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Abstract:	

Aortic	valve	stenosis	(AS)	is	treated	with	biological	(BP)	and	mechanical	prostheses	(MP).	Vector	

flow	imaging	(VFI),	an	angle	independent	ultrasound	method,	can	quantify	flow	complexity	(VC)	

and	secondary	rotation	(SR).		

Ten	patients	(mean:70.7y/o)	with	tricuspid	AS	scheduled	for	BP,	10	patients	(mean:56.2y/o)	with	

bicuspid	AS	scheduled	for	MP,	and	10	patients	(mean:63.9y/o)	with	normal	aortic	valve	were	

scanned	intraoperatively	on	the	ascending	aorta	with	VFI	and	conventional	spectral	Doppler.		

Bicuspid	AS	(peak	systolic	velocity	(PSV):380.9cm/s,SR:16.7Hz,VC:0.21)	had	more	complex	flow	

(p<0.02)	than	tricuspid	AS	(PSV:346.1cm/s,SR:17.1Hz,VC:0.33).	Both	groups	had	more	complex	and	

faster	flow	(p<0.0001)	than	normal	aortic	valve	patients	(PSV:124.0cm/s,SR:4.3Hz,VC:0.79).	VC	

(r=0.87)	and	SR	(r=0.89)	correlated	to	PSV.	After	surgery,	flow	parameters	changed	(p<0.0001)	for	
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patients	with	MP	(PSV:250.4cm/s,SR:9.8	Hz,VC:0.54)	and	BP	(PSV:232.4cm/s,SR:12.5Hz,VC:0.61)	

with	MP	having	slower	SR	(p<0.01).	None	of	the	implants	had	normal	flow	(p<0.0001).	In	

conclusion,	VFI	can	provide	new	flow	parameters	for	AS	and	implant	assessment.		

	

	

Keywords:	Vector	Flow	Imaging;	Vector	concentration;	Secondary	rotation;	Aortic	valve	stenosis;	

Bicuspid	aortic	valve;	Mechanical	valve.	

	

Introduction	

Stenosis	of	the	tricuspid	aortic	valve	is	one	of	the	most	common	valvular	heart	diseases	with	a	

prevalence	of	4.6%	in	persons	older	than	75	years	and	with	risk	factors	identical	to	those	for	

atherosclerosis,	e.g.	obesity,	high	blood	pressure,	diabetes,	and	old	age	(Kanwar	et	al.	2018,	

Nkomo	et	al.	2006).	Aortic	valve	stenosis	(AS)	is	also	related	to	bicuspid	aortic	valve	deformation,	

which	is	the	most	common	congenital	heart	disease	with	prevalence	of	1-2%	and	a	mortality	and	

morbidity	higher	than	all	other	congenital	heart	diseases	combined	(Ward	2000).		

Medical	treatment	can	temporarily	be	used	to	alleviate	symptoms	of	AS,	while	the	only	effective	

treatment	available	is	implantation	of	a	valvular	prosthesis	done	either	surgically	or	

percutaneously	(Kanwar	et	al.	2018).	Implants	are	divided	in	to	biological	(BP)	and	mechanical	

prostheses	(MP),	and	the	two	types	of	valves	have	different	benefits	and	limitations.		

BP	is	generally	produced	of	bovine	pericardium	or	porcine	aortic	valves,	and	degenerates	over	

time	with	an	expected	lifespan	of	10-15	years,	though	the	risk	of	structural	valve	deterioration	in	

younger	patients	is	higher	due	to	a	more	pronounced	immunologic	response	(Head	et	al.	2017,	

Rodriguez-Gabella	et	al.	2017).	The	structural	degeneration	of	MP	is	almost	non-existent	(Head	et	
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al.	2017).	The	main	risk	of	the	MP	is	thromboembolic	events,	as	the	thrombogenicity	of	the	

materials	used	in	the	mechanical	valve	combined	with	non-physiological	shear-stress	levels	

imposed	on	the	blood	elements	can	activate	the	clotting	pathways	(Min	Yun	et	al.	2014).	

Therefore,	patients	with	implanted	MP	require	lifelong	anticoagulation	therapy	to	avoid	blood	clot	

formation,	which	leads	to	increased	risk	of	spontaneous	bleeding.	In	patients	with	MP,	the	risk	for	

thromboembolism	is	approximately	1%	per	patient-year,	while	the	risk	for	bleeding	complications	

is	0.5%	per	patient-year	(Misawa	2015).	Biological	valves	are	not	thrombogenic,	and	therefore,	

patients	with	implanted	BP	do	not	require	anticoagulation	therapy	(Head	et	al.	2017,	Rodriguez-

Gabella	et	al.	2017).		

