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ABSTRACT	OF	THE	DISSERTATION	

	

	

M1-Space	Under-Sampling	Fast	Phase	Contrast		

Magnetic	Resonance	Imaging		

	

by	

	

Da	Wang	

Doctor	of	Philosophy	in	Biomedical	Physics	

University	of	California,	Los	Angeles,	2017	

Professor	Peng	Hu,	Chair	

	

Phase	 Contrast	 Magnetic	 Resonance	 Imaging	 (PC-MRI)	 is	 one	 of	 the	 primary	 means	 for	

quantification	of	blood	 flow	and	velocity.	 In	conventional	PC-MRI,	 the	Flow	Compensated	

(FC)	 and	 the	 three-directional	 (3D)	 Flow	 Encoded	 (FE)	 images	 are	 acquired	 in	 an	

interleaved	 fashion,	 and	 each	 directional	 blood	 flow	 velocity	 is	 encoded	 in	 the	 phase	

difference	 between	 each	 directional	 FE	 and	 the	 FC	 data.	 This	 acquisition	 strategy	 often	

limits	its	achievable	temporal	sampling	period	and	temporal	footprint.	Temporal	sampling	

period	 and	 temporal	 footprint	 are	 two	 important	 indices	 govern	 the	 measurement	

accuracy	 of	 the	 maximum	 peak	 velocity.	 The	 underestimation	 of	 the	 maximum	 peak	

velocity	due	 to	 long	 temporal	 sampling	period	and	 long	 temporal	 footprint	may	result	 in	

misdiagnosis	of	a	number	of	clinical	diseases,	such	as	artery	stenosis.	 In	the	conventional	
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4D	 flow	 PC-MRI,	 each	 cardiac	 phase	 requires	 four	 acquisitions	 (i.e.	 one	 FC	 and	 3D	 FE,	

FC/3FE)	 to	 update	 the	 3D	 velocity	 vector	 field.	 Thus,	 the	 temporal	 sampling	 period	 and	

temporal	 footprint	 of	 4D	 flow	 PC-MRI	 equal	 to	 4*TR*Views-per-segment.	 Using	 a	 small	

views-per-segment	(VPS)	can	achieve	a	decreased	temporal	sampling	period	and	temporal	

footprint	but	concomitantly	increase	the	total	scan	time.	So	far,	fast	PC-MRI	techniques	are	

majorly	implemented	to	compensate	the	increase	of	the	total	acquisition	time.	In	this	work,	

we	 first	 introduce	 the	 gradient	 first	moment	 (M1)	 space	 under-sampling,	 which	 aims	 to	

reduce	the	number	of	the	four	samples	(FC	and	3D	FE)	required	for	4D	flow	reconstruction.	

This	 is	 the	unique	 advantage	of	M1-space	under-sampling	over	 conventional	 fast	 PC-MRI	

techniques.	 It	 can	 improve	 both	 the	 temporal	 sampling	 period	 and	 temporal	 footprint	

without	 increasing	 the	 total	 scan	 time	or	 reduce	 the	 total	 scan	 time	with	 fixed	 temporal	

sampling	period	and	temporal	footprint.	Furthermore,	the	M1-space	is	a	novel	dimension	to	

accelerate	 4D	 flow	 scans,	 so	 it	 can	 be	 combined	 with	 K-space,	 K-t-space,	 temporal	

dimension	fast	PC-MRI	techniques	to	achieve	further	acceleration.			

	

In	Chapter	2,	we	propose	a	technique	to	use	sliding	window	temporal	view	sharing	of	the	

FC	 data	 (FCVS)	 to	 accelerate	 PC-MRI.	 The	 technique	 aims	 to	 accelerate	 certain	 PC-MRI	

applications,	 such	 as	 assessment	 of	 volumetric	 blood	 flow	 in	 the	 carotid	 arteries,	

intracranial	 vessels	 and	peripheral	 vessels,	where	 the	physiological	motion	 is	minor	 and	

the	FC	background	phase	is	not	expected	to	change	significantly	over	time.	In	this	regard,	

the	conventional	PC-MRI	acquisition	strategy	is	redundant	since	it	repetitively	acquires	the	

similar	 FC	 data	 for	 each	 cardiac	 phase.	 Especially	 the	 FC	 data	 does	 not	 contain	 dynamic	

flow	velocity	information.	The	FCVS	technique	achieves	two-fold	acceleration	compared	to	
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standard	 through-plane	encoding	 (FC/FE)	PC-MRI.	More	 importantly,	 the	FCVS	approach	

improves	 both	 the	 temporal	 sampling	 period	 and	 temporal	 footprint,	 which	 are	 very	

important	 for	 accurate	 velocity	 and	 flow	 quantification.	 Computational	 simulations	 and	

both	retrospective	and	prospective	in	vivo	studies	demonstrated	that	the	FCVS	technique	

provides	 more	 accurate	 maximum	 peak	 velocity	 measurement	 while	 maintaining	 the	

measurement	 accuracy	 of	 total	 volumetric	 flow	 compared	 with	 conventional	 FCFE	

technique.		

	

In	Chapter	3,	we	propose	a	4D	 flow	PC-MRI	strategy,	which	 is	completely	 free	of	FC	data	

acquisition	and	achieves	4/3-fold	acceleration.	 In	 this	 technique,	we	hypothesize	 that	 the	

velocity	direction	(not	magnitude)	remains	relatively	unchanged	within	two	cardiac	phases	

(~100-150ms)	 during	 the	 cardiac	 cycle.	 The	 velocity	 direction	 consistency	 constraint	

enables	the	FC	background	phase	calculation	based	on	3D	FE	data.	Thus,	the	four	M1-space	

samples	(FC/3FE)	have	been	reduced	to	three	samples	(3FE).	The	HOTFEO	achieves	4/3-

fold	 acceleration.	 However,	 the	 velocity	 direction	 consistency	 constraint	 has	 two	 ill	

conditions:	 the	 two	 consecutive	 velocities	 equal	 to	 each	 other	 and	 they	 are	 along	 the	

diagonal	 direction	 in	 the	 logical	 encoding	 coordinate.	 To	 address	 these	 problems,	 we	

propose	to	use	a	hybrid	one-	and	two-sided	flow	encoding	only	(HOTFEO)	strategy.	More	

specifically,	that	is	to	use	FE	acquisition	pattern	with	alternating	polarity	(i.e.	two-sided	FE)	

in	the	Y-direction	(FEy)	in	addition	to	using	single	polarity	(i.e.	one-sided)	FEx	and	FEz.	The	

HOTFEO	 pattern	 can	 address	 the	 two	 ill	 conditions	 by	 converting	 the	 underdetermined	

constraint	into	convex	function	optimizations.	The	HOTFEO	technique	can	also	significantly	
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increase	the	accuracy	of	FC	background	calculation	and	result	in	more	accurate	maximum	

peak	velocity	and	total	volumetric	flow	measurement.	

