	
referred	by	a	pulmonologist,	a	preponderance	of	PAVMs	is	likely	to	occur.	This	would	result	
in	 a	 selected	 population	with	 a	 skewed	 genotype-phenotype	 analysis;	 the	most	 obvious	
patients,	with	the	most	severe	manifestations	are	than	included	and	less	severe	are	left	out.	
An	attempt	to	correct	for	this	referral	bias	is	mandatory.	

Secondly,	it	is	important	to	use	the	proper	diagnostic	tools	to	detect	the	manifestations;	
tools	that	are	the	gold	standard.	Using	less	sensitive	testing	methods	will	leave	manifestations	
undetected,	missing	less	severe	symptoms	and	influencing	the	established	phenotype.	

Lastly,	one	should	always	be	aware	of	the	fact	that	some	symptoms	can	be	a	phenocopy,	
not	 associated	with	 the	 disease.	 For	 example,	 in	 children,	 nosebleeds	 are	 common,	 not	
always	associated	with	HHT,	but	with	for	example	trauma	or	nose	picking	or	coagulopathy.	
In	the	elderly,	telangiectases	can	be	present	without	an	association	with	HHT.	Sun	exposure	
can	also	induce	telangiectases	sometimes	mistaken	for	telangiectases	in	HHT.	It	is	therefore	
important	that	different	manifestations	of	the	disease	are	screened	for	by	an	HHT	centre	
with	expertise.	

In	 our	 genotype-phenotype	 analysis	 we	 tried	 to	 correct	 for	 the	 above	 pit-falls.	 Still,	
referral	 bias	 and	 bias	 in	 phenotypic	 description	 cannot	 be	 excluded	 and	 remains	 likely	
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to	 exist.	 This	 study	 is	 performed	 retrospecti	vely.	 In	 the	 last	 years,	 a	 new	 technique	 has	
been	introduced	to	detect	PAVMs	in	HHT	pati	ents;	the	transthoracic	echocardiography.	It	
appears	to	be	more	sensiti	ve	and	is	able	to	detect	smaller	PAVMs	than	CT	scanning	 [26,27].	
Transthoracic	echocardiography	is	a	technique	in	which	a	right	to	left		shunt	is	detected	on	
echocardiography	 aft	er	 injecti	ng	 saline	with	 ti	ny	 air	 bubbles	 to	 creati	ng	 contrast.	When	
the	contrast	is	present	in	the	left		atrium	within	four	cycles	it	 is	considered	to	result	from	
an	 intracardiac	shunt	(for	example	patent	foramen	ovale,	PFO),	but	when	they	reach	the	
atrium	aft	er	four	cycles	or	more	it	 is	considered	to	be	a	pulmonary	right-left		shunt	(RLS).	
The	genotype-phenotype	analysis	in	this	thesis	has	been	performed	before	the	introducti	on	
of	 the	 contrast	 echocardiography	 and	 not	 all	 pati	ents	 had	 CT	 performed.	 This	 is	 likely	
to	 contribute	 to	 an	 underesti	mati	on	 of	 PAVMs	 in	 the	 HHT	 pati	ents.	 Indeed,	 in	 a	 recent	
publicati	on	on	the	Dutch	HHT	cohort,	the	proporti	on	of	pati	ents	with	a	PAVM	was	found	
to	be	higher	 in	both	HHT1	and	HHT2	 [28].	Using	TTCE	85%	of	the	pati	ents	with	HHT1	had	
pulmonary	RLS,	this	was	35%	in	HHT2.	With	high	resoluti	on	CT	scanning	(the	gold	standard)	
PAVMs	were	detected	in	58%	of	the	HHT1	pati	ents	and	18%	of	the	HHT2	pati	ents.	TTCE	does	
not	only	detect	RLS	that	are	treatable	PAVMs,	but	also	small,	clinically	 irrelevant	PAVMs.	
Furthermore,	pulmonary	shunts	can	appear	to	be	present	 in	6%	of	persons	without	HHT	
family	mutati	on	and	in	the	normal	populati	on	as	well	[27,28].	TTCE	could	prove	be	too	sensiti	ve	
for	clinical	use	in	HHT,	but	is	very	useful	as	screening	method	(simple	and	pati	ent	friendly)	
preceding	high	resoluti	on	CT.	

HAVM	 screening	 remains	 controversial	 in	 HHT.	 HAVMs	 are	 in	 the	 majority	 of	 cases	
without	symptoms.	Pati	ents	with	an	asymptomati	c	HAVM	will	not	be	treated;	yet	they	have	
the	knowledge	of	having	an	HAVM.	Therefore	HAVMs	are	not	screened	for	in	all	pati	ents;	
only	 pati	ents	 that	 have	 symptoms	 (liver	 bruit,	 heart	 failure,	 liver	 failure,	 abnormal	 liver	
enzymes,	and	abdominal	pain)	are	screened	 for	HAVMs.	The	same	holds	 true	 for	CAVM.	
Although	the	most	recent	recommendati	on,	according	to	internati	onal	guidelines	 [29]	 is	to	
screen	routi	nely	adult	pati	ents	and	children	with	possible	or	defi	nite	HHT	for	CAVM	(at	the	
ti	me	of	diagnosis),	 this	was	not	 the	 case	 in	 the	 cohort	we	analyzed	 in	 this	 study.	CAVM	
screening	was	opti	onal	in	the	majority	of	the	pati	ents	and	some	pati	ents	declined.								

Comparing	the	phenotype	with	other	publicati	ons
Large	genotype-phenotype	relati	on	studies	(chapter	3)	have	now	been	performed	in	several	
countries	 [3,10-12,	 30].	 For	 SMAD4,	 the	 genotype-phenotype	 analyses	 are	 lacking,	 because	
SMAD4	mutati	ons	are	rare,	oft	en	de novo	and	consequently,	the	number	of	aff	ected	family	
members	is	very	limited.	The	HHT1-HHT2	comparisons	of	the	diff	erent	groups	are	depicted	
in	table	1.	

In	these	reports	more	PAVMs	are	found	in	HHT1	compared	to	HHT2.	CAVM	is	in	general	
more	frequent	in	HHT1	compared	to	HHT2.	The	excepti	on	is	the	report	of	Kjeldsen	et al.	[30],	
but	in	their	study	CAVM	was	not	screened	for,	only	menti	oned	when	present	(symptomati	c)	
which	resulted	in	a	single	pati	ent	in	HHT1	and	a	single	pati	ent	in	HHT2.	All	authors	report	
more	HAVM	in	HHT2,	concurring	with	our	results.	
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Table 1 -	Results	of	genotype-phenotype	analyses	of	HHT	patients	in	different	countries

 HHT1 HHT2 HHT1 HHT2 HHT1 HHT2 HHT1 HHT2 HHT3 HHT1 HHT2 	

mean age 44	yr 52	yr 35	yr 46	yr 43.1	yr 49.0	yr ? ? ? 52.6	yrs 57.2	yrs mean age

M:F 0.67 0.67 0.91 0.92 1.65 1.14 0.48 0.47 0.70 0.86 3 M:F
number of 
patients 93 250 61 50 45 77 77 50 73 39 16

number of 
patients

origin France / Italy USA, Utah Italy             USA, Pennsylvania Denmark origin patients

epistaxis 96.8% 89.2% 100%	@40 100%	@	40 91%	(41/45) 95%	(73/77) 78%	(60/77) 92%	(46/50) 67%	(49/73) 74.4% 	 epistaxis

TA 97.8% 93.2% 100%	@40 100%	@	40 93%	(42/45) 91%	(68/75) 65%	(50/77) 80%	(40/50) 68.5%	(50/73) 	 	 TA

PAVM 54%	(27/50) 12.8%(19/149) 59%	(36/61) 29%	(13/45) 75.5%	(34/45) 44.1%	(34/77) 67.5%	(52/77) 48%	(24/50) 67%	(49/73) 56.2%	(18/32) 22.2%	(2/9) PAVM

CAVM 9.1%	(2/22) 4%	(2/50) 16.4%	(10/61) 2%	(1/50) 20.9%	(9/43) 0/55	(0%) 9.1%	(7/77) 0 12.3%	(9/73) 2.5%	(1/39) 6.2%	(1/16) CAVM

HAVM 43.5%	(20/46) 57.6%	87/151 1.7%	(1/59) 27.7%	(13/47) 60%	(27/45) 83.1%	(64/77) 2.6%	(2/77) 14%	(7/50) 2.7%	92/73) ND ND HAVM

GI 	 18%	(7/39) 21%	(8/39) 60%	(18/30) 51.1%	(24/47) 9.1%	(7/77) 10%	(5/50) 15.1%	(11/73) 56.4%	(22/39) 18.8%	(3/16) GI

remarks only	mutation	carriers	included

havm	screening	after	
auscultation	(bruit)						only	
mutation	carriers	included

only	mutation	carriers	
included only	probands	included

CAVM	not	screened	for;	7	HHT1	
and	7	HHT2	did	not	screen	for	

PAVM	 remarks

reference Lesca et al.; 2007 Bayrak-Toydemir et al.; 2006 Sabba et al., 2007 Bossler et al.; 2006 Kjeldsen et al.; 2005 reference