Risks	and	benefits	of	MP	and	BP	have	formed	the	European	and	American	guidelines	for	valvular	

heart	disease	(Vahanian	et	al.	2012).	It	is	recommended	to	use	MP	in	patients	younger	than	60	

years	of	age,	though	other	parameters	such	as	life	expectancy,	bleeding	risk,	and	comorbidities	

also	are	used	in	the	final	strategy	(Goldstone	et	al.	2017).	Mechanical	valves	have	different	

designs,	but	the	most	commonly	used	is	bileaflet	with	the	attachment	centrally.	The	biological	

valves	have	anatomically	realistic	trileaflet	design	(Fig.	1).	Flow	through	the	MP	and	BP	is	expected	

to	be	different	as	a	consequence	of	different	designs.		
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Fig.	1:	The	two	main	types	of	valvular	prostheses.	A	shows	a	biological	prosthesis	with	a	trileaflet	

design	resembling	a	normal	aortic	valve,	while	B	shows	a	bileaflet	mechanical	prosthesis	with	the	

cusps	attached	centrally.	

	

Conventional	imaging	of	AS	and	valvular	prostheses	is	echocardiography.	To	grade	AS,	several	flow	

measures	are	assessed	with	conventional	Doppler	ultrasound,	e.g.	estimation	of	peak	systolic	

velocity	(PSV)	and	pressure	gradient	(Vahanian	et	al.	2012).	While	conventional	Doppler	

ultrasound	is	limited	by	angle	dependency,	the	ultrasound	vector	velocity	imaging	(VFI)	method	

can	estimate	blood	flow	angle	independently	providing	new	flow	parameters,	e.g.	quantification	

of	flow	complexity	called	vector	concentration	(VC),	and	of	secondary	rotation	(SR).	Previous	

intraoperative	studies	of	the	ascending	aorta	have	indicated	that	the	assessment	of	VC	and	SR	

with	VFI	can	be	used	to	separate	patients	with	normal	aortic	valve,	AS	and	biological	implants	as	

well	as	grade	AS	(Hansen	et	al.	2017,	Hansen	et	al.	2016a,	Hansen	et	al.	2016b,	Hansen	et	al.	

2015).		
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The	study	aim	was	to	quantify	the	blood	flow	of	the	ascending	aorta	with	VFI	in	terms	of	VC	and	

SR	in	patients	with	tricuspid	and	bicuspid	AS	treated	with	MP	and	BP	compared	to	a	patient	group	

with	normal	aortic	valves.	PSV	obtained	with	conventional	spectral	Doppler	ultrasound	was	

estimated	for	comparison.		

	

Material	and	methods	

Patients	

The	study	was	approved	by	the	local	ethics	committee	(no.	H-2-2012-039).	Ten	patients	with	AS	

scheduled	for	implantation	of	BP	(9	males	and	1	female;	mean	age:	70.7	years	old	(y/o)),	ten	

patients	with	AS	scheduled	for	implantation	of	MP	(8	males	and	2	females;	mean	age	:	56.2	y/o),	

and	ten	patients	with	normal	aortic	valve	scheduled	for	coronary	by-pass	(6	males	and	4	females;	

mean	age:	63.9	y/o)	were	enrolled	into	the	study	after	informed	and	written	consent.	Patients	

scheduled	for	implantation	of	MP	had	native	bicuspid	aortic	valves	except	one,	who	had	functional	

bicuspid	valve	with	fusion	of	cusps	due	to	severe	atherosclerosis.	Patients	scheduled	for	

implantation	of	BP	and	coronary	by-pass	had	native	tricuspid	aortic	valves.	Patients	with	AS	were	

scanned	before	and	after	valve	implantation.	The	patients	with	tricuspid	AS	scheduled	for	BP	

implants	and	patients	with	normal	aortic	valve	scheduled	for	coronary	by-pass	are	identical	to	

patients	included	in	a	previous	publication	by	Hansen	et	al.	(Hansen	et	al.	2017).	

	

Vector	Flow	Imaging	

The	VFI	method	estimates	both	the	axial	and	transverse	velocity	component	using	emissions	of	

conventional	pulses	for	Doppler	ultrasound.	The	axial	velocity	component	𝑣!	is	found	as	in	

conventional	Doppler	ultrasound,	while	the	transverse	velocity	component	𝑣!	is	found	by	using	a	
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changed	apodization	in	receive	beamforming	and	a	special	estimator	(Jensen	2001).	By	combining	

the	axial	and	transverse	velocity	components	for	each	moving	scatterer,	angle	independent	vector	

velocity	estimation	is	achieved.	Previous	papers	provide	more	detailed	explanations	of	the	

method	(Jensen	2001,	Jensen	et	al.	1998,	Udesen	et	al.	2006).		