	

In	 Chapter	 4,	we	 propose	 a	 two-fold	 accelerated	 4D	 flow	 PC-MRI	 technique	with	 hybrid	

one-	and	two-sided	flow	encoding	and	velocity	spectrum	separation	(HOTSPA).	There	are	

three	components	in	the	HOTSPA	technique:	1)	the	two-sided	FE	has	been	applied	in	two	of	

the	three	FE	directions;	2)	the	one-sided	FE	has	been	applied	in	the	remaining	FE	direction;	

3)	 the	FC	data	 is	not	explicitly	acquired.	The	 two-sided	FE	strategy	provides	a	0/𝜋	linear	

phase	modulation	in	the	temporal	dimension.	In	the	Fourier	velocity	spectrum	domain,	the	

spectrum	of	temporal	modulated	velocity	waveform	will	be	shifted	by	half	of	the	frequency	

support	and	separated	 from	the	spectrum	of	FC	or	one-sided	FE	waveform.	The	HOTSPA	

technique	then	separates	the	Fourier	velocity	spectra	into	components	for	FC	background	

phase	 and	 3D	 velocity	 waveforms.	 The	 combinations	 of	 the	 acquired	 data	 enable	 3D	

velocity	 calculations	 based	 on	 two	 M1-space	 samples	 instead	 of	 four	 samples	 as	

conventional	4D	 flow	PC-MRI.	The	HOTSPA	 technique	 can	be	used	 to	 either	 improve	 the	

temporal	 sampling	 period	 and	 temporal	 footprint	 or	 reduce	 the	 total	 scan	 time.	 The	

approach	 has	 been	 demonstrated	 to	 provide	more	 accurate	maximum	peak	 velocity	 and	

total	volumetric	flow	measurements.	

	

The	M1-space	 under-sampling	 is	 a	 novel	 and	 promising	 technique	 to	 accelerate	 PC-MRI.	

First,	it	can	improve	both	temporal	sampling	period	and	temporal	footprint	by	reducing	the	

M1-space	samples.	Second,	it	can	accelerate	4D	flow	independently	or	it	can	be	applied	on	

phase	 images	 after	 finishing	 other	 fast	 PC-MRI	 technique	 reconstructions,	 such	 as	
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compressed	 sensing,	 parallel	 imaging,	 non-Cartesian	 trajectory,	 thus	 allowing	 their	

combination	to	achieve	further	acceleration.	 In	Chapter	4,	we	will	 introduce	the	balanced	

four-point	flow	encoding	strategy,	which	can	achieve	four-fold	acceleration	using	HOTSPA	

technique.	 The	 M1-space	 under-sampling	 can	 significantly	 improve	 the	 measurement	

accuracy	of	velocity	and	flow	quantifications	or	reduce	the	total	scan	time,	especially	for	4D	

flow	applications.			
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DISSERTATION	MOTIVATION	

Phase	 Contrast	 MRI	 (PC-MRI)	 has	 been	 widely	 used	 clinically	 for	 hemodynamic	

visualization	 and	 quantification	 (1).	 PC-MRI	 is	 a	 powerful	 tool	 for	 diagnosing	

cardiovascular	 diseases,	 monitoring	 the	 development	 of	 the	 diseases,	 and	 assessing	 the	

pre-	and	post-surgical	patient	evaluations	(1–4).	Compared	with	other	imaging	modalities,	

such	 as	 diagnostic	 cardiac	 catheterization,	 cardiac	 CT,	 nuclear	 scintigraphy,	 MRI	 is	 non-

invasive	and	non-radioactive	technique	that	can	be	used	for	initial	diagnosis	and	long-term	

follow-up	of	most	patients	with	Congenital	Heart	Diseases	(CHD)	(5,6).	PC-MRI	is	used	to	

measure	time	resolved	blood	flow	velocity	information.	Based	on	the	blood	flow	dynamic	

measurements,	one	can	quantify	commonly	used	indices	for	clinical	diagnosis:	pulse	wave	

velocity,	maximum	 peak	 velocity,	 total	 volumetric	 flow,	 the	 pulmonary-to-systemic	 ratio	

(Qp/Qs),	 regurgitant	 fraction,	 pressure	 difference,	 wall	 shear	 stress,	 etc	 (7–14).	

Measurement	 accuracy	 of	 maximum	 peak	 velocity	 is	 strictly	 demanded	 in	 the	 clinic,	

because	maximum	peak	velocity	 is	used	for	diagnosis	and	severity	estimations	of	arterial	

stenosis.	For	example,	over	160	cm/s	in	the	ascending	aorta	of	newborns	is	considered	as	

aortic	 stenosis	 (2)	 and	 it	 determines	 the	 accuracy	 of	 other	 diagnostic	 indices,	 such	 as	

pressure	difference	(13).		

	

The	PC-MRI	field	has	long	been	interested	in	developing	novel	fast	PC-MRI	techniques	with	

high	 temporal	 resolution	 (i.e.	 short	 temporal	 sampling	 period	 and	 footprint)	 to	 achieve	

accurate	 flow	 and	 velocity	 quantifications.	 Underestimation	 of	 maximum	 peak	 velocity	

frequently	 happens	 when	 long	 temporal	 sampling	 period	 and	 temporal	 footprint	 are	

applied	during	PC-MRI	acquisition	(8,9).	This	is	largely	caused	by	the	acquisition	strategy	
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used	for	conventional	PC-MRI.	For	each	cardiac	phase,	conventional	2D	PC-MRI	with	three-

directional	 (3D)	FE	and	4D	 flow	PC-MRI	requires	 four	 images	 to	update	each	3D	velocity	

vector.	 Even	 conventional	 2D	 PC-MRI	 with	 only	 through-plane	 FE	 still	 requires	 two	

acquisitions	 for	 each	 cardiac	 phase.	 For	 conventional	 FC/3FE	 PC-MRI	 techniques,	 the	

temporal	 resolution	=	 temporal	 sampling	period	=	 temporal	 footprint	=	4*TR*VPS	 (TR	 is	

the	repetition	time	and	VPS	is	views-per-segment,	i.e.	the	number	of	k-space	lines	acquired	

for	 each	 cardiac	 phase	 per	 cardiac	 cycle).	 Reducing	 VPS	 can	 shorten	 the	 temporal	