The	 genotype-phenotype	 analysis	 of	 the	 Italian	 group	 [12]	 showed	 remarkable	 high	
frequencies	for	the	visceral	manifestations,	for	which	the	cause	is	not	obvious.	In	their	study	
only	patients	with	a	confirmed	genetic	diagnosis	were	used,	whereas	in	most	other	studies	
also	 patients	 clinically	 confirmed	 according	 to	 the	 Curaçao	 criteria	 were	 included.	 One	
would	expect	reduced	prevalences	when	only	genetically	confirmed	probands	and	relatives	
are	included,	because	this	group	contains	a	larger	proportion	less	severely	affected	patients	
(with	only	two	or	even	one	of	the	clinical	criteria).	More	sensitive	screening	methods	were	
used	by	the	Italians,	which	could	explain	their	findings.	However,	especially	their	frequencies	
of	 visceral	manifestations	 found	 in	HHT2	 are	 strikingly	 high,	 albeit	 confirmed	by	Bossler	
et al.	 [3].	 Bossler	et al.	 [3]	 however,	 only	 included	probands	 and	not	 (maybe	 less	 severely	
affected)	family	members	introducing	an	overestimation.	The	fact	that	the	number	of	HHT2	
patients	in	these	analyses	is	limited	might	also	have	contributed	to	this	high	percentage	of	
PAVMs	in	HHT2.	It	is	also	prominent	that	the	Italian	cohort	is	the	only	patient	population	
in	which	more	men	participated	than	women,	again	suggesting	some	kind	of	referral	bias.	

Differences	between	men	and	women
In	our	study	we	stratified	the	data	for	gender	and	found	trends	for	a	higher	frequency	for	
the	visceral	manifestations	in	women.	Significantly	more	women	had	a	PAVM	in	HHT1	and	
a	HAVM	in	HHT2.	Also,	we	observed	a	higher	frequency	of	dermal	telangiectases	in	women,	
significantly	in	women	with	HHT1,	particularly	on	the	hands.	Lesca	et al.[11]	could	not	confirm	
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Table 1 -	Results	of	genotype-phenotype	analyses	of	HHT	pati	ents	in	diff	erent	countries

 HHT1 HHT2 HHT1 HHT2 HHT1 HHT2 HHT1 HHT2 HHT3 HHT1 HHT2 	

mean age 44	yr 52	yr 35	yr 46	yr 43.1	yr 49.0	yr ? ? ? 52.6	yrs 57.2	yrs mean age

M:F 0.67 0.67 0.91 0.92 1.65 1.14 0.48 0.47 0.70 0.86 3 M:F
number of 
pati ents 93 250 61 50 45 77 77 50 73 39 16

number of 
pati ents

origin France / Italy USA, Utah Italy             USA, Pennsylvania Denmark origin pati ents

epistaxis 96.8% 89.2% 100%	@40 100%	@	40 91%	(41/45) 95%	(73/77) 78%	(60/77) 92%	(46/50) 67%	(49/73) 74.4% 	 epistaxis

TA 97.8% 93.2% 100%	@40 100%	@	40 93%	(42/45) 91%	(68/75) 65%	(50/77) 80%	(40/50) 68.5%	(50/73) 	 	 TA

PAVM 54%	(27/50) 12.8%(19/149) 59%	(36/61) 29%	(13/45) 75.5%	(34/45) 44.1%	(34/77) 67.5%	(52/77) 48%	(24/50) 67%	(49/73) 56.2%	(18/32) 22.2%	(2/9) PAVM

CAVM 9.1%	(2/22) 4%	(2/50) 16.4%	(10/61) 2%	(1/50) 20.9%	(9/43) 0/55	(0%) 9.1%	(7/77) 0 12.3%	(9/73) 2.5%	(1/39) 6.2%	(1/16) CAVM

HAVM 43.5%	(20/46) 57.6%	87/151 1.7%	(1/59) 27.7%	(13/47) 60%	(27/45) 83.1%	(64/77) 2.6%	(2/77) 14%	(7/50) 2.7%	92/73) ND ND HAVM

GI 	 18%	(7/39) 21%	(8/39) 60%	(18/30) 51.1%	(24/47) 9.1%	(7/77) 10%	(5/50) 15.1%	(11/73) 56.4%	(22/39) 18.8%	(3/16) GI

remarks only	mutati	on	carriers	included

havm	screening	aft	er	
auscultati	on	(bruit)						only	
mutati	on	carriers	included

only	mutati	on	carriers	
included only	probands	included

CAVM	not	screened	for;	7	HHT1	
and	7	HHT2	did	not	screen	for	

PAVM	 remarks

reference Lesca et al.; 2007 Bayrak-Toydemir et al.; 2006 Sabba et al., 2007 Bossler et al.; 2006 Kjeldsen et al.; 2005 reference

The	 genotype-phenotype	 analysis	 of	 the	 Italian	 group	 [12]	 showed	 remarkable	 high	
frequencies	for	the	visceral	manifestati	ons,	for	which	the	cause	is	not	obvious.	In	their	study	
only	pati	ents	with	a	confi	rmed	geneti	c	diagnosis	were	used,	whereas	in	most	other	studies	
also	 pati	ents	 clinically	 confi	rmed	 according	 to	 the	 Curaçao	 criteria	 were	 included.	 One	
would	expect	reduced	prevalences	when	only	geneti	cally	confi	rmed	probands	and	relati	ves	
are	included,	because	this	group	contains	a	larger	proporti	on	less	severely	aff	ected	pati	ents	
(with	only	two	or	even	one	of	the	clinical	criteria).	More	sensiti	ve	screening	methods	were	
used	by	the	Italians,	which	could	explain	their	fi	ndings.	However,	especially	their	frequencies	
of	 visceral	manifestati	ons	 found	 in	HHT2	 are	 strikingly	 high,	 albeit	 confi	rmed	by	Bossler	
et al.	 [3].	 Bossler	et al.	 [3]	 however,	 only	 included	probands	 and	not	 (maybe	 less	 severely	
aff	ected)	family	members	introducing	an	overesti	mati	on.	The	fact	that	the	number	of	HHT2	
pati	ents	in	these	analyses	is	limited	might	also	have	contributed	to	this	high	percentage	of	
PAVMs	in	HHT2.	It	is	also	prominent	that	the	Italian	cohort	is	the	only	pati	ent	populati	on	
in	which	more	men	parti	cipated	than	women,	again	suggesti	ng	some	kind	of	referral	bias.	

Diff	erences	between	men	and	women
In	our	study	we	strati	fi	ed	the	data	for	gender	and	found	trends	for	a	higher	frequency	for	
the	visceral	manifestati	ons	in	women.	Signifi	cantly	more	women	had	a	PAVM	in	HHT1	and	
a	HAVM	in	HHT2.	Also,	we	observed	a	higher	frequency	of	dermal	telangiectases	in	women,	
signifi	cantly	in	women	with	HHT1,	parti	cularly	on	the	hands.	Lesca	et al.[11]	could	not	confi	rm	

the	infl	uence	of	sex	on	PAVMs,	but	they	also	found	a	strong	and	signifi	cant	preponderance	
of	 HAVMs	 in	 women.	 There	 are	 no	 other	 publicati	ons	 describing	 higher	 frequencies	 in	
women,	but	most	of	these	studies	have	only	limited	numbers	of	pati	ents.	

It	 remains	 diffi		cult	 to	 compare	 studies	 from	 diff	erent	 regions	 and	 diff	erent	 groups.	 As	
menti	oned	 before,	 ascertainment	 and	 specifi	cs	 of	 the	 investi	gated	 cohorts	 play	 a	 very	
important	 role	 (mean	 age,	 only	 clinically	 confi	rmed	 pati	ents,	 only	 geneti	cally	 confi	rmed	
pati	ents,	screening	techniques).	True	regional	diff	erences	in	frequencies	of	the	symptoms	
cannot	 be	 ruled	 out	 either;	 environmental	 factors	 or	 modifi	er	 genes	 (with	 diff	erent	
frequencies	in	diff	erent	populati	ons)	could	also	play	a	role	and	explain	diff	erent	prevalences.		

HHT	and	migraine
A	number	of	studies	suggest	a	relati	onship	between	right	to	left		shunt	and	migraine	especially	
the	 relati	onship	 between	 patent	 foramen	 ovale	 (PFO)	 and	 migraine	 [31,32].	 Subsequent	
retrospecti	ve	 analysis	 of	 migraine	 in	 HHT	 revealed	 a	 signifi	cantly	 higher	 frequency	 of	
migraine	 in	 pati	ents	with	 a	 PAVM	 (21%)	 compared	 to	 pati	ents	without	 PAVM	 (13%)	 [33],	
the	prevalence	in	a	normal	populati	on	being	10-12%.	Furthermore,	it	was	shown	that	in	a	
cohort	of	pati	ents	the	frequency	of	migraine	decreased	from	45%	before	embolizati	on	to	
34.5%	aft	er	embolizati	on	 [34].	Especially	 the	reducti	on	of	migraine	with	aura	was	striking,	
33%	before	 to	19%	aft	er	embolizati	on.	Recently,	 in	a	prospecti	ve	study	 the	 frequency	of	
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migraine	in	HHT	with	PAVM	was	shown	to	be	29%,	whereas	this	was	15%	without	a	PAVM.	
The	frequency	of	migraine	with	aura	was	24%	and	6%.	It	was	established	that	the	presence	
of	migraine	with	aura	was	an	independent	predictor	of	PAVM,	and	PAVM	an	independent	
predictor	of	migraine	with	aura	[35].	