A	conventional	ultrasound	scanner	(ProFocus	2202	UltraView,	BK	Medical,	Herlev,	Denmark)	and	a	

linear	transducer	(8670,	BK	Medical,	Herlev,	Denmark)	under	sterile	settings	were	used	to	record	

epiaortic	scan	sequences	in	long	axis	(LAX)	and	short	axis	(SAX)	view.	The	angle-independent	

vector	velocities	were	displayed	in	real-time	on	the	B-mode	image	as	colored	pixels	given	by	a	2-D	

color	bar	defining	both	direction	and	velocity	magnitude.	Small	arrows	superimposed	on	to	the	

color	flow	map	were	added	to	facilitate	flow	interpretation	(Fig.	2).		
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Fig.	2:	VFI	examples	of	blood	flow	in	LAX	(left	column)	and	SAX	(right	column)	view	of	the	different	

patient	groups.		

	

The	temporal	resolution	of	VFI	estimation	was	16	frames/s,	and	the	maximum	scan	depth	was	

approx.	5	cm	due	to	the	transducer	setup	available.	For	each	scan	session,	the	color	box	was	

adjusted	to	cover	the	lumen,	and	the	pulse	repetition	frequency,	depth	setting,	gain,	and	wall	

filtering	were	adjusted	for	vector	velocity	estimation.	Each	scan	sequence	corresponded	to	15	s.		

In	this	setup,	vector	velocity	estimates	were	displayed	in	real-time	but	without	any	quantification	

of	velocities	available	on	the	ultrasound	scanner,	and	scan	sequences	were	analyzed	off-line	using	

MATLAB	(MathWorks,	Natick,	MA,	USA)	as	previously	described	(Pedersen	et	al.	2012).		

The	SR	during	systole	was	assessed	from	a	region	of	interest	(ROI)	encompassing	the	lumen	of	the	

ascending	aorta	downstream	of	the	valve	in	SAX	view.	Using	streamlines	for	displaying	the	blood	

motion,	the	center	of	the	rotation	was	recognized	as	shown	in	Fig.	3.	A	grid	defining	sub-areas	in	

the	2-D	vector	field	was	set,	so	the	central	rotational	motion	was	encompassed	in	a	sub-area.	For	

each	sub-area,	the	curl	of	the	z-component	was	calculated	as,	

∇×𝑉 ! =
!
!"
𝑉! −

!
!"
𝑉!	 	 (1),	

where	 ∇×𝑉 !	was	the	z-component	of	the	curl	in	a	2-D	vector	field	𝑣	composed	of	two	vector	

velocity	components	 𝑉! ,𝑉! 	as	described	by	Lautrup	(Lautrup	2005).	The	vector	velocity	

components	 𝑉! ,𝑉! 	corresponded	to	the	axial	velocity	component	𝑣!	and	the	transverse	velocity	

component	𝑣!	obtained	by	VFI.	This	provided	the	rotational	frequency	in	Hz,	where	the	sign	

indicated	the	rotational	direction,	i.e.	a	negative	sign	corresponded	to	a	clockwise	rotation	and	a	

positive	sign	to	a	counter	clockwise	rotation.	The	central	sub-area	had	the	highest	frequency,	and	

was	reported	along	with	the	rotational	direction	as	an	average	over	4	heart	beats.		
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Fig.	3:	VFI	of	the	systolic	flow	in	the	ascending	aorta	in	SAX	view	of	a	patient	with	a	normal	aortic	

valve	and	counter	clockwise	SR	(A),	along	with	the	corresponding	streamlines	and	the	calculated	

rotational	frequency	of	the	central	sub-area	(B).		

	

In	LAX	view,	the	primary	blood	flow	during	systole	was	examined	with	VC,	corresponding	to	a	

calculation	of	vector	angle	spread	within	a	ROI,	i.e.	a	measure	of	flow	complexity.	The	VC	was	

found	as	follows.	For	each	position	i	in	the	vector	map,	where	the	axial	velocity	component	𝑣!	and	

the	transverse	velocity	component	𝑣!	were	estimated,	the	flow	angle	𝜃! 	of	the	vector	was	

calculated	by,	

𝜃! = arctan (𝑣!,! , 𝑣!,!)	 	 (2).	