resolution,	 but	 this	will	 concomitantly	 increase	 the	 total	 acquisition	 time.	Many	 fast	MRI	

techniques,	 such	 as	 non-Cartesian	 sampling	 (15,16),	 parallel	 imaging	 (17,18),	 k-t	 space	

acceleration	(19–22),	and	compressed	sensing	(23–25),	have	been	developed	to	offset	the	

total	acquisition	time	increase.	Another	disadvantage	of	adjusting	VPS	is	the	limited	choices	

of	 temporal	resolutions,	such	as	4*TR,	8*TR,	12*TR,	etc.	Santini	F.	et	al	 (26)	showed	that	

the	 necessary	 temporal	 resolutions	 were	 30-40	 ms	 for	 accurate	 hemodynamic	

quantifications	of	peripheral	vessels	and	50	ms	for	accurate	hemodynamic	quantifications	

of	the	aorta.	In	a	hypothetical	PC-MRI	protocol	that	assumed	TR	=	6.3	ms,	the	conventional	

FC/3FE	techniques	would	have	to	choose	4*TR	(=	25	ms)	temporal	resolution	with	1VPS	to	

maintain	 the	 measurement	 accuracy	 for	 peripheral	 vessels,	 such	 as	 common	 carotid	

arteries.	 The	 principal	 objective	 of	 this	 dissertation	 is	 to	 introduce	 the	 concept	 and	

demonstrate	 the	 feasibility	of	M1-space	 (i.e.	FC,	FEz,	FEy,	FEx)	under-sampling	 to	 improve	

the	 temporal	 sampling	 period	 and	 temporal	 footprint	 of	 PC-MRI,	 provide	 more	 flexible	

choices	 of	 temporal	 resolutions	 and	 accelerate	 PC-MRI	 scans.	 M1-space	 under-sampling	

aims	to	improve	the	measurement	accuracy	of	hemodynamic	indices	and	reduce	the	total	

acquisition	 time.	 The	 objectives	 of	 this	 dissertation	 are	 to:	 1)	 Develop	 a	 fast	 PC-MRI	
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technique	with	partially	under-sampled	FC	data	and	view	sharing	reconstruction	(Chapter	

2);	 2)	 Develop	 a	 fast	 FC-free	 4D	 flow	 technique	 using	 a	 velocity	 direction	 constraint	 to	

recover	the	FC	data	(Chapter	3);	3)	Develop	a	two-fold	accelerated	PC-MRI	technique	with	

hybrid	one-	and	two-sided	FE	and	velocity	spectrum	separation	(Chapter	4).	

	

The	three	Specific	Aims	of	this	thesis	are	more	cogently	described	as:	

	

SPECIFIC	 AIM	 #1	 –	To	Accelerate	PC-MRI	using	Flow	Compensation	Under-Sampling	and	

View	Sharing.	The	maximum	peak	velocity	is	a	very	important	index	for	a	number	of	clinical	

diagnose.	PC-MRI	accuracy	is	governed	by	the	temporal	sampling	period	and	the	temporal	

footprint.	The	conventional	2D	through-plane	PC-MRI	approach	acquires	FC	and	FE	data	in	

an	 interleaved	 fashion.	 This	 often	 results	 in	 a	 long	 temporal	 sampling	 period	 and	 a	 long	

temporal	 footprint,	 which	 underestimates	 the	 maximum	 peak	 velocity.	 We	 hypothesize	

that	 in	 certain	 vascular	 territories,	 such	 as	 the	 common	 carotid	 arteries,	 intracranial	

vessels	and	peripheral	vessels,	the	FC	data	does	not	change	significantly	over	time.	Thus,	FC	

data	can	be	under-sampled	and	view	shared	to	improve	both	the	temporal	sampling	period	

and	the	temporal	footprint	as	well	as	reduce	the	total	scan	time.	

	

SPECIFIC	 AIM	 #2	 –	 To	 accelerate	 Phase-Contrast	MRI	 using	 Hybrid	 One-	 and	 Two-sided	

Flow-Encodings	Only	(HOTFEO).	 In	 Specific	Aim	1,	we	partially	 under-sample	 the	FC	data	

and	 recover	 the	missing	 data	 using	 a	 sliding	window	 view	 sharing	 technique.	While	 the	

HOTFEO	technique	is	a	completely	FC-free	technique,	which	achieves	4/3-fold	acceleration.	
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In	 the	 HOTFEO	 technique,	 we	 hypothesize	 that	 the	 blood	 flow	 velocity	 direction,	 not	

magnitude,	remains	unchanged	within	in	a	short	sliding	time	window	of	two	cardiac	phases.	

This	assumption	gives	us	an	additional	velocity	direction	constraint,	which	can	be	used	to	

calculate	the	FC	data	using	only	the	three	directional	FE	data	sets.	Combining	an	originally	

proposed	hybrid	one-	and	two-sided	FE	strategy,	the	velocity	direction	constraint	provides	

accurate	estimation	of	FC	data	under	a	range	of	velocity	magnitudes	and	noise	levels.	The	

HOTFEO	 technique	 results	 in	 accurate	maximum	peak	velocity	 and	 total	 volumetric	 flow	

measurements	compared	with	conventional	4D	flow	technique.	

	

SPECIFIC	AIM	#3	 –	Two-fold	Accelerated	Phase-Contrast	MRI	using	Hybrid	One-	and	Two-

sided	 Flow-Encoding	 and	 Velocity	 Spectrum	 Separation	 (HOTSPA).	 Instead	 of	 partially	 or	

completely	forgoing	FC	data	acquisition	as	shown	in	Specific	Aim	1	and	2,	we	proposed	to	

simultaneously	acquire	two	velocity	waveforms	with	different	temporal	modulations,	and	

then	 separate	 the	 paired	 acquisitions	 in	 the	 Fourier	 velocity	 spectrum	 domain.	 This	

achieves	two-fold	acceleration	in	the	M1-space	by	reducing	the	conventional	4D	flow	four	

TR	encoding	to	two	TR	encoding.	In	the	HOTSPA	technique,	FC	data	is	acquired	with	two-

sided	FEz,	one-sided	FEx	 is	 acquired	with	 two-sided	FEy.	The	 temporal	modulation	of	 the	

two-sided	FE	allows	for	separation	of	its	Fourier	velocity	spectrum	from	the	FC/one-sided	

FE	component	in	the	low	frequency	area.	