The	 pathogenesis	 of	migraine	 is	 complex	 and	 not	well	 known,	 this	 also	 accounts	 for	
the	 relation	 between	 intrapulmonary	 shunts	 and	 migraine.	 The	 association	 between	
intrapulmonary	 shunting	 and	 migraine	 with	 aura	 appears	 consistent,	 the	 association	
between	 intracardiac	 shunt	 and	 migraine	 remains	 surrounded	 by	 controversy	 mainly	
because	of	conflicting	data	on	the	effect	of	closure	of	the	PFO	[36,37].		

Genetic	counseling
The	 genotype-phenotype	 analysis	 in	 this	 thesis	 provides	 insight	 in	 the	 prevalence	 of	
symptoms	in	HHT1	and	HHT2,	applicable	for	genetic	counseling	of	patients	at	least	in	The	
Netherlands,	with	the	exception	of	the	prevalences	of	PAVMs.	As	above	mentioned,	using	
more	 sensitive	 screening	methods,	more	 PAVMs	 are	 detected,	 although	 possibly	 not	 all	
clinically	significant	PAVMs.		

In	chapter	3.1,	we	proposed	to	counsel	a	prevalence	of	PAVM	of	45-50%	in	HHT1	and	
of	3-5%	in	HHT2.	Using	chest	CT	these	percentages	were	higher;	58%	in	HHT1	and	18%	in	
HHT2	[28].	The	latter	prevalences	are	probably	more	accurate	when	counselling	HHT	families.			

The	different	percentages	for	men	and	women	should	be	used	with	care,	since	differences	
between	men	and	women	(although	significant)	have	not	yet	been	confirmed	by	others.	It	is	
recommended	to	emphasize	that	for	a	number	of	specific	manifestations	women	tend	to	be	
more	affected	than	men.	The	frequencies	of	the	different	manifestations	per	age	category	
provide	also	 the	opportunity	 to	estimate	the	chance	 for	a	 family	member	to	be	affected	
without	any	symptoms	(for	example	without	epistaxis	and	telangiectases)	at	a	certain	age.	
This	is	especially	helpful	when	DNA	analysis	is	not	available	or	possible	(chapter	3).	

DNA	analysis	is	the	suitable	tool	in	clinical	practice	for	identifying	carriers.	Determination	
of	genetic	status	can	prevent	unnecessary	screening	and	determine	which	patients	should	
be	monitored	regularly.

Follow	up
In	case	of	a	clinically	or	genetically	confirmed	diagnosis,	it	is	advised	to	refer	the	patient	to	
an	HHT	centre	for	screening	of	manifestations	and	follow-up	examinations.	Screening	for	
PAVM	will	be	performed	using	TTCE	 initially.	When	a	pulmonary	RLS	 is	 suspected	a	high	
resolution	CT	 scan	 should	be	performed	 to	 image	 the	PAVM	and	decide	whether	or	not	
treatment	is	warranted.	In	a	recent	study	a	grading	system	was	used	grading	TTCE	severity	
into	three	categories.	It	was	shown	that	only	grade	3	(most	severe)	shunts	were	associated	



Discussion and perspecti ves Discussion and perspecti ves 139

4

with	a	PAVM	detectable	on	HRCT	(PPV	0.83)	and	considered	for	treatment	[38].	When	these	
results	are	reproduced,	this	means	that	PAVMs	can	be	detected	and	graded	using	the	TTCE	
and	 pati	ents	with	 low	 grade	 shunts	 do	 not	 have	 to	 be	 submitt	ed	 to	 chest	 CT	 scan	 and	
radiati	on	exposure.	

In	pati	ents	without	a	PAVM,	screening	should	be	repeated	aft	er	puberty,	before	and	aft	er	
pregnancy	and	otherwise	every	fi	ve	year	 [29].	When	an	AVM	or	RLS	is	documented	or	not	
excluded,	anti	bacterial	prophylaxis	should	be	provided	for	at	risk	procedures	and	screenings	
intervals	will	be	determined	by	the	pulmonologist.	Screening	for	CAVMs	was	not	performed	
regularly	unti	l	now.	Screening	for	CAVMs	is	common	practi	ce	in	the	USA,	but	not	in	Europe.	
The	new	internati	onal	guidelines	recommend	that	pati	ents	with	HHT	should	be	screened	
for	CAVM	at	the	ti	me	of	diagnosis	using	MRI	with	and	without	contrast.	Whether	or	not	this	
recommendati	on	will	be	followed	in	all	countries	remains	to	be	seen.	Screening	for	HAVM	
will	 be	 performed	when	 clinical	 data	 are	 suggesti	ve	 for	HAVM,	 using	Doppler	 ultrasonic	
echography	or	CT	scanning.	Screening	for	GI	telangiectases	will	be	performed	when	occult	
blood	is	present	in	the	stool	or	anemia	exists,	anemia	not	explained	by	epistaxis.

Children
Publicati	ons	on	the	manifestati	ons	of	HHT	in	children	are	limited,	especially	on	the	prevalence	
of	AVMs	in	children.	The	rate	of	complicati	ons	of	PAVMs	and	CAVMs	was	considered	low	in	
children	[39,40].	Whether	this	is	due	to	a	lower	prevalence	of	AVMs	in	children	was	not	clear.	
Recently,	 results	of	 a	prospecti	ve	 study	 in	which	 children	were	 screened	 for	CAVMs	and	
PAVMs	was	published.	In	HHT1	60.7%	(17/28)	of	the	children	had	a	PAVM	and	14.2%	(4/28)	
of	the	children	a	CAVM.	In	HHT2	this	was	12.5%	for	PAVM	(4/32)	and	6.2%	for	CAVM	(2/32)	
[41].		Some	of	the	children	with	an	AVM	were	symptomati	c	and	treatment	was	warranted.	

In	 The	Netherlands	 screening	 of	 children	 consists	 of	 obtaining	medical	 history	 and	 a	
general	 physical	 examinati	on,	 including	 nasal	 inspecti	on	 by	 a	 specialist,	 chest-X-ray	 and	
oximetry,	as	is	suggested	in	the	internati	onal	guidelines	[29].	When	normal,	screening	will	be	
repeated	aft	er	puberty	and	at	the	age	of	18	years.

Geneti	c	modifi	ers
We	and	others	have	shown	phenotypic	diff	erences	between	HHT1	and	HHT2.	Apart	from	
these	 diff	erences	 between	 HHT1	 and	 HHT2,	 there	 is	 also	 a	 considerable	 variability	 in	
penetrance	and	expression	between	families	with	the	same	mutati	on	and	within	families.	
The	mechanisms	 leading	 to	 the	 intra-	and	 interfamilial	 variability	 in	HHT,	 for	 the	visceral	
manifestati	ons,	 the	 site-specifi	c	 telangiectases	 (mucosa	 versus	 skin)	 or	 epistaxis	 are	 not	
obvious.	There	could	be	involvement	of	geneti	c	modifi	ers.	

Mice	heterozygous	 for	Eng	 or	Acvrl1	 demonstrate	 the	 clinical	phenotype	of	HHT,	 the	
severity	being	dependent	on	the	geneti	c	background	of	the	mice	[42,43].	The	overlap	in	prenatal	
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vascular	abnormalities	of	Acvrl1, Tgfbr1, Tgfbr2, Eng and	Tgfb1	homozygous	knockout	mice	
is	considerable.	For	 the	 latter,	genetic	modifier	genes	have	been	shown	to	 influence	this	
pre-natal	lethal	phenotype	[44-47].	It	is	therefore	possible	that	there	are	also	genetic	factors	
within	the	TGFβ	pathway	that	modulate	the	phenotypic	variation	in	HHT.	Different	modifiers	
may	be	differentially	expressed	in	patients,	resulting	in	AVMs	or	telangiectases	in	different	
organs	with	different	frequencies.	Their	 interaction	with	the	ENG	or	ACVRL1 might	differ,	
dependent	on	the	differential	roles	that	ENG	and	ACVRL1	play	in	the	TGFβ/BMP	signaling	
pathway.	 In	contrast,	 there	may	be	specific	modifiers	 for	HHT1	and	specific	modifiers	 for	
HHT2,	which	again	could	be	tissue	specific.	Most	likely	the	differences	between	HHT1	and	
HHT2	and	the	differences	within	families	are	caused	by	a	combination	of	multiple	modifier	
genes	 interacting	 with	 several	 (maybe	 tissue	 specific)	 environmental	 factors	 in	 a	 very	
complex	manner.	This	will	be	subject	of	future	investigations.	