Each	flow	angle	𝜃! 	was	represented	on	the	unit	circle	as	𝑝! = (𝑥! ,𝑦!),	where	𝑥! = cos (𝜃!)	and	

𝑦! = sin (𝜃!).	For	each	ROI	encompassing	the	entire	vessel,	the	mean	value	for	𝑥! 	and	𝑦! 	was	

found	as,	

𝑥 = !
!

cos (𝜃!)!
!!! 	 	 	 (3),	

𝑦 = !
!

sin(𝜃!)!
!!! 	 	 	 (4),	
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To	quantify	the	flow	complexity,	VC	was	found	by	using	Pythagoras’	theorem,	

𝑉𝐶 = 𝑥! + 𝑦!	 	 	 (5),	

where	VC	was	one	for	perfect	laminar	flow,	and	decreased	towards	zero	with	increasing	complex	

flow	(Fig.	4).	Hence,	for	a	chaotic	flow,	the	vectors	pointed	in	all	random	directions,	and	an	

average	of	them	was,	thus,	close	to	zero,	while	the	opposite	was	found	for	laminar	flow,	where	

the	average	was	going	towards	one	corresponding	to	the	radius	of	the	unit	circle.	The	VC	of	the	

blood	flow	during	peak	systole	in	the	ascending	aorta	was	found	for	each	patient	as	an	average	of	

4	heart	beats.		

	

Fig.	4:	The	systolic	flow	obtained	with	VFI	in	LAX	view	for	two	patients.	In	A	is	shown	a	recording	of	

a	patient	with	a	normal	aortic	valve,	and	B	is	from	a	patient	with	tricuspid	AS,	which	in	C	is	treated	

with	BP.	The	VC	value	calculated	from	the	vector	estimates	is	given	for	each	ROI	ranging	from	

laminar	flow	in	(A)	to	complex	flow	in	(B).	From	Hansen	et	al.	(Hansen	et	al.	2017).	Reprinted	with	

permission	from	Ultrasound	in	Medicine	and	Biology.	

	

Thus,	vector	velocities	recorded	in	SAX	view	were	used	for	quantifying	the	rotational	motion	of	

the	secondary	flow	using	eq.	(1),	while	vector	velocities	recorded	in	LAX	view	were	used	for	
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quantifying	flow	complexity	of	the	primary	flow	using	eq.	(2-5).	The	analyses	of	SR	and	VC	were	

performed	blinded	to	the	group	status	of	the	patients	by	KLH.	

	

Conventional	spectral	Doppler	

A	Philips	EPIQ7	scanner	equipped	with	a	Philips	X7-2t	transducer	(Philips	Healthcare,	Eindhoven,	

The	Netherlands)	using	continuous	wave	ultrasound	was	used	for	transesophageal	

echocardiography.	The	scan	parameters	were	adjusted	for	flow	imaging,	and	the	scan	sequences	

were	obtained	through	the	aortic	valve	aperture	in	the	deep	transgastric	LAX	view	with	the	line	of	

interrogation	placed	along	the	left	ventricular	outlet	tract	and	the	ascending	aorta.	PSV	was	

reported	for	each	patient	as	an	average	of	3	heart	beats	and	obtained	just	prior	to	each	VFI	

examination	with	no	more	than	3	minutes	between	the	corresponding	acquisitions.	For	patients	

with	AS,	PSV	was	measured	twice,	both	before	and	after	valve	implantation.	

	

Statistics	

The	obtained	measurements	were	treated	with	descriptive	statistics,	and	comparisons	were	done	

with	one-way	ANOVA	using	Tukey’s	post-hoc	test	for	three	group	analyses,	while	two	group	

analyses	were	done	with	paired	and	unpaired	Student	t-test,	and	Fisher’s	exact	test.	Associations	

between	PSV	vs.	VC	and	SR	were	tested	with	Pearson’s	correlation.	Significance	level	was	set	to	

0.05,	and	statistical	analyses	were	performed	with	IBM	SPSS	Statistics	v.	22	(SPSS	Inc.,	Chicago,	IL,	

USA).	

	

Results	
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Descriptive	statistics	on	obtained	data	with	VFI	and	spectral	Doppler	ultrasound	are	given	in	Table	

1.	Patients	with	bicuspid	and	tricuspid	AS	differed	significantly	from	patients	with	normal	aortic	

valves	for	both	PSV	(Bicuspid	and	Tricuspid	AS:	p<0.0001),	VC	(Bicuspid	and	Tricuspid	AS:	

p<0.0001)	and	SR	(Tricuspid	AS:	p<0.0001;	Bicuspid	AS:	p<0.01).	In	patients	with	AS,	flow	was	

more	complex	as	indicated	by	VC	in	the	patients	with	bicuspid	valves	than	tricuspid	valves	

(p<0.02),	while	the	two	groups	were	comparable	in	terms	of	PSV	and	SR	(p<0.27	and	p<0.73).		