	

Overall,	the	main	goal	of	the	work	outlined	in	these	Specific	Aims	is	to	introduce	the	novel	

accelerated	 PC-MRI	 techniques	 of	 M1-space	 under-sampling.	 M1-space	 under-sampling	

focuses	 on	 reconstructing	 the	 3D	 velocity	 vector	 for	 each	 cardiac	 phase	 using	 reduced	
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number	 of	 the	 four	 M1-space	 samples	 (FC,	 FEx,	 FEy,	 FEz).	 M1-space	 under-sampling	

techniques	 can	 improve	measurement	 accuracy	 of	maximum	peak	 velocity	 by	 improving	

both	 the	 temporal	 sampling	 period	 and	 the	 temporal	 footprint.	 Unlike	 conventional	 VPS	

reduction	 methods,	 M1-space	 under-sampling	 techniques	 do	 not	 increase	 the	 total	

acquisition	 time.	Additionally,	 the	M1-space	under-sampling	 techniques	 can	be	 combined	

with	other	fast	MRI	techniques,	such	as	non-Cartesian	sampling,	parallel	imaging,	k-t	space	

acceleration,	 compressed	 sensing,	 and	 optimized	 gradient	 waveforms	 (27)	 to	 further	

reduce	the	total	acquisition	time	and	improve	both	temporal	sampling	period	and	temporal	

footprint.	The	eventual	goal	 is	 to	provide	accurate	blood	 flow	and	velocity	quantification	

for	diagnosis	within	the	shortest	total	acquisition	time.	
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CHAPTER	1	
	
TERMINOLOGY		
	
The	following	terms	are	used	throughout	the	paper	and	are	defined	as	follows:	

Blood	 flow	 velocity:	 general	 description	 of	 velocity	 vector	within	 the	 blood	 vessel.	 The	

unit	of	blood	flow	velocity	is	centimeter	per	second	(cm/s).	

Mean	flow	velocity:	the	average	velocity	(scalar)	within	the	entire	blood	vessel	lumen.	The	

unit	of	mean	flow	velocity	is	cm/s.	

Total	 volumetric	 flow:	 integration	 of	 the	 mean	 flow	 rate	 (=through-plane	 directional	

mean	flow	velocity	*	area	of	entire	vessel	 lumen)	over	the	cardiac	cycle.	The	unit	of	 total	

volumetric	flow	is	milliliter	(mL).	

Peak	velocity:	 the	maximum	velocity	vector	within	the	entire	blood	vessel	for	any	single	

cardiac	phase.	The	unit	of	peak	velocity	is	cm/s.	

Velocity	 magnitude:	 the	 square	 root	 of	 sum	 of	 squares	 of	 3D	 velocity	 components	

(= 𝑉!! + 𝑉!! + 𝑉!!).	 We	 use	 the	 mean	 flow	 velocity	 magnitude	 to	 indicate	 the	 average	

magnitude	 of	 the	 velocity	 within	 the	 entire	 blood	 vessel	 lumen,	 and	 peak	 velocity	

magnitude	 to	 indicate	 the	 maximum	 velocity	 magnitude	 within	 the	 entire	 blood	 vessel	

lumen	for	any	single	cardiac	phase.	The	unit	of	velocity	magnitude	is	cm/s.	

Maximum	peak	velocity	magnitude:	the	maximum	velocity	magnitude	( 𝑉!! + 𝑉!! + 𝑉!!)	

within	the	blood	vessel	lumen	from	throughout	the	entire	cardiac	cycle.	This	often	happens	

in	 the	 peak	 systolic	 cardiac	 phases.	 The	 term	 maximum	 peak	 velocity	 is	 directional	

(𝑉!/!/!,!"#).	The	unit	of	maximum	peak	velocity	magnitude	is	cm/s.	
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Temporal	 sampling	 period:	 the	 time	 between	 two	 successive	 temporal	 frames	 (i.e.	

cardiac	phases	 in	 cardiac	 cine	MRI).	The	unit	of	 temporal	 sampling	period	 is	millisecond	

(ms).	

Temporal	footprint:	the	time	span	of	the	data	used	to	reconstruct	a	single	temporal	frame.	

The	unit	of	temporal	footprint	is	millisecond	(ms).	
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PHASE	CONTRAST	MAGNETIC	RESONANCE	IMAGING		

Phase	Contrast	Magnetic	Resonance	Imaging	(PC-MRI)	is	a	non-invasive	imaging	technique	

that	can	provide	anatomical	and	functional	information	of	the	cardiovascular	system.	A	MR	

image	 is	 a	 complex	 image,	 which	 contains	 magnitude	 and	 phase	 information.	 The	

magnitude	image	is	used	for	morphologic	visualization	while	the	phase	image	can	provide	

spatially	registered	functional	information,	such	as	tissue	motion,	cardiovascular	function,	

and	 hemodynamics	 (28,29).	 PC-MRI	 uses	 the	 phase	 change	 caused	 by	 moving	 spin,	

traveling	 through	 a	 gradient	 magnetic	 field,	 to	 derive	 the	 velocities.	 The	 velocity	

visualization	and	quantification	can	be	used	for	clinical	evaluations	of	total	volumetric	flow,	

valvular	 regurgitation,	 stenosis	 velocity,	 Qp/Qs	 for	 shunting	 lesions,	 pressure	 gradients,	

vessel	 wall	 shear	 stress,	 and	 myocardial	 tissue	 motions	 (7–13).	 These	 functional	

parameters	 are	 important	 indices	 for	 clinical	 diagnosis	 and	 monitoring	 cardiovascular	

diseases.		

	

VELOCITY	ENCODING	

The	 bulk	 magnetization	 (𝑀)	 of	 a	 moving	 spin	 in	 an	 inhomogeneous	 magnetic	 field	 will	

cause	the	transverse	spin	magnetization	(𝑀!")	to	have	a	phase	shift	in	the	rotating	frame.	