Environmental	factors
That	environmental	factors	play	a	role	is	particularly	suggested	by	the	localization	of	dermal	
telangiectases;	 the	 sun	 exposed	 dermal	 sites	 (face	 and	 hands)	 are	most	 often	 affected.	
In	 a	 non-HHT	 population	 telangiectases	 are	 associated	with	 sun	 exposure,	 smoking	 and	
increasing	age	[48].	Although	these	telangiectases	are	different	from	the	telangiectases	found	
in	HHT,	the	association	found	in	that	population	might	also	hold	true	for	the	HHT	population.	
Indeed	 the	 telangiectases	 in	 HHT	 do	 occur	 predominantly	 on	 dermal	 sites	 that	 are	 sun	
exposed	or	are	prone	to	other	external	influences.	Furthermore,	age	is	a	prominent	factor	
in	HHT,	as	the	number	of	sites	affected	increase	with	increasing	age.	The	finding	of	a	high	
frequency	of	telangiectases	in	the	nasal	and	oral	mucosa	(compared	to	sun	exposed	dermal)	
might	be	a	reflection	of	the	density	and	superficial	localization	of	arteries	in	mucosal	tissue	
in	general.	It	is	very	likely	that	the	higher	frequency	is	explained	by	a	combination	of	genetic	
and	 environmental	 factors.	 Environmental	 factors	 such	 as	 local	 stress,	 infection,	 minor	
trauma,	exposure	to	toxic	agents	and	temperature	changes.	Apart	from	telangiectases	one	
could	speculate	that	environmental	factors	are	contributing	to	all	manifestations	in	HHT.		

Future	prospects
Apart	 from	 the	 identification	 of	 additional	 HHT	 genes,	 the	 search	 for	 modifier	 genes	
is	a	good	next	 step	 in	HHT	 research.	We	are	currently	 conducting	a	SNP	analysis	 in	HHT	
patients	comparing	mutation	carriers	with	a	PAVM	and	mutation	carriers	without	a	PAVM	
for	 common	 variations	 within	 their	 genome.	 We	 focus	 on	 genomic	 regions	 syntenic	 to	
murine	modifier	loci	known	to	influence	TGFb1-dependent	vascular	development.	We	also	
will	 screen	SNPs	within	 candidate	genes	encoding	TGFb	 and	BMP	signaling	 components,	
including	ENG and	ACVRL1.	We	hope	via	this	analysis	to	be	able	to	demonstrate	that	other	
loci	can	be	important	in	the	pathogenesis	for	PAVMs	and	maybe	other	AVMs.	Understanding	



Discussion and perspecti ves Discussion and perspecti ves 141

4

the	molecular	mechanisms	of	geneti	c	interacti	on	will	hopefully	give	insight	into	the	eti	ology	
of	AVM	in	HHT	pati	ents.		

In	conclusion
The	 results	 published	 in	 this	 thesis	 have	 improved	 the	 knowledge	 of	 HHT.	 In	 families	
suspected	of	HHT,	DNA	analysis	reveals	a	mutati	on	in	the	vast	majority	of	the	probands	in	
ENG	or	ACVRL1.	Once	a	geneti	c	diagnosis	is	set,	a	general	risk	profi	le	for	the	diff	erent	clinical	
manifestati	ons	can	be	given	to	probands	and	family	members	according	to	the	type	of	HHT.	
Screening	for	clinical	manifestati	ons	is	advised	for	aff	ected	family	members.	

The	 risk	profi	le	of	 the	 clinical	manifestati	ons	 is	 populati	on	based.	An	explanati	on	 for	
the	intrafamilial	variability	has	not	been	found,	but	is	focus	of	future	research.	Identi	fying	
modifi	er	genes	or	environmental	factors	infl	uencing	the	expression	of	the	HHT	genes	will	
benefi	t	carriers	greatly.	 It	gives	the	opportunity	to	a	bett	er	understanding	of	the	reasons	
behind	the	development	of	symptoms	and	off	ers	therefore	 	a	more	personal	risk	profi	le.	
This	will	improve	the	management	of	the	disease,	make	it	more	individual	based	and	will	
personalize	and	improve	the	geneti	c	counseling.					
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Summary
Hereditary	 hemorrhagic	 telangiectasia	 (HHT)	 or	 Rendu-Osler-Weber	 (ROW)	 syndrome	 is	
an	autosomal	dominant	disease	characterized	by	vascular	malformati	ons	in	multi	ple	organ	
systems.	HHT	has	an	age-related	penetrance	and	variable	clinical	expression.	The	clinical	
symptoms	are	caused	by	direct	arteriovenous	connecti	ons	without	an	intervening	capillary	
bed.	This	can	result	in	a	range	of	manifestati	ons,	from	smaller	mucocutaneous	telangiectases	
to	 large	 visceral	 arteriovenous	malformati	ons	 (AVM).	 The	 clinical	manifestati	ons	 of	 HHT	
include	recurrent	epistaxis,	multi	ple	telangiectases,	at	characteristi	c	sites	(lips,	oral	cavity,	
nose,	fi	ngers,	gastrointesti	nal	telangiectases)	and	AVMs,	mostly	in	the	lung	(PAVM),	the	liver	
(HAVM)	or	the	brain	(CAVM).		

The	clinical	diagnosis	HHT	is	established	using	the	Curaçao	criteria.	At	least	three	of	the	
following	four	criteria	are	required	for	a	certain	clinical	diagnosis:	spontaneous	and	recurrent	
epistaxis,	 telangiectases	 at	 characteristi	c	 sites,	 visceral	 manifestati	ons	 (gastrointesti	nal	
telangiectases,	PAVM,	CAVM,	HAVM)	and	a	fi	rst	degree	relati	ve	with	HHT.	In	the	presence	of	
two	criteria,	the	diagnosis	is	considered	possible.	

Mutati	ons	in	the	endoglin	(ENG) and	acti	vin	A	receptor	type-like	kinase	1	(ACVRL1)	genes	
have	been	shown	to	be	associated	with	HHT;	mutati	ons	in	ENG	cause	HHT1	and	mutati	ons	
in	ACVRL1	cause	HHT2.	A	combined	syndrome	of	juvenile	polyposis	and	HHT	is	caused	by	
mutati	ons	in	the	SMAD4	gene.		

The	results	of	DNA	analysis	of	the	ENG	and	ACVRL1	genes	is	described	in	chapter 2.1.	DNA	
analysis	is	performed in	104	probands	referred	by	a	terti	ary	referral	centre	(Nieuwegein).	
Almost	 all	 pati	ents	 were	 from	 the	 Netherlands.	 Mutati	on	 analysis	 is	 performed	 using	
sequencing	 of	 protein	 encoding	 exons	 and	 their	 fl	anking	 intronic	 sequences	 and	 using	
polymerase	chain	reacti	on	for	amplifi	cati	on	of	the	DNA.	Sequence	variants	are	detected	in	
97	probands	(92%),	55	probands	carry	an	ENG	mutati	on	and	42	probands	have	an	ACVRL1	
mutati	on.	In	7	families	no	mutati	on	is	detected.	In	ENG	40	diff	erent	mutati	ons	are	found,	
in	ACVRL1	31	diff	erent	mutati	ons.	The	majority	of	the	mutati	ons	are	de	novo	(not	reported	
previously).	All	 kinds	of	mutati	ons	 are	 found:	missense	mutati	ons,	 splice	 site	mutati	ons,	
nonsense	mutati	ons	and	small	deleti	ons	and	inserti	ons.	

Because	the	technique	used	in	chapter	2.1	does	not	contain	the	search	for	large	deleti	ons	or	
duplicati	ons,	a	subsequent	analysis	was	performed.	In	chapter 2.2	the	results	of	Multi	plex	
Ligati	on-dependent	 Probe	 Amplifi	cati	on	 (MLPA)	 are	 presented.	 In	 a	 (now	 larger)	 cohort	
of	 probands	 (123),	 without	 a	 pathogenic	 mutati	on	 aft	er	 DNA	 analysis	 as	 described	 in	
chapter	2.1,	MLPA	analysis	revealed	4	diff	erent	mutati	ons	in	5	probands.	In	the	ENG	gene	
one	deleti	on	and	two	duplicati	ons	are	found	and	in	the	ACVRL1	gene	one	large	deleti	on	is	
detected.	Two	of	these	MLPA	mutati	ons	were	found	in	a	cohort	of	pati	ents	referred	the	HHT	
experti	se	centre	(with	a	certain	clinical	diagnosis),	the	other	three	mutati	ons	were	found	
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in	a	cohort	of	probands	of	whom	clinical	data	were	unavailable.	All	5	probands	appeared	
to	have	a	certain	and	confirmed	clinically	diagnosis.	These	data,	combined	with	data	in	the	
literature	confirms	that,	although	the	search	for	large	deletions	or	duplications	is	necessary,	
they	will	be	found	only	in	a	small	proportion	of	the	HHT	patients	(1.5-5%).	MLPA	analysis	is	
nowadays	standard	in	DNA	diagnostics.	