After	valve	implantation,	the	flow	characteristics	changed	for	patients	with	BP	(PSV:	p<0.002,	VC:	

p<0.0001,	SR:	p<0.001)	and	MP	(PSV:	p<0.0001,	VC:	p<0.0001,	SR:	p<0.02),	however,	none	of	

patient	groups	had	normal	values	when	compared	to	patients	with	normal	aortic	valves	(all	

parameters:	p<0.0001	except	SR	for	MP:	p<0.01).	Patients	with	BP	and	MP	were	comparable	for	all	

three	parameters	though	with	a	tendency	for	less	complex	flow	in	patients	with	BP	compared	to	

MP	(PSV:	p<0.31,	VC:	p<0.09,	SR:	p<0.21).		

One	patient	with	a	bicuspid	AS	treated	with	a	mechanical	valve	had	increased	secondary	rotations	

after	surgery,	and	the	fastest	SR	estimated	among	all	patients	in	this	study.	The	change	in	PSV	and	

VC	for	this	patient	after	surgery	was	unremarkable,	i.e.	lowered	as	expected.	A	week	after	surgery,	

this	patient	was	re-operated	due	to	high	gradients	over	the	implanted	valve,	but	unfortunately	not	

rescanned	with	VFI.	If	this	patient	is	treated	as	an	outlier,	the	SR	was	lower	for	patients	with	MP	

compared	to	patients	with	BP	(p<0.01),	though	still	higher	compared	to	the	patients	with	normal	

aortic	valves	(p<0.01).		

When	inspecting	the	direction	of	the	SR,	the	majority	of	the	diseased	valves	had	clockwise	

rotations,	and	after	surgery	this	was	even	more	pronounced	with	only	3	out	of	20	patients	

displaying	counter	clockwise	rotations,	while	in	the	patient	group	with	normal	aortic	valve,	80%	

had	a	counter	clockwise	rotation	(p<0.001).	Both	VC	and	SR	correlated	strongly	to	PSV,	when	



	 13	

including	all	30	patients	before	surgery	(VC:	R=0.87,	p<0.0001	and	SR:	R=0.89,	p<0.0001	).	Pooling	

all	data	also	showed	significant	association	between	VC	and	SR	to	PSV,	however,	with	slightly	

lower	R-values	(VC:	R=0.82,	p<0.0001	and	SR:	R=0.79,	p<0.0001)	(Fig.	3).	No	difference	between	

gender	was	found	for	VC,	SR	and	PSV,	neither	before	nor	after	valve	implantation	(p>0.05).	

	

Table	1:	Results	of	VFI	and	spectral	Doppler	ultrasound	estimations	with	standard	deviations	given	

in	parentheses.	CW	=	clockwise;	CCW	=	counter	clockwise.	

	 Before	implantation	of	prosthesis	 After	implantation	of	prosthesis	

	
PSV	

[cm/s]	
VC	 SR	[Hz]		

Direction	

of	SR	

[CW/CCW)		

PSV	

[cm/s]		
VC		 SR	[Hz]		

Direction	

of	SR	

[CW/CCW)		

Normal	

valve	

124.0	

(20.7)		

0.79	

(0.09)		
4.3	(1.7)		 2/8		 N/A		 N/A		 N/A		 N/A		

Tricuspid	

AS	treated	

with	BP	

346.1	

(75.9)		

0.33	

(0.12)		
17.3	(2.3)		 8/2	

232.4	

(37.4)		

0.61	

(0.09)		
12.5	(2.1)		 9/1	

Bicuspid	

AS	treated	

with	MP	

380.9	

(58.3)		

0.21	

(0.08) 	
16.7	(5.5) 	 6/4	

250.4	

(39.3)		

0.54	

(0.06) 	
9.8	(6.1)	 8/2	
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Fig.	3:	Scatter	plots	of	SR	and	VC	correlated	to	PSV.	Line	of	best	fit	is	shown	with	a	dashed	line	in	

each	subplot.	

	

	

Discussion	

Stenosis	of	the	aortic	valve	increased	the	PSV,	and	replacement	with	a	valve	prosthesis	reduced	

the	velocity	as	expected	from	previous	studies	and	guidelines	(Head	et	al.	2017,	Kanwar	et	al.	

2018,	Vahanian	et	al.	2012).	This	study	showed	additionally	that	VC	and	SR,	which	only	are	

quantifiable	with	VFI,	were	different	in	patients	with	AS	whether	bicuspid	or	tricuspid	valve	

compared	to	patients	with	normal	aortic	valve.	More	complex	primary	flow	and	a	faster	secondary	

rotational	flow	were	found	in	patients	with	valve	stenosis,	and	it	was	shown	that	VC	and	SR	

correlated	strongly	to	PSV.	These	findings	are	comparable	to	previous	VFI	studies	(Hansen	et	al.	