The	Larmor	frequency	𝜔!	of	spins	at	the	spatial	location	𝑟	in	a	static	magnetic	field	𝐵!,	with	

local	field	inhomogeneity	∆𝐵!(𝑟)	and	an	added	gradient	magnetic	field	𝐺	is:	

𝜔! 𝑟, 𝑡 = 𝛾𝐵! + 𝛾∆𝐵!(𝑟)  + 𝛾𝑟 𝑡 ∗ 𝐺 𝑡 			 	 		[1]	
𝛾	is	gyromagnetic	ratio,	𝜔!,! = 𝛾𝐵!	is	the	Larmor	frequency	in	the	static	magnetic	field	𝐵!	

and	rotating	frame’s	rotating	frequency	with	respect	to	the	lab	frame.	After	signal	reception,	
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the	acquired	signal	is	demodulated	with	respect	to	the	𝜔!,!	and	transformed	to	the	rotating	

frame,	 which	 excludes	 the	 static	 magnetic	 field	 contribution.	 	 Subsequently,	 the	 Larmor	

frequency	 in	 the	 rotating	 frame	𝜔!! 𝑟, 𝑡 = 𝛾∆𝐵! + 𝛾𝑟 𝑡 ∗ 𝐺 𝑡 	with	 respect	 to	 rotating	

frame	 is	 used	 to	derive	 the	phase	 accumulation	 in	 the	 rotating	 frame.	The	 integration	of	

𝜔!! 𝑟, 𝑡 	from	the	starting	of	 the	time	at	center	of	pulse	RF	excitation	𝑡!	to	 the	Echo	Time	

(TE)	is	given	by:	

𝜙 𝑟,𝑇𝐸 − 𝜙 𝑟, 𝑡! = 𝜔!! 𝑟, 𝑡 𝑑𝑡 =
!"
!!

𝛾∆𝐵! 𝑇𝐸 − 𝑡! +  𝛾 𝑟 𝑡 ∗ 𝐺 𝑡 𝑑𝑡!"
!!

	 [2]	

thus,	

𝜙 𝑟,𝑇𝐸 = 𝜙 𝑟, 𝑡! + 𝛾∆𝐵! 𝑇𝐸 − 𝑡! +  𝛾 𝑟 𝑡 ∗ 𝐺 𝑡 𝑑𝑡!"
!!

	 	 [3]	

By	including	the	Taylor	series	expansion	of	Eq.	[3]	for	non-stationary	spins,	

𝜙 𝑟,𝑇𝐸 = 𝜙! + 𝛾 !
!!
!!(!)

!"!
𝐺 𝑡 𝑡!𝑑𝑡!"

!!
!
!!!  	 	 	 [4]	

!!(!)

!"!
	represents	 the	 nth	 order	 differentiation	 of	𝑟 .	𝜙! =  𝜙 𝑟, 𝑡! + 𝛾∆𝐵! 𝑇𝐸 − 𝑡! 	is	 the	

background	phase	which	contains	initial	phase	and	𝐵!	field	inhomogeneity	induced	phase	

components.	Within	the	TE	duration,	if	the	imaged	tissue	motion	is	negligible	and	the	blood	

flow	velocity	𝑣 = 𝑣! 𝑟! , 𝑣! 𝑟! , 𝑣! 𝑟! 	can	be	assumed	as	constant,	we	can	only	consider	

the	zero	and	first	order	moment	in	the	expression	of	𝑟 𝑡 = 𝑟! + 𝑣(𝑡 − 𝑡!)	while	the	second	

and	even	higher	order	moment	do	not	contribute	significantly	to	the	phase	signal	change.	

Eq.	[4]	then	can	be	rewritten	as:	

𝜙 𝑟,𝑇𝐸 = 𝜙! +  𝛾𝑟! 𝐺 𝑡 𝑑𝑡!!
!!

+ 𝛾𝑣 𝐺 𝑡 𝑡𝑑𝑡!"
!!

	 	 	[5]	

The	 phase	 signal	𝜙 𝑟,𝑇𝐸 	includes	 the	 background	 phase	𝜙!,	 the	 zero	 order	 component	

𝛾𝑟! 𝐺 𝑡 𝑑𝑡!"
!!

	and	 first	 order	 component	 𝛾𝑣 𝐺 𝑡 𝑡𝑑𝑡!"
!!

.	 The	 zero	 and	 first	 order	
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components	describe	 the	 influence	of	magnetic	 field	 gradients	𝐺 𝑡 	on	 the	 static	 spins	 at	

location	𝑟!	and	moving	spins	with	velocity	𝑣,	respectively,	we	define:	

Zero	order	moment:	𝑀! = 𝐺 𝑡 𝑑𝑡!"
!!

		

First	order	moment:	𝑀! = 𝐺 𝑡 𝑡𝑑𝑡!"
!!

	

Thus,	 with	 the	 special	 design	 of	 the	 magnetic	 field	 gradient	 waveforms,	 which	 will	 be	

introduced	later	in	this	chapter,	we	can	encode	blood	flow	velocity	or	tissue	motion.		

	

The	𝑀!	determines	 the	 position	 induced	 phase	 signal	 change,	 while	 the	𝑀!	governs	 the	

velocity	induced	phase	signal	change.	The	most	commonly	used	velocity	encoding	strategy	

is	 sequentially	 acquiring	 zero	 and	 first	 order	 moment	 nulled	 phase	 signal	 (flow	

compensated	phase	signal)	and	zero	order	moment	nulled	phase	signal	with	non-zero	first	

order	 components	 (flow	 encoded	 phase	 signal).	 The	 phase	 difference	 between	 the	 two	

signals	 has	 a	 linear	 velocity	 dependent.	 As	 shown	 in	 Figure	 1a,	 the	multi-polar	 gradient	

waveform	 is	 commonly	 used	 for	 encoding	 the	 background	 phase	 𝜙! 	(i.e.	 flow	

compensation),	 and	 the	 bipolar	 gradients	 (Fig.	 1b-c)	 are	 the	 magnetic	 field	 gradients	

commonly	designed	for	flow	encoding.	Fig.	1b-c	shows	two	FE	gradient	waveform	designs,	

which	give	the	same	magnitude	of	phase	change,	but	with	different	signs.	The	zero	and	first	

order	moment	induced	phase	changes	during	the	FC	or	±	FE	gradients	are	shown	in	Fig.	1d-

i.	Using	Eq.	[5]	to	calculate	gradient	moment	(Fig.	1a-c)	induced	phase	change,	we	will	get:	

𝜙!" = 𝜙!
𝜙!!" = 𝜙!  + 𝛾𝐺 𝑇/2 !𝑣
𝜙!!" = 𝜙! − 𝛾𝐺(𝑇/2)!𝑣

	 	 	 	 	 [6]	
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T	 is	 the	 duration	 of	 the	multi-polar	 or	 bi-polar	 gradient	waveform.	 There	 are	 two	 flow-

encoding	strategies	used	in	clinic.	The	first	is	called	one-sided	flow	encoding.	It	uses	the	FE	

and	FC	signals	(30).	The	phase	difference	between	the	FE	and	FC:	

∆𝜙 =  ±𝛾𝐺(𝑇/2)!𝑣	 	 	 	 	 [7]	

is	proportional	to	the	blood	flow	velocity.	The	second	flow	encoding	strategy	is	also	called	

two-sided	flow	encoding	(30).	It	uses	the	alternating	flow	encoding	polarities	between	two	

consecutive	acquisitions.	While	the	phase	difference	between	the	±	FE	is	given	by:	

∆𝜙 =  2𝛾𝐺(𝑇/2)!𝑣	 	 	 	 	 [8]	

Phase	 signal	 is	 a	 periodic	 function	with	2𝜋	period.	When	∆𝜙 = 𝜋,	 the	 Velocity	 ENCoding	

(VENC)	is	defined	as		

𝑉𝐸𝑁𝐶 = !
!∆!!