To	find	out	how	often	HHT	symptoms	are	associated	with	SMAD4	mutations,	DNA	analysis	
of	the	SMAD4	gene	is	performed,	in	patients	without	a	history	of	juvenile	polyposis	but	with	
HHT	symptoms	(chapter 2.3). DNA	analysis	is	performed	in	30	patients	without	a	mutation	
in	ENG	or	ACVRL1.	SMAD4	mutations	are	found	in	3	of	these	30	patients.	 In	one	patient,	
the	medical	history	revealed	that	colonic	polyps	had	been	discovered	using	endoscopy.	In	
another	patient,	colon	cancer	was	diagnosed	and	upon	examination	the	patient	appeared	
to	have	multiple	hamartomatous	polyps.	None	of	 the	patients	 reported	a	 family	history.	
Calculating	 the	 proportion	 of	 SMAD4	mutations	 in	 the	whole	HHT	 population,	we	 show	
that	an	estimated	2-3%	of	the	HHT	patients	harbour	a	SMAD4	mutation	as	the	cause	of	the	
symptoms.	Genetic	testing	of	SMAD4	is	therefore	advised	when	no	mutations	are	found	in	
ENG	or	ACVRL1.	Upon	finding	a	SMAD4	mutation,	screening	for	polyps	is	warranted.	

In chapter 2, the	molecular	and	genetic	characterization	of	the	HHT	families	was	performed.	
Once	a	mutation	in	the	majority	of	the	families	is	found,	the	identification	of	carriers	and	
non-carriers	 is	 possible.	 This	 combined	 with	 well	 described	 phenotypes,	 allows	 for	 an	
extensive	analysis	of	the	genotype-phenotype	correlation	(chapter 3).	

The	results	of	genotype-phenotype	analyses	for	AVMs	are	reported	in	chapter 3.1. For	these	
analyses	584	patients	with	a	clinically	or	genetically	confirmed	HHT	older	than	16	years	are	
included.	A	pulmonary	arteriovenous	malformation	(PAVM)	is	significantly	more	frequent	
in	 HHT1	 compared	 to	 HHT2	 (48.7%	 and	 5%)	 and	 a	 hepatic	 arteriovenous	malformation	
(HAVM)	 is	 found	 more	 often	 in	 HHT2	 (40.6%.	 versus	 7.6%).	 A	 cerebral	 arteriovenous	
malformation	 (CAVM)	 is	detected	 in	14.6%	of	 the	patients	with	HHT1	compared	to	1.3%	
of	the	HHT2	patients.	Gender	analyses	reveal	that	women	are	more	prone	to	have	visceral	
manifestations.	In	HHT1	and	HHT2	more	women	than	men	have	an	HAVM	and	in	HHT1	more	
women	than	men	were	found	to	have	a	PAVM.	With	these	data,	genetic	counselling	of	HHT	
patients	or	family	members	can	be	given	accurate.		

Telangiectases	are	the	hallmark	for	the	clinical	diagnosis	HHT.	Despite	that,	there	was	only	
limited	data	on	telangiectases	as	a	symptom	of	HHT.	Therefore,	we	analysed	the	localization	
and	age	distribution	of	 telangiectases	 for	HHT1	and	HHT2,	described	 in	chapter 3.2.	We	
show	that	in	HHT1	and	HHT2	telangiectases	in	the	nasal	mucosa	appear	earlier	in	life	and	
are	 present	 at	 a	 higher	 prevalence	 than	 telangiectases	 in	 the	 oral	mucosa	 or	 at	 dermal	
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sites.	Oral	and	nasal	mucosal	telangiectases	are	present	earlier	in	life	in	subjects	with	HHT1,	
whereas	 dermal	 telangiectases	 are	more	 frequent	 and	 appear	 earlier	 in	 life	 in	HHT2.	 In	
both	HHT1	and	HHT2,	the	number	of	sites	involved	increases	with	increasing	age.	Gender	
diff	erences	are	observed	for	dermal	telangiectases,	diff	erences	between	men	and	women	
are	only	found	for	dermal	telangiectases,	which	are	more	frequent	in	women,	signifi	cantly	
in	HHT1	and	parti	cularly	on	the	hands.		

Telangiectases	are	very	important	to	establish	the	clinical	diagnosis	HHT	and	bleeding	from	
nasal	telangiectases	is	oft	en	the	presenti	ng	symptom.	In	chapter 3.3	a	study	is	undertaken	
to	evaluate	the	age	of	onset	and	the	severity	of	epistaxis	in	HHT	pati	ents,	comparing	both	
subtypes	(HHT1	and	HHT2).	It	is	a	retrospecti	ve	study,	questi	onnaire	based,	performed	in	a	
cohort	of	466	HHT	pati	ents.	The	data	are	strati	fi	ed	for	age,	gender	and	ancestral	background,	
to	evaluate	their	infl	uence	on	the	severity	of	the	phenotype.	In	pati	ents	with	HHT1,	epistaxis	
occurs	signifi	cantly	earlier	in	life	than	in	pati	ents	with	HHT2,	in	both	men	and	women	and	in	
both	pati	ents	from	the	Netherlands	and	from	the	Dutch	Anti	lles.	The	number	of	nosebleeds	
increases	with	increasing	age,	in	HHT1	and	HHT2,	without	gender	diff	erences.	In	our	study,	
gender	or	ancestral	background	has	no	apparent	infl	uence	on	the	occurrence	or	severity	of	
epistaxis.	

Many	 HHT	 pati	ents	 suff	er	 from	 gastrointesti	nal	 bleeding.	 Gastroduodenoscopy	 and	
colonoscopy	is	a	routi	ne	procedure	giving	informati	on	on	duodenum	and	colon.	However	
knowledge	is	lacking	about	the	small	intesti	ne	in	HHT,	because	unti	l	recently	a	non-invasive	
technique	 was	 not	 available.	 In	 chapter 3.4	 the	 relati	onship	 between	 gastrointesti	nal	
telangiectases	 and	 the	 HHT	 genotype	 is	 investi	gated,	 with	 an	 emphasis	 on	 the	 small	
intesti	ne	using	video	capsule	endoscopy	(VCE).	 In	a	cohort	of	25	pati	ents	with	confi	rmed	
HHT	and	with	anemia	that	could	not	be	explained	by	epistaxis,	the	gastrointesti	nal	tract	is	
visualized	 to	detect	 telangiectases.	Telangiectases	are	present	 in	almost	all	HHT	pati	ents	
(92%)	with	the	highest	frequency	of	telangiectases	in	the	small	intesti	ne.	These	were	more	
frequent	in	HHT1	and	in	general	 larger	 in	HHT1.	Telangiectases	 in	the	colon	are	detected	
less	 frequently	 compared	 to	 the	 small	 intesti	ne.	 Colonic	 telangiectases	 are	 only	 found	
in	 the	HHT1	populati	on	and	are	always	accompanied	by	 telangiectases	elsewhere	 in	 the	
gastrointesti	nal	tract.	Pati	ents	with	telangiectases	isolated	to	the	small	 intesti	ne	only	and	
no	telangiectases	detectable	by	gastroduodenoscopy	or	colonoscopy	are	also	present.	This	
proves	 that	 the	absence	of	 telangiectases	using	conventi	onal	endoscopy	 in	HHT	pati	ents	
does	 not	 exclude	 the	 presence	 of	 telangiectases	 in	 the	 small	 intesti	ne.	 In	 pati	ents	with	
unexplained	anemia,	video	capsule	endoscopy	should	therefore	be	considered	in	order	to	
cover	the	enti	re	gastrointesti	nal	tract.			
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In chapter 4 the results	of	the	previous	chapters	are	discussed	and	evaluated.	The	results	
published	 in	 this	 thesis	 have	 improved	 our	 knowledge	 of	 HHT.	 In	 families	 suspected	 of	
HHT,	a	general	risk	profile	for	the	different	clinical	manifestations	can	be	given	to	probands	
and	family	members	according	to	the	type	of	HHT.	However,	the	risk	profile	of	the	clinical	
manifestations	 remains	population	based.	An	explanation	 for	 the	question,	why	 the	one	
family	member	is	affected	with	all	symptoms	whereas	the	other	has	only	epistaxis,	remains	
open	and	will	be	focus	of	future	research.	Identifying	modifier	genes	or	environmental	factors	
influencing	the	expression	of	the	HHT	genes	will	possibly	generate	a	more	personalized	risk	
profile.	
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Samenvatti		ng
Hereditaire	 hemorrhagische	 teleangiëctasiën	 (HHT)	 ook	 de	 ziekte	 van	 Rendu-Osler-
Weber	 (ROW)	 genoemd	 is	 een	 autosomaal	 dominant	 overervende	 aandoening,	 met	
als	 belangrijkste	 verschijnsel	 vaatafwijkingen	 op	 meerdere	 locati	es	 in	 het	 lichaam.	 HHT	
heeft		 een	 leeft	ijdsafh	 ankelijke	 penetranti	e	 en	 een	 variabele	 expressie.	De	 verschijnselen	
worden	veroorzaakt	door	directe	verbindingen	tussen	arteriën	en	venen,	zonder	capillairen	
(haarvaten).	Dit	kan	resulteren	in	teleangiëctasiën	in	de	mucosa	of	op	huid,	maar	ook	tot	
grotere	 arterioveneuze	 malformati	es	 (AVMs).	 De	 klinische	 verschijnselen	 van	 HHT	 zijn	
regelmati	ge	bloedneuzen,	meerdere	 teleangiëctasiën	 (lippen,	mondholte,	vingers,	maag/
darmen)	en	arterioveneuze	malformati	es	in	met	name	de	longen	(PAVM),	de	lever	(HAVM)	
of	de	hersenen	(CAVM).	