2017,	Hansen	et	al.	2016b,	Hansen	et	al.	2015).		
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Secondary	flow	is	a	normal	flow	pattern	seen	in	all	larger	vessels,	and	has	been	connected	to	

energy	preservation	and	protection	from	atherosclerosis	(Morbiducci	et	al.	2011).	Hope	et	al.	did	

not	observe	any	relevant	secondary	rotation	in	healthy	volunteers	using	magnetic	resonance	

imaging	(MRI),	while	patients	in	this	study	with	normal	aortic	valve	harbored	SR	as	illustrated	in	

Fig.	2,	which	probably	is	a	consequence	of	improved	temporal	and	spatial	resolution	in	VFI	

compared	to	MRI	as	previously	reported	(Hansen	et	al.	2016a,	Hope	et	al.	2010).		

In	studies	with	VFI	and	MRI,	it	has	been	observed	that	SR	in	the	ascending	aorta	is	increased	in	

patients	with	AS	and	with	implanted	aortic	BP,	which	might	be	related	to	higher	velocities	of	the	

primary	antegrade	flow	found	in	these	patient	groups	(Hansen	et	al.	2017,	von	Knobelsdorff-

Brenkenhoff	et	al.	2016,	von	Knobelsdorff-Brenkenhoff	et	al.	2014).	Hansen	et	al.	showed	that	the	

SR	comprises	of	a	systolic	and	diastolic	phase,	and	that	the	systolic	phase	most	strongly	correlated	

to	PSV	and	valve	stenosis	(Hansen	et	al.	2017).	The	SR	was	in	this	study	measured	during	systole,	

and	a	strong	correlation	was	found	to	PSV	over	all	patients.	

Pronounced	SR	in	the	ascending	aorta	in	patients	with	bicuspid	aortic	valve	compared	to	

volunteers	with	normal	aortic	valve	has	been	observed	by	Shan	et	al.	and	Hope	et	al.	using	MRI	

(Hope	et	al.	2010,	Shan	et	al.	2018),	and	increased	rotational	aortic	flow	has	been	found	for	

bicuspid	AS	compared	to	tricuspid	AS	using	computational	fluid	dynamics	(CFD)	(Youssefi	et	al.	

2017).	Patients	with	bicuspid	aortic	valve	have	increased	risk	of	aneurism	and	dissection,	and	it	

has	been	shown	that	bicuspid	aortic	valve	is	associated	with	intrinsic	aortic	wall	disease	making	

the	ascending	aorta	more	vulnerable	(Fedak	et	al.	2003,	Niwa	et	al.	2001).	Furthermore,	studies	

have	indicated	that	the	flow	affects	the	aortic	wall,	as	focal	elastic	fiber	degeneration	of	the	

ascending	aorta	in	patients	with	bicuspid	valve	is	related	to	the	increased	wall	shear	stress	and	SR	

(Bissell	et	al.	2013,	Guzzardi	et	al.	2015),	and	several	authors	have	speculated	if	the	increased	risk	
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for	aortic	aneurysm	and	dissection	found	in	patients	with	AS	is	produced	by	the	increased	SR	

(Hope	et	al.	2010,	Meierhofer	et	al.	2013,	von	Knobelsdorff-Brenkenhoff	et	al.	2016).		

In	this	study,	the	SR	was	faster	for	the	patients	with	AS	compared	to	the	patients	with	normal	

aortic	valve	indicating	that	the	SR	is	a	normal	flow	phenomenon,	and	increases	with	AS.	The	SR	

was	not	different	between	patients	with	tricuspid	and	bicuspid	AS,	though	more	variable	among	

the	bicuspid	patient	group,	and	implantation	of	BP	and	MP	reduced	the	SR	but	not	to	normal	

values.	

VC	is	a	novel	parameter	for	flow	assessment	correlating	strongly	to	PSV	for	aortic	flow	and	useful	

for	stenosis	assessment	(Hansen	et	al.	2017,	Hansen	et	al.	2016b,	Hansen	et	al.	2015),	and	a	recent	

study	showed	that	VC	was	a	stronger	predictor	than	velocity	ratio	for	stenosis	assessment	in	the	

femoral	artery	when	compared	to	angiography	(Hansen	et	al.	2019).	In	this	study,	it	was	shown	

that	patients	with	bicuspid	AS	had	more	complex	flow	than	patients	with	tricuspid	AS.	Flow	

complexity	has	not	previously	been	assessed	for	bicuspid	and	tricuspid	AS,	but	studies	with	in-vitro	

models	and	MRI	have	reported	increased	wall	shear	stress	and	eccentric	flow	associated	to	

bicuspid	aortic	valve	when	compared	to	tricuspid	aortic	valve	(Bissell	et	al.	2013,	Saikrishnan	et	al.	