		 	 	 	 										[9]	

∆𝑀!	is	 the	 difference	 of	 the	 gradient	 first	 moments	 of	 the	 two	 encodings.	 VENC	 is	 the	

maximum	velocity	that	PC-MRI	can	derive	without	phase	aliasing.	If	the	measured	velocity	

in	any	pixel	is	slight	higher	than	VENC,	it	will	results	in	phase	difference	with	an	opposite	

sign.	This	is	called	phase	wrapping	(31).	To	design	many	PC-MRI	protocols,	the	estimation	

of	 maximum	 velocity	 in	 the	 vascular	 territory	 of	 interest	 is	 necessary	 to	 avoid	 phase	

wrapping	 (7,32).	 Each	 directional	 velocity	 of	 each	 pixel	 is	 calculated	 by	 the	 following	

equation:	

𝑣!/!/! =
∆!!/!/!

!∆!!,!/!/!
= ∆!!/!/!

!
∗ 𝑉𝐸𝑁𝐶	 	 	 [10]	
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Figure	 1.	 An	 example	 of	 (a)	 Flow	 compensated	 gradient	 waveform;	 (b)	 positive	 Flow	

encoded	gradient	waveform;	 (c)	negative	Flow	encoded	gradient	waveform.	 (d)(e)(f)	 are	

the	 corresponding	M0s	 of	 (a)(b)(c).	 (g)(h)(i)	 are	 the	 corresponding	M1s	 of	 (a)(b)(c).	 All	

units	are	arbitrary	units	(A.U.).		

	

CARDIAC	CINE	ACQUISITION	OF	PC-MRI	

Like	 typical	 cardiac	 MRI	 techniques,	 PC-MRI	 acquires	 synchronized	 dynamic	 data	 with	

periodic	blood	flow	and	tissue	motion.	Data	acquisition	is	typically	gated	by	ECG	signals	to	

collect	 time	 resolved	 (CINE)	 anatomical	 and	 functional	 images.	 In	 each	 cardiac	 cycle,	 a	

segment	of	k-space	data	is	acquired	for	each	cardiac	phase	(as	shown	in	Fig.	2a).	Combining	
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all	segments	(red,	green	and	blue)	from	different	cardiac	cycles	will	format	an	integrated	k-

space	for	each	cardiac	phase	(as	shown	in	Fig.	2a).	The	number	of	k-space	 lines	acquired	

for	each	cardiac	phase	per	cardiac	cycle	is	called	views-per-segment	(VPS).	Fig.	2b	shows	a	

segmental	acquisition	of	PC-MRI	with	three-directional	(3D)	FE	of	one	cardiac	phase,	every	

four	images	are	required	to	update	one	cardiac	phase	with	a	3D	velocity	vector.		

	

Figure	 2.	a.	Cardiac	segmental	acquisition	strategy.	Red,	green	or	blue	segment	of	 the	k-

space	 is	 individually	 acquired	 in	 each	 cardiac	 cycle.	 They	 are	 combined	 together	 to	

synthesize	 a	 full	 k-space.	b.	 One	 exemplary	 cardiac	 phase	 of	 FC/3FE	 PC-MRI	 acquisition	

consists	of	four	images	(i.e.	FC,	FEz,	FEy,	FEx).	In	this	figure,	we	only	explicitly	show	the	first	

cardiac	phase.	All	the	other	cardiac	phases	repeat	the	same	acquisition	scheme	as	the	first	

cardiac	phase.	
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TEMPORAL	SAMPLING	PERIOD	AND	TEMPORAL	FOOTPRINT	

The	 temporal	 sampling	period	 is	 the	 time	between	 two	 successive	 temporal	 frames.	The	

temporal	footprint	is	the	time	span	of	the	data	used	to	reconstruct	a	single	temporal	frame.	

These	 two	parameters	 govern	 the	measurement	 accuracy	of	maximum	peak	velocity	 (8–

10),	which	 is	 very	 important	 for	a	number	of	 clinical	diagnoses,	 such	as	arterial	 stenosis	

(13,33)	 and	 evaluation	 of	 the	 pressure	 gradient	 (13,34)	 for	 diagnosis	 of	 portal	

hypertension	 (35).	 A	 low	 temporal	 sampling	 rate	 (i.e.	 insufficient	 number	 of	 sampling	

points)	will	result	in	smoothing	of	the	velocity	waveform	and	underestimation	of	maximum	

peak	 velocity.	 A	 long	 temporal	 footprint	 will	 underestimate	 the	maximum	 peak	 velocity	

due	to	long	temporal	averaging	and	blurring.	For	the	conventional	FC/3FE	PC-MRI	in	Fig.	

2b,	 the	 temporal	 sampling	 period	 =	 temporal	 footprint	 =	 4*TR*VPS.	 In	 conventional	 2D	

FC/FE	 PC-MRI	 with	 only	 through-plane	 directional	 FE,	 the	 temporal	 sampling	 period	 =	

temporal	 footprint	=	2*TR*VPS.	To	optimize	 the	 temporal	 sampling	period	and	 temporal	

footprint,	 major	 fast	 PC-MRI	 techniques	 were	 developed	 to	 reduce	 the	 total	 acquisition	

time	 increase	by	utilizing	a	 small	VPS.	Other	PC-MRI	 techniques	decrease	 the	TE	and	TR	

through	PC-MRI	pulse	sequence	optimization,	 such	as	convex	gradient	optimization	 (27),	

and	 unbalanced	 FE	 strategy	 (36).	 In	 Chapter	 2,	 3,	 and	 4,	 we	 will	 discuss	 the	 M1-space	

Under-sampling	techniques	to	reduce	temporal	sampling	period	and	temporal	footprint	or	

accelerating	 PC-MRI	 scans	 by	 reducing	 the	 number	 of	 M1-space	 samples	 required	 to	

reconstruct	the	velocity	vector	for	each	cardiac	phase.	This	is	the	main	achievement	of	this	

thesis.	
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BACKGROUND	PHASE	CORRECTION	