Klinisch	wordt	de	diagnose	HHT	gesteld	op	basis	van	Curaçao	criteria.	Tenminste	drie	van	
de	volgende	vier	criteria	moeten	aanwezig	zijn	voor	de	klinische	diagnose	HHT:	regelmati	g	
spontane	 bloedneuzen,	 teleangiëctasiën	 op	 karakteristi	eke	 plaatsen,	 gastrointesti	nale	
teleangiëctasiën	of	AVM	(PAVM,	CAVM,	HAVM)	en	een	eerste	graad	verwante	met	HHT.	

Mutati	es	in	het	ENG	gen	en	het	ACVRL1	gen	zijn	geassocieerd	met	HHT;	mutati	es	in	het	
ENG	gen	veroorzaken	HHT1	en	mutati	es	 in	het	ACVRL1	gen	HHT2.	De	combinati	e	van	de	
aandoening	 juveniele	polyposis	 èn	HHT,	wordt	 veroorzaakt	door	mutati	es	 in	het	SMAD4	
gen.	

De	resultaten	van	DNA	onderzoek	van	het	ENG	gen	en	het	ACVRL1	gen	bij	104	probandi,	
verwezen	door	het	HHT	centrum	in	Nieuwegein	worden	beschreven	in	hoofdstuk 2.1.	Bijna	
alle	pati	ënten	komen	uit	Nederland.	Mutati	e	analyse	is	verricht	met	behulp	van	sequenti	e	
analyse	van	alle	exonen	en	de	fl	ankerende	intron	sequenti	es,	die	geamplifi	ceerd	zijn	met	een	
polymerase	ketti		ng	reacti	e.	Er	zijn	varianten	gevonden	in	97	probandi	(92%);	55	probandi	
hadden	een	ENG	mutati	es,	42	probandi	een	ACVRL1	mutati	e.	In	7	families	is	geen	mutati	e	
gevonden.	In	ENG	zijn	40	verschillende	mutati	es	gevonden,	in	ACVRL1	31.	Alle	type	mutati	es	
zijn	gevonden:	missens	mutati	es,	“splice-site”	mutati	es,	nonsens	mutati	es,	en	kleine	deleti	es	
en	inserti	es.	Naar	grotere	deleti	es	en	duplicati	es	is	in	deze	studie	niet	gezocht.	

In	families	waarin	geen	mutati	e	is	gevonden	met	de	techniek	beschreven	in	hoofdstuk	2.1,	
is	 vervolgens	 gezocht	 naar	 grote	 deleti	es	 en	 duplicati	es.	 De	 resultaten	 daarvan	 worden	
gepresenteerd	 in	 hoofdstuk 2.2. Gebruik	 makend	 van	 Multi	plex	 Ligati	on-dependent	
Probe	 Amplifi	cati	on	 (MLPA),	 is	 in	 een,	 inmiddels	 uitgebreidere,	 cohort	 probandi	 (123	
probandi)	zonder	mutati	e,	gezocht	naar	deleti	es/duplicati	es	in	ENG	en	ACVRL1. Er werden	
4	 verschillende	mutati	es	 in	 5	probandi	 gedetecteerd.	 In	het	ENG	 gen	 zijn	 1	deleti	e	en	2	
duplicati	es	gevonden,	in	het	ACVRL1	gen	is	een	grote	deleti	e	ontdekt.	Twee	van	de	MLPA	
mutati	es	werden	 gevonden	 in	 een	 cohort	met	 een	 zekere	 klinische	 diagnose,	 verwezen	
door	 het	 HHT	 centrum.	 De	 overige	 drie	 mutati	es	 werden	 gevonden	 in	 een	 cohort	 van	

Nederlandse samenvatti  ng



Chapter 5 Nederlandse samenvatting156 Nederlandse samenvatting

probandi,	waarvan	kennis	van	de	klinische	verschijnselen	ontbrak.	Alle	5	probandi	met	een	
grote	 deletie/duplicatie	 hebben	 een	 zekere	 klinische	 diagnose	 op	 basis	 van	 de	 Curaçao	
criteria.	Deze	gegevens	gecombineerd	met	gegevens	uit	de	medische	literatuur,	tonen	dat	
onderzoek	naar	grote	deleties	en	duplicaties	geïndiceerd	is,	maar	dat	ze	slechts	in	een	kleine	
groep	patiënten	de	oorzaak	zijn	van	HHT	(1.5%-5%).	 In	het	diagnostisch	DNA	onderzoek,	
uitgevoerd	in	ons	centrum,	wordt	MLPA	techniek	inmiddels	standaard	uitgevoerd.	

Om	te	onderzoeken	hoe	frequent	SMAD4	mutaties	de	oorzaak	zijn	van	HHT,	is	in	hoofdstuk 
2.3 DNA	 onderzoek	 verricht	 naar	 SMAD4	 mutaties	 in	 een	 groep	 HHT	 patiënten	 zonder	
aanwijzingen	voor	de	ziekte	juveniele	polyposis.	DNA	analyse	 is	verricht	bij	30	patiënten,	
zonder	een	mutatie	 in	ENG	 of	ACVRL1.	SMAD4	mutaties	 zijn	gevonden	 in	3	van	deze	30	
patiënten.	Uit	de	medische	gegevens	van	één	patiënt	bleek	dat	met	behulp	van	endoscopie	
poliepen	 in	 de	 dikke	 darm	 waren	 geconstateerd.	 Bij	 een	 andere	 patiënt	 werd	 dikke	
darmkanker	 geconstateerd	 en	 met	 behulp	 van	 endoscopisch	 onderzoek	 bleken	 er	 ook	
meerdere	hamartomateuze	poliepen	 in	de	dikke	darm	aanwezig.	Geen	van	de	patiënten	
rapporteerde	een	verdachte	familieanamnese.	Als	de	gehele	HHT	populatie	in	ogenschouw	
wordt	 genomen,	 dan	 kan	 berekend	worden	 dat	 ongeveer	 2-3%	 van	 alle	 HHT	 patiënten,	
een	SMAD4	mutatie	heeft	als	oorzaak	van	de	HHT.	Genetisch	onderzoek	van	SMAD4	wordt	
geadviseerd	als	er	geen	mutatie	wordt	gevonden	in	ENG	of	ACVRL1.	Als	een	SMAD4	mutatie	
wordt	gevonden,	dan	is	screenend	onderzoek	naar	poliepen	geïndiceerd.

In hoofdstuk 2 is	 de	 genetische	en	moleculaire	heterogeniteit	 van	HHT	 families	 in	 kaart	
gebracht.	Nu	 in	de	meerderheid	van	de	 families	een	mutatie	 is	aangetoond,	 is	het	beter	
mogelijk	 aangedane	 familieleden	 te	onderscheiden	van	niet	 aangedane	 familieleden.	Dit	
gecombineerd	 met	 een	 goed	 omschreven	 fenotype,	 maakt	 een	 nauwkeurige	 genotype-
fenotype	analyse	mogelijk	(hoofdstuk 3).		

De	 resultaten	 van	 genotype-fenotype	 analyse	 voor	 de	 AVMs	 worden	 gerapporteerd	 in	
hoofdstuk 3.1.	Voor	deze	analyse	werden	584	patiënten	met	een	klinisch	dan	wel	genetisch	
bevestigde	diagnose	HHT	(ouder	dan	16	jaar)	geïncludeerd.	Een	pulmonale	arterioveneuze	
malformatie	 (PAVM)	 blijkt	 significant	 vaker	 aanwezig	 bij	 HHT1	 patiënten	 dan	 bij	 HHT2	
(48.5%	en	5%)	en	een	arterioveneuze	malformatie	van	de	 lever	(HAVM)	komt	frequenter	
voor	bij	HHT2	patiënten	(7.6%	en	40%).	Een	cerebrale	arterioveneuze	malformatie	(CAVM)	is	
aanwezig	bij	14.5%	van	de	HHT1	patiënten,	vergeleken	met	1.3%	van	de	HHT2	patiënten.	De	
analyse	toonde	verder	dat	vrouwen	vaker	verschijnselen	hebben	van	HHT	dan	mannen.	In	
HHT1	en	HHT2	bleken	meer	vrouwen	een	HAVM	te	hebben	dan	mannen	en	in	HHT1	bleken	
meer	vrouwen	een	PAVM	te	hebben.	Met	behulp	van	deze	data	kan	genetische	counseling	
nauwkeurig	worden	gegeven	aan	HHT	patiënten	en	hun	familieleden.		
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Ondanks	het	belang	van	teleangiëctasiën	voor	het	stellen	van	de	klinische	diagnose	HHT,	
was	er	nog	weinig	bekend	over	de	relati	e	tussen	leeft	ijd	van	de	pati	ënt	en	teleangiëctasiën.	
In	 hoofdstuk 3.2	 	 wordt	 de	 lokalisati	e	 van	 teleangiëctasiën	 per	 leeft	ijdscategorie	
beschreven,	voor	zowel	HHT1	als	HHT2.	Hierbij	wordt	aangetoond	dat	 in	zowel	HHT1	als	
HHT2	 teleangiëctasiën	 in	de	 slijmvliezen	 van	de	neus	eerder	 en	 vaker	 aanwezig	 zijn	dan	
teleangiëctasiën	 in	 het	mondslijmvlies	 of	 op	de	huid.	 Teleangiëctasiën	 van	de	mond-	 en	
neusslijmvliezen	 worden	 op	 jongere	 leeft	ijd	 gevonden	 in	 pati	ënten	 met	 HHT1,	 terwijl	
teleangiëctasiën	van	de	huid	vaker	en	eerder	voorkomen	bij	HHT2	pati	ënten.	Bij	zowel	HHT1	
als	HHT2,	neemt	het	aantal	plaatsen	met	teleangiëctasiën	toe	met	het	sti	jgen	van	de	leeft	ijd.	
Verschillen	tussen	mannen	en	vrouwen	werden	alleen	gevonden	voor	teleangiëctasiën	van	
de	huid;	deze	komen	vaker	voor	bij	vrouwen,	vooral	op	de	handen	en	voornamelijk	in	HHT1.	