2015,	Youssefi	et	al.	2017).	With	VFI,	eccentric	flow	and	systolic	backflow	have	been	related	to	PSV	

in	patients	with	normal	aortic	valve,	but	have	not	yet	been	studied	in	patients	with	AS	(Hansen	et	

al.	2016a).	Wall	shear	stress	estimation	of	blood	flow	in	the	ascending	aorta	has	likewise	not	yet	

been	evaluated	with	VFI,	though	this	measure	can	be	derived	from	VFI	estimates	as	shown	for	

carotid	flow	(Tortoli	et	al.	2006).	

Patients	with	tricuspid	AS	were	treated	with	BP,	while	patients	with	bicuspid	AS	were	treated	with	

MP.	All	flow	parameters	for	the	two	patient	groups	were	improved	but	none	were	normal	after	

surgery,	which	confirms	findings	of	previous	published	VFI	studies,	and	indicates	that	flow	changes	
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in	patients	with	AS	not	only	are	shaped	by	the	stenosed	leaflets	but	also	by	an	altered	function	of	

the	left	ventricle	(Hansen	et	al.	2017,	Hansen	et	al.	2016b).		

In	this	study,	we	observed	that	SR	was	lower	in	patients	with	MP	compared	patients	with	BP,	

taking	into	consideration	that	an	outlier	was	found	among	the	patients	treated	with	MP.	The	SR	

for	the	outlier	increased	after	implantation	of	the	MP	unlike	the	SR	of	all	other	patients	treated	

with	MP	and	BP.	This	may	indicate	that	SR,	which	is	only	measurable	with	VFI,	can	detect	

malfunctioning	MP	even	though	other	parameters	such	as	PSV,	pressure	gradients	and	VC	are	

normal.	Reduced	SR	in	patients	treated	with	MP	compared	to	BP	has	also	been	reported	by	

Hellmeier	et	al.	using	CFD	models	and	by	Bissel	et	al.	in	a	MRI	study,	and	was	explained	by	the	

lower	velocities	in	the	antegrade	direction,	the	larger	orifice	compared	to	BP,	and	the	non-

anatomical	design	of	MP	(Bissell	et	al.	2018,	Hellmeier	et	al.	2018).	

Hope	et	al.	have	previously	shown	that	patients	with	bicuspid	valve	predominantly	have	clockwise	

rotations	(Hope	et	al.	2010).	In	this	study	60%	of	patients	with	bicuspid	AS	had	clockwise	rotations.	

This	changed	to	80%	after	implantation	of	MP.	For	tricuspid	AS,	the	majority	had	clockwise	SR	

(80%),	which	increased	to	90%	after	implantation	of	BP	unlike	the	patients	with	normal	aortic	

valve,	where	the	majority	(80%)	had	counter	clockwise	SR.	As	shown	in	previous	VFI	papers,	the	

direction	of	SR	can	change	after	implantation	of	an	aortic	valve	prosthesis	indicating	that	the	

aortic	valve	at	least	partly	controls	the	rotational	flow	(Hansen	et	al.	2017,	Hansen	et	al.	2016b).	In	

this	study,	5	patients	had	change	of	direction	after	surgery,	one	among	the	patients	with	biological	

implants	and	4	among	the	patients	with	mechanical	implants.		

In	a	preliminary	VFI	study	it	was	indicated	that	flow	complexity	was	higher	for	patients	with	

implanted	MP	despite	lower	PSV	when	compared	to	patients	with	implanted	BP,	and	it	was	

speculated	if	the	implant	design	was	responsible	(Hansen	et	al.	2018).	The	design	of	MP	is	non-
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anatomical,	where	the	attachment	for	two	cusps	are	placed	centrally	in	the	lumen	(Fig.	1).	This	

geometry	is	not	found	in	normal	vessel	and	valve	anatomy,	and	while	systolic	flow	in	the	normal	

aortic	valve	and	the	anatomical	realistic	BP	is	formed	by	one	jet	through	the	orifice,	MP	creates	

three	jets	from	each	orifice	confined	by	the	vessel	wall	and	the	central	attachment	(Hellmeier	et	

al.	2018).	Also,	a	small	gap	exists	between	the	leaflets	and	the	valve	housing,	which	is	responsible	

for	a	leakage	with	velocities	up	to	4	m/s	(Zakaria	et	al.	2017).	The	flow	through	bileaflet	MP	has	

been	described	in	simulations,	where	vortex	formation,	flow	stagnation	and	recirculation	zones	

have	been	identified	(Min	Yun	et	al.	2014),	and	increased	risk	of	blood	clotting	has	been	

hypothesized	as	a	consequence	of	both	valve	design	and	valve	orientation	(Zakaria	et	al.	2017).	In	

this	study,	higher	flow	complexity	was	found	for	MP	compared	to	BP	implants,	though	the	

difference	was	statistically	non-significant.	The	PSV	was	slightly	higher	for	MP	than	for	BP,	and	as	

flow	complexity	is	known	to	increase	with	increasing	PSV	(Hansen	et	al.	2017,	Hansen	et	al.	