The	Maxwell	 term	correction	and	the	eddy	current	correction	are	the	two	major	types	of	

background	 phase	 correction	 in	 PC-MRI.	 Whenever	 the	 linear	 magnetic	 field	 gradients,	

such	as	FE	gradients,	are	applied	during	PC-MRI	acquisition,	the	magnetic	field	will	have	a	

non-linear	 spatial	 dependence.	 This	 results	 from	Maxwell’s	 equations	 for	 the	 divergence	

and	curl	of	the	magnetic	field	(37).	The	deviation	from	the	nominal	gradient	strength	and	

orientation	and	spatially	dependent	first	gradient	moments	will	introduce	phase	errors	in	

the	M1	moment	 of	 the	PC-MRI	 technique,	 thus	 resulting	 in	measurement	 errors	 of	 blood	

flow	 velocity	 (38).	 The	 phase	 errors	 from	 Maxwell	 terms	 can	 be	 reduced	 by	 gradient	

waveform	 design,	 such	 as	 using	 bipolar	 gradients	 to	 reduce	 the	 self-squared	 term	

components	 and	nonconcurrent	 gradients	 between	 x/y/z-directions	 to	 reduce	 the	 cross-

term	 components	 (37).	 The	 phase	 error	 can	 also	 be	 corrected	 by	 using	 least	 squares	

concomitant	field	phase	fitting	(37),	which	is	commonly	used	in	the	reconstruction	frame	

work	of	most	manufacturers.		

	

Based	on	Faraday’s	law	of	induction,	eddy	currents	are	induced	within	conductive	material	

by	 a	 changing	magnetic	 field,	 such	 as	 the	magnetic	 field	 during	 the	 ramp-up	 and	 ramp-

down	 time	 to	 achieve	 the	 designed	 magnetic	 field	 gradients.	 By	 Lenz’s	 law,	 the	 eddy	

currents	will	 create	 an	opposing	magnetic	 field,	 that	 causes	unwanted	phase	 shifts	 in	FC	

and	FE	signals.	Due	to	the	different	gradients	applied	in	FC	and	FE	echoes,	the	phase	shifts	

cannot	 be	 cancelled	 by	 subtracting	 FC	 phase	 from	FE	 phase.	 The	 velocity	waveform	will	

have	a	relative	constant	shift	compared	with	reference	data.	The	eddy	currents	can	cause	

unacceptable	 error	 in	 velocity	 measurements,	 for	 example	 >0.6	 cm/s	 for	 certain	
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applications.	 This	may	 even	 cause	 a	 significant	 error	 (>5%)	 in	 total	 volumetric	 flow	and	

Qp/Qs	ratio	measurements,	because	the	total	volumetric	flow	accumulates	the	error	of	each	

cardiac	 phase	 (39–41).	 Currently,	 the	 phase	 errors	 due	 to	 the	 eddy	 currents	 cannot	 be	

eliminated	 through	pulse	 sequence	optimization.	 Eddy	 current	 correction	 is	 required	 for	

PC-MRI.	

	

There	are	two	major	types	of	eddy	current	correction	methods	used	 in	PC-MRI	 field.	The	

first	 method	 is	 the	 background	 phase	 fitting	 of	 stationary	 tissue.	 The	 workflow	 of	 the	

background	 phase	 fitting	 of	 stationary	 tissue	 methods	 typically	 includes	 three	 steps:	

masking,	fitting	and	correction.	The	stationary	tissues’	velocities	are	assumed	to	be	zero,	so	

they	have	smaller	 standard	deviation	 than	blood	 flow	velocity	or	 random	noise	 (through	

time).	With	adequate	threshold,	the	stationary	tissue	can	be	segmented.	A	linear	or	higher	

order	interpolated	image	is	fitted	to	the	velocity	map	in	the	masked	stationary	tissue	pixels	

and	used	 as	 estimated	 eddy	 current	 induced	phase	offsets.	 Subtracting	 the	 fitting	 offsets	

from	 the	 original	 velocity	 image	 will	 yield	 the	 corrected	 velocity	 map	 (42).	 The	 second	

method	 is	 stationary	 phantom	 correction.	 Eddy	 current	 correction	 for	 in	 vivo	 PC-MRI	 is	

done	by	subtracting	the	phase	 image	of	a	steady	phantom	repeating	scans	with	the	same	

protocol	as	the	in	vivo	scans.	The	fitting	method	is	time	efficient,	but	may	not	be	accurate	

when	there	is	not	a	sufficient	area	of	stationary	tissue.	The	stationary	phantom	correction	

method	is	more	accurate,	but	less	time	efficient	due	to	the	repeated	scan	of	every	protocol.	
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CLINICAL	SIGNIFICANCE	OF	PC-MRI	MEASUREMENTS	

PC-MRI	 has	 been	 widely	 used	 clinically	 for	 blood	 flow	 visualization	 and	 quantification.	

Compared	with	cardiac	catheterization	and	echocardiography,	PC-MRI’s	non-invasive	and	

non-ionizing	 nature	 shows	 great	 potential	 to	 be	 used	 for	 monitoring	 and	 diagnosing	

cardiovascular	 diseases,	 especially	 for	 infants.	 Blood	 flow	 velocity	 quantification	 can	

provide	a	number	of	hemodynamic	 indices:	maximum	peak	velocity,	pulse	wave	velocity,	

total	 volumetric	 flow,	 Qp/Qs	 ratio,	 retrograde	 fraction,	 wall	 shear	 stress,	 and	 pressure	

difference.	 They	 can	 be	 efficiently	 and	 accurately	 used	 for	 diagnosis	 and	 screening	 of	

various	 cardiovascular	 diseases,	 such	 as	 arterial	 stenosis,	 shunting	 lesions,	 portal	

hypertension,	aneurysm	and	aortic	coarctation.	The	PC-MRI	technique	can	be	extended	to	

measure	CSF	flow	and	myocardial	tissue	velocity	mapping	(43).		