Teleangiëctasiën	 zijn	een	belangrijk	kenmerk	van	HHT,	bloedingen	uit	 teleangiëctasiën	 in	
het	neusslijmvlies	zijn	vaak	het	eerste	symptoom	in	HHT.	In hoofdstuk 3.3	wordt	een	studie	
gepresenteerd,	waarin	de	leeft	ijd	waarop	neusbloedingen	in	HHT1	en	HHT2	ontstaan	wordt	
beschreven.	Daarnaast	wordt	de	ernst	van	de	neusbloedingen	in	kaart	gebracht.	Het	betreft		
een	retrospecti	eve	studie	 in	een	cohort	van	466	HHT	pati	ënten,	verricht	met	behulp	van	
vragenlijsten.	De	gegevens	uit	 de	 vragenlijsten	 zijn	 geanalyseerd,	 rekening	houdend	met	
leeft	ijd,	geslacht	of	land	van	herkomst.	Neusbloedingen	komen	op	jongere	leeft	ijd	voor	bij	
HHT1	dan	bij	HHT2.	Dit	geldt	voor	zowel	mannen	als	vrouwen	en	voor	zowel	Nederlandse	
pati	ënten	als	pati	ënten	met	een	Anti	lliaanse	afk	 omst.	Het	 aantal	neusbloedingen	neemt	
toe	met	het	toenemen	van	de	leeft	ijd,	bij	beide	subtypen	(HHT1	en	HHT2)	en	onafh	 ankelijk	
van	het	geslacht.	In	deze	studie	is	er	geen	invloed	gevonden	van	het	geslacht	of	het	land	van	
herkomst	op	ernst	en	de	leeft	ijd	waarop	neusbloedingen	voor	het	eerst	optreden.	

Vele	HHT	pati	ënten	krijgen	bloedingen	in	het	maag-darmkanaal.	Onderzoek	van	de	maag	en	
de	dikke	darm	wordt	regelmati	g	verricht,	onderzoek	van	de	dunne	darm	is	lasti	ger,	omdat	
een	niet	invasieve	techniek	tot	voor	kort	niet	beschikbaar	was.	In	hoofdstuk 3.4	worden	de	
teleangiëctasiën	van	het	maag-darmkanaal	onderzocht	van	pati	ënten	met	HHT1	of	HHT2.	
Dit	met	het	accent	op	de	dunne	darm	en	gebruik	makend	van	videocapsule	endoscopie.	In	
een	cohort	van	25	personen	met	een	bevesti	gde	diagnose	HHT	en	met	bloedarmoede	(niet	
veroorzaakt	door	neusbloedingen)	is	onderzoek	verricht.	Teleangiëctasiën	zijn	aangetoond	
in	bijna	alle	pati	ënten	(92%),	de	meeste	teleangiëctasiën	zijn	gevonden	in	de	dunne	darm,	
vaker	in	HHT1	en	over	het	algemeen	groter	in	HHT1.	Teleangiëctasiën	in	de	dikke	darm	zijn	
alleen	gevonden	in	HHT1	pati	ënten	en	alti	jd	in	combinati	e	met	teleangiëctasiën	elders	in	
het	maag-darmkanaal.	 Er	 zijn	ook	pati	ënten	met	 teleangiëctasiën	 in	 alleen	dunne	darm,	
zonder	 teleangiëctasiën	 in	de	maag	of	dikke	darm.	Dit	 toont	aan	dat	gebruik	maken	van	
conventi	onele	 onderzoekmethodes	 (scopieën)	 niet	 alti	jd	 toereikend	 is.	 Daarom	 wordt	
geadviseerd	videocapsule	endoscopie	te	overwegen	bij	HHT	pati	ënten	met	een	onverklaarde	
anemie.	
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In	hoofdstuk 4	worden	de	 resultaten	uit	de	voorgaande	hoofdstukken	bediscussieerd	en	
geëvalueerd.	 De	 resultaten	 uit	 dit	 proefschrift	 hebben	 de	 kennis	 over	 HHT	 vergroot.	 In	
families	 verdacht	 van	HHT	 is	 het	mogelijk	 het	 subtype	HHT	 te	 bepalen	 en	daarmee	een	
inschatting	te	geven	op	de	kans	op	de	verschillende	verschijnselen.	Deze	inschattingen	zijn	
wel	op	basis	van	populatie	onderzoek.	Een	antwoord	op	de	vraag	waarom	het	ene	familielid	
alle	 verschijnselen	 krijgt	 en	 het	 andere	 familielid	 alleen	 bloedneuzen,	 is	 er	 nog	 niet	 en	
onderwerp	van	toekomstig	onderzoek.	Het	identificeren	van	genen	of	omgevingsfactoren	
die	 daarop	 invloed	 hebben,	 zal	 het	mogelijk	maken	 een	meer	 persoonsgebonden	 risico	
inschatting	te	maken.					
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Dankwoord
Vroeger	was	 een	 tocht	met	 een	 klipper	 een	 grote	 en	 langdurige	onderneming,	met	 een	
uitgebreide	bemanning.	De	bijdrage	van	ieder	lid	van	de	bemanning	was	essenti	eel,	voor	
een	goede	vaart	en	een	juiste	koers.	Zonder	een	goede	samenwerking	was	het	schip	slecht	
bestuurbaar	 en	 opkruisen	 al	 helemaal	 onmogelijk.	 Klippers	 bereikten	 door	 hun	 slanke	
bouw,	het	grote	zeiloppervlak	en	een	 ingewerkte	bemanning	hoge	snelheden,	toch	bleef	
geduld	een	schone	zaak.	Bij	luwte	was	er	weinig	vooruitgang	en	de	bemanning	was	over	het	
algemeen	lang	van	huis.	

Dit	 proefschrift		 is	 eveneens	 een	 lange	 tocht	 geweest,	 voor	 elkaar	 gebracht	 door	 een	
uitgebreide	bemanning.	De	tocht	was	een	succes,	de	klipper	ligt	nu	afgemeerd,	de	lading	is	
goed	overgekomen.	Ik	ben	iedereen	die	dat	heeft		mogelijk	gemaakt	veel	dank	verschuldigd,	
zonder	 bemanning	was	 dit	 niet	 gelukt.	 Speciaal	wil	 ik,	 de	 kapitein,	 de	 stuurman	 en	 alle	
matrozen	bedanken,	in	willekeurige	volgorde.	

Dr.	C.J.J.	Westermann,	beste	Kees,	jij	hebt	een	cruciale	rol	gespeeld	in	deze	tocht.	Je	niet	
afl	atende	enthousiasme	voor	het	HHT	onderzoek	is	voor	mij	een	grote	sti	mulans	geweest	en	
heeft		zeer	moti	verend	gewerkt.	Bij	het	onderzoek	naar	de	vele	aspecten	van	HHT	staan	bij	
jou	de	pati	ënten	en	de	pati	ëntenzorg	centraal,	dat	is	waar	het	om	gaat.	Je	bent	in	het	HHT	
onderzoek	de	spin	in	het	web	en	zorgt	daarbij	ook	nog	eens	goed	voor	je	medeonderzoekers;	
ook	voor	de	broodnodige	ontspanning.	Ik	zal	je	inspanning,	begeleiding	en	de	ontspanning	
nooit	vergeten	en	hoop	daar	nog	lang	van	te	mogen	genieten.	Ook	de	andere	leden	van	het	
HHT	centrum	wil	ik	bedanken,	speciaal	Hans-Jurgen	Mager,	Repke	Snijder	en	Elly	Vermorken.

Prof.	dr.	D.	Lindhout,	beste	Dick,	ik	weet	niet	goed	waar	te	beginnen	met	je	te	bedanken.	
Je	 bent	 in	 drukke	 en	 ook	moeilijke	 ti	jden	 alti	jd	 bereikbaar	 geweest	 en	 dat	 waardeer	 ik	
enorm.	Ondanks	andere	onderzoeklijnen	die	je	aandacht	vroegen	en	vragen,	heb	je	alti	jd	
aandacht	 gehad	 voor	de	 verschillende	 aspecten	 van	het	HHT	onderzoek	en	ben	 je	 alti	jd	
weer	met	nieuwe	ideeën	gekomen.	Als	resultaten	worden	besproken	heb	je	vaak	net	een	
andere	blik	op	de	zaak,	net	vanuit	een	andere	richti	ng,	en	daardoor	verfrissend.	Ik	heb	daar	
enorm	veel	van	geleerd.	Mange	tak	!!