2016b),	the	higher	flow	complexity	found	for	MP	compared	to	BP	can	be	explained	by	both	

implant	design	and	PSV.	

A	VFI	study	of	blood	flow	in	the	ascending	aorta	indicated	that	flow	disturbances	created	by	the	

aortic	valve	were	correlated	to	atherosclerotic	plaque	formation	in	the	ascending	aorta	as	a	

consequence	of	lowered	wall	shear	stress	(Hansen	et	al.	2016a).	Hence,	more	anatomical	realistic	

designs	of	MP	may	reduce	flow	complexity	in	the	ascending	aorta	and,	thereby,	lower	the	

thrombogenicity	of	mechanical	valves	by	reducing	flow	disturbances	and	normalizing	wall	shear	

stress.	Ultimately,	this	could	affect	the	recommendations	provided	in	the	guidelines	for	valvular	

heart	disease.		

Some	limitations	of	this	preliminary	study	should	be	acknowledged.	The	study	had	a	small	study	

population.	No	inter-	or	intraobserver	variation	was	assessed	in	this	study.	However,	recent	
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studies	indicate	that	VFI	is	more	precise,	more	accurate	and	with	lower	interobserver	variability	

than	spectral	Doppler	ultrasound	(Brandt	et	al.	2018a,	Brandt	et	al.	2018b).	Conventional	spectral	

Doppler	and	VFI	were	not	measured	simultaneously,	and	as	both	methods	acquire	data	in	2-D,	

alignment	of	compared	scan	planes	were	not	perfect.	To	obtain	a	complete	vector	flow	map	of	the	

complex	flow	in	the	ascending	aorta,	3-D	VFI	is	needed.	This	has	been	achieved	with	the	VFI	

method	in-vivo	of	the	carotid	blood	flow,	but	on	a	dedicated	experimental	scanner	setup	not	

ready	for	patient	evaluations	(Holbek	et	al.	2017).	Post	processing	of	VFI	data	was	required	in	the	

current	VFI	implementation	for	VC	and	SR	estimation.	Hence,	no	VFI	flow	quantification	was	given	

directly	on	the	scanner	during	examination,	which	is	a	significant	limitation	for	clinical	decision	

making.	Furthermore,	no	healthy	volunteers	but	only	patients	scheduled	for	cardiac	surgery	were	

included	in	this	study	as	the	intraoperative	scan	approach	was	necessary	to	overcome	the	limited	

penetration	depth	of	the	current	VFI	setup	using	a	linear	array	transducer.	However,	efforts	have	

been	made	to	implement	the	VFI	method	on	phased	and	curved	array	transducers	for	increased	

penetration,	which	have	been	achieved	in	preliminary	studies	on	conventional	ultrasound	

scanners	(Brandt	et	al.	2018b,	Holbek	et	al.	2018).		

	

Conclusion	

VFI	and	conventional	spectral	Doppler	were	used	to	investigate	flow	changes	in	the	ascending	

aorta	in	patients	with	bicuspid	and	tricuspid	AS	treated	with	either	BP	or	MP	and	compared	to	

patients	with	normal	aortic	valve.	This	study	showed	that	patients	with	AS	had	more	complex	flow	

with	higher	PSV	and	faster	systolic	SR	compared	to	patients	with	normal	aortic	valve,	and	that	

bicuspid	AS	created	more	complex	flow	than	tricuspid	AS.	After	implantation	of	valvular	protheses,	

reduced	flow	complexity	and	velocities	were	observed	for	both	BP	and	MP.	A	tendency	for	more	
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complex	flow	and	slower	SR	was	found	for	MP	compared	to	BP,	which	could	be	explained	by	

differences	in	design	of	the	implanted	prostheses.	With	these	preliminary	results,	the	study	

indicates	that	VFI	may	be	a	useful	tool	for	complex	flow	assessment	and	can	be	used	for	additional	

flow	analysis	along	with	traditional	ultrasound	techniques	in	patients	with	valvular	disease	and	

implanted	valve,	and	in	the	development	of	valvular	prostheses.			
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