Dr.	J.H.K.	Ploos	van	Amstel,	beste	Hans	Kristi	an,	mijn	interesse	in	HHT	is	eigenlijk	door	jou	
gewekt.	Mijn	eerste	contact	met	HHT	was	gedurende	mijn	laboratorium	stage,	waarin	we	
startt	en	met	het	DNA	onderzoek	van	het	ENG	gen	en	het	ACVRL1	gen,	samen	met	Richard	
Zewald.	Daarna	heb	je	mij	begeleid	bij	het	daarop	volgende	onderzoek	en	het	schrijven	van	
de	verschillende	arti	kelen.	Zo	zijn	we	samen	in	het	HHT	onderzoek	verzeild	geraakt.	Vooral	
voor	je	ontspannen	begeleiding	en	niet	afl	atende	geduld	ben	ik	je	zeer	dankbaar.	Aan	onze	
trippen	naar	de	tweejaarlijkse	HHT	meeti	ngs	bewaar	ik	zeer	goede	herinneringen.

Dr.	R.A.	Akhurst,	PhD.	Dear	Rosemary,	thank	you	for	the	opportunity	to	work	with	you	
on	HHT	research,	I	am	very	grateful	for	our	collaborati	on.	I	will	never	forget	the	start,	my	
ti	me	in	your	laboratory,	because	of	the	work	and	the	progress,	but	also	because	of	the	way	
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I	was	included	in	the	lab.	The	lab,	you	and	your	family	made	my	stay	unforgettable,	it	felt	
like	home.	It	is	a	pity	San	Francisco	is	so	far	away…	I	hope	we	can	continue	(and	expand)	our	
collaboration	and	I	will	be	able	to	enjoy	your	patience,	inspiration	and	humour	for	a	long	
time	to	come.	I	look	forward	to	more	shared	meetings,	they	are	very	motivating…		

De	afdeling	klinische	genetica	en	mijn	lieve	collega’s,	wil	 ik	bedanken	voor	het	geduld	
dat	ze	opgebracht	hebben.	Deze	trip	heeft	lang	geduurd	en	veel	energie	gevergd,	dat	ging	
wel	eens	ten	koste	van	andere	(lopende)	zaken	en	van	mijn	humeur.	Ik	wil	iedereen	hartelijk	
danken	voor	het	opgebrachte	geduld.	Het	DNA	laboratorium	dank	ik	voor	het	verrichte	DNA	
onderzoek	en	Eric	Hennekam	voor	het	genealogisch	onderzoek	van	de	HHT	families;	beiden	
onmisbare	 onderdelen	 van	 het	 onderzoek.	 Verder	 wil	 ik	 ook	 speciaal	 Vivian	 en	 Wilmy	
bedanken	voor	hun	hulp	met	de	laatste	loodjes…

Lieve	pa,	ma	en	Bas,	 jullie	onvoorwaardelijke	vertrouwen	 in	deze	missie	 is	een	baken	
voor	mij	geweest.	 Ik	ben	daarvoor	heel	dankbaar	en	besef	dat	het	veel	geduld	van	 jullie	
heeft	gevraagd.	Didam	en	Maartensdijk	waren	oases	van	rust,	waar	ik	met	volle	teugen	heb	
genoten	en	mijn	hoofd	heb	kunnen	leeg	maken.	Zonder	jullie	was	deze	missie	niet	mogelijk	
geweest.	Dorus,	thanks	for	the	walks….	

Mijn	vrienden	en	familie	ben	ik	ook	dank	verschuldigd.	Ik	ben	me	bewust	van	het	feit	
dat	 ik	de	laatste	tijd	niet	veel	tijd	voor	 jullie	heb	gehad.	 Ik	troost	me	bij	de	gedachte	dat	
iedereen	beseft	dat	het	niet	altijd	om	kwantiteit	gaat,	maar	vooral	om	kwaliteit.	Toch	zal	ook	
de	kwantiteit	meer	aandacht	krijgen,	beloofd	!!		

Lieve	Gerrit-Jan	en	Yes,	vanaf	het	begin	van	het	onderzoek	wist	ik	dat,	bij	een	promotie,	
ik	jullie	zou	vragen	om	paranimfen	te	zijn.	Mijn	gevoel	zei	dat	dat	zo	moest	en	zo	hoorde…	
Jullie	zijn	geweldig	paranimfen	en	nog	betere	vrienden,	ik	ben	er	trots	op	jullie	naast	me	te	
hebben	staan.	

Dit	 schip	 heeft	 de	 zeilen	 gestreken,	 daar	 ben	 ik	 trots	 op.	 Ze	 wordt	 klaar	 gemaakt	 voor	
de	 volgende	 trip.	 Daaronder	 valt	 natuurlijk	 ook	 verder	 onderzoek	 ten	 bate	 van	 de	 HHT	
patiënten,	die	ik	ook	heel	hartelijk	dank.	
Maar	nu	eerst:		vakanties	plannen	!	
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Curriculum	Vitae
Tom	 Lett	eboer	 werd	 geboren	 op	 9	 februari	 1967	 te	 Zwolle.	 In	 1985	 werd	 het	 diploma	
Voorbereidend	Wetenschappelijk	Onderwijs	aan	het	Liemers	College	te	Zevenaar	behaald.	
Na	een	 jaar	de	 studie	Medische	Biologie	 te	hebben	gevolgd	aan	de	Universiteit	Utrecht,	
startt	e	hij	in	1986	met	de	studie	geneeskunde	aan	dezelfde	universiteit.	In	1992	werd	het	
doctoraal	 examen	 met	 goed	 gevolg	 afgelegd.	 Tijdens	 de	 studie	 geneeskunde	 waren	 er	
verschillende	extracurriculaire	acti	viteiten,	waaronder	lid	van	het	bestuur	der	MSFU	“	Sams”	
in	de	 functi	e	commissaris	 reducti	ebureau	en	verkoop.	Na	het	behalen	van	het	doctoraal	
examen	geneeskunde	volgde	een	onderzoeksproject	van	6	maanden	aan	de	afdeling	Cancer	
Biology	van	de	Cleveland	Clinic	Foundati	on	 in	Cleveland,	Ohio	 (begeleiders	Dr.	P.	Paul	en	
Dr.	 M.J.	 Coppes),	 waarbij	 de	 geneti	sche	 defecten	 van	 familiaire	 polyposis	 coli	 werden	
gekarakteriseerd.	 De	 coschappen	 werden	 gestart	 in	 1992,	 met	 als	 speciale	 coschappen	
radiodiagnosti	ek	 in	 het	 Academische	 Ziekenhuis	 Utrecht,	 Intensive	 Care	 Pediatrie	 in	 het	
Wilhelmina	Kinderziekenhuis	te	Utrecht	en	sociale	geneeskunde	op	de	afdeling	revalidati	e	
in	Klinikum	Passauer	Wolf	in	Bad	Griesbach,	Duitsland.	Op	26	mei	1995	werd	het	artsexamen	
gehaald.	

Aansluitend	aan	het	artsexamen,	was	hij	anderhalf	jaar	aangesteld	als	research	fellow	aan	
de	afdeling	Cancer	Biology	van	de	Cleveland	Clinic	Foundati	on	(begeleider	Dr.	C.	Colmenares).	
Dit	werd	 gevolgd	door	 een	 arts-assistentschap	op	de	 afdeling	 kindergeneeskunde	 in	 het	
Sophia	Ziekenhuis	in	Zwolle.	
De	 ervaringen	 met	 het	 moleculair	 biologisch	 onderzoek	 gecombineerd	 met	 het	 arts-
assistentschap	 kindergeneeskunde	 prikkelden	 de	 interesse	 voor	 de	 klinische	 geneti	ca.	
Na	 twee	 jaar	arts-assistent	op	de	afdeling	klinische	geneti	ca	aan	de	Universiteit	Utrecht,	
startt	e	in	2001	de	opleiding	tot	klinische	geneti	cus	(opleider	Prof.	dr.	F.A.	Beemer).	Tijdens	
de	opleiding	tot	klinische	geneti	cus	begon	het	onderzoek	naar	hereditaire	hemorrhagische	
teleangiëctasiën,	leidend	tot	een	vruchtbare	samenwerking	met	het	HHT	centrum	in	het	St.	
Antonius	ziekenhuis	te	Nieuwegein.	In	2004	werd	de	eerste	“Robert	I.	White	Jr.,	M.D.	Young	
HHT	Clinician	of	the	Year	Award”	ontvangen	uitgereikt	door	HHT	Foundati	on	Internati	onal.		
Sinds	januari	2005	is	hij	werkzaam	als	klinisch	geneti	cus	aan	de	afdeling	Klinische	Geneti	ca	
van	de	Divisie	Biomedische	Geneti	ca	van	het	Universitair	Medisch	Centrum	Utrecht.	
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