	

Despite	the	great	advantages	of	PC-MRI	for	hemodynamic	visualization	and	quantification,	

it	 is	 still	hampered	by	 the	 inaccuracy	of	maximum	peak	velocity	measurement	due	 to	 its	

low	temporal	resolution,	and	long	total	scan	time,	especially	for	4D	flow	applications.	The	

practical	total	acquisition	time	of	4D	flow	is	typically	under	15	minutes.	Within	the	limited	

time,	 the	 achievable	 temporal	 resolution	 of	 4D	 flow	will	 be	 limited	 (~80	ms)	 (44).	 Such	

long	 temporal	 sampling	 period	 and	 footprint	 may	 not	 be	 sufficient	 for	 accurate	 peak	

velocity	 quantification	 (8,9).	 The	 compelling	 clinical	 need	 for	 non-invasive,	 fast	 and	

accurate	 flow	quantification	PC-MRI	 continues	 to	motivate	new	 techniques	 that	 focus	 on	

reducing	the	total	scan	time	as	well	as	improving	temporal	sampling	period	and	temporal	

footprint	.	This	thesis	focuses	on	reducing	the	four	M1-space	samples	(i.e.	M1-space	under-

sampling)	 to	 accelerate	 PC-MRI	 or	 improve	 the	 temporal	 resolution.	 Since	 the	M1-space	



18	
	

under-sampling	 approach	 does	 not	 reduce	 the	 VPS,	 it	 improves	 the	 temporal	 resolution	

without	 increasing	 the	 total	 scan	 time.	 With	 a	 fixed	 temporal	 resolution,	 the	 M1-space	

under-sampling	can	reduce	the	total	scan	time	with	a	high	VPS.	In	the	following	chapters,	

we	introduce	the	new	concept	of	M1-space	under-sampling	in	the	PC-MRI	field	for	the	first	

time,	and	we	propose	three	new	M1-space	under-sampling	techniques	with	demonstrations	

of	 their	 effectiveness	on	 accelerating	 the	PC-MRI	 and	 improving	quantitative	 accuracy	of	

flow	indices.	
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CHAPTER	2	
	

FLOW	COMPENSATION	VIEW	SHARING	
	
In	 this	 chapter,	we	propose	 the	 first	M1-space	under-sampling	 technique,	which	partially	

under-samples	the	FC	data	acquisition	to	accelerate	PC-MRI.	As	described	in	specific	aim	1,	

we	 hypothesize	 that	 in	 certain	 vascular	 territories,	 such	 as	 common	 carotid	 arteries,	

intracranial	vessels	and	peripheral	vessels,	the	FC	data	does	not	change	significantly	over	

time.	Thus,	FC	data	can	be	under-sampled	and	view	shared	to	improve	temporal	sampling	

period	and	temporal	footprint.	This	work	has	been	published	in	MRM	(8).		

	

INTRODUCTION	

Phase-contrast	 MRI	 (PC-MRI)	 is	 a	 well-established	 technique	 for	 quantification	 of	 blood	

flow	 velocity	 and	 volume.	 The	 typical	 implementation	 of	 PC-MRI	 for	 cardiovascular	

applications	 requires	 a	 cardiac	 phase-resolved	 acquisition	 with	 adequate	 spatial	 and	

temporal	 resolution.	These	 requirements	often	 result	 in	 relatively	 long	acquisition	 times,	

especially	for	4D	flow	PC-MRI,	which	appears	to	be	promising	for	a	number	of	applications	

(1-2).		

In	 a	 typical	 2D	 through-plane	 FE	 PC-MRI	 exam,	 two	 sets	 of	 images	 are	 acquired	 in	 an	

interleaved	fashion	as	shown	in	Fig.	3a.	These	acquisitions	typically	include	the	FC	and	the	

FE	data,	or	alternately	positive	and	negative	FE	data	sets	(i.e.	bipolar	flow	encoding).	The	

blood	 flow	 velocity	 is	 encoded	 in	 the	 phase	 difference	 between	 the	 two	 images.	 The	 FC	

image,	 although	 required	 for	 calculating	 the	background	 signal	phase,	 typically	 takes	 the	

same	 amount	 of	 time	 as	 the	 FE	 acquisition,	 which	 effectively	 doubles	 the	 temporal	
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footprint	 (11)	 of	 each	 cardiac	 phase	 and	 decreases	 the	 temporal	 resolution	 by	 50%.	 To	

address	 this	 problem,	 the	 shared	 velocity	 encoding	 (12)	 technique	 uses	 an	 interleaved	

bipolar	 flow	 encoding	 strategy	 such	 that	 the	 temporal	 sampling	 period	 is	 effectively	

doubled	compared	to	conventional	PC-MRI;	however,	the	temporal	footprint	of	each	frame	

remains	 the	 same	 as	 the	 conventional	 PC-MRI.	 Temporal	 sampling	 period	 and	 temporal	

footprint	are	two	important	indices	that	govern,	for	example,	the	measurement	accuracy	of	

peak	 velocity,	 which	 is	 important	 for	 a	 number	 of	 clinical	 applications	 including	 the	

evaluation	of	carotid	artery	stenosis	(13-14).	Long	temporal	sampling	period	is	associated	

with	 underestimation	 of	 the	 peak	 velocity	 (12)	 and	 a	 long	 temporal	 footprint	 in	 PC-MRI	

also	 results	 in	 underestimation	 of	 the	 peak	 velocity	 under-estimation	 due	 to	 temporal	

averaging	and	blurring	of	the	FE	data.		

In	 certain	 PC-MRI	 applications,	 such	 as	 the	 assessment	 of	 volumetric	 blood	 flow	 in	 the	

carotid	arteries	and	the	brain,	where	physiological	motion	is	small,	each	temporal	frame	of	

FC	data	 is	not	 expected	 to	 change	 significantly	 assuming	 the	background	phase	does	not	

change	 significantly	 over	 time.	 In	 this	 regard,	 the	 conventional	 FCFE	 PC-MRI	 acquisition	

strategy	is	redundant	since	it	acquires	the	FC	data	for	each	individual	cardiac	phase	and	the	

FC	data	does	not	contain	any	flow-encoded	information.	In	the	present	work,	we	propose	a	

technique	to	accelerate	PC-MRI	by	using	sliding	window	temporal	view	sharing	of	 the	FC	

data	(FCVS),	hence	improving	both	the	temporal	sampling	period	and	temporal	 footprint.	

Flow	phantom	and	in	vivo	studies	were	performed	to	validate	the	accuracy	of	peak	velocity	

and	volumetric	flow	measurements	using	the	proposed	FCVS	technique.		

	

METHODS	
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Our	 institutional	review	board	approved	this	study.	 Informed	consent	was	obtained	from	

all	participants	in	this	study.	All	the	phantom	and	in	vivo	study	were	performed	on	a	1.5	T	

scanner	with	 6-channel	 body	 (flow	 phantom	 study)	 or	 head-neck	 (in	 vivo	 studies)	 coils	

(Avanto,	Siemens,	Erlangen,	Germany).		

MRI	Pulse	Sequence	

For	 blood	 vessels	 such	 as	 the	 common	 carotid	 artery	 (CCA),	 or	 peripheral	 vessels,	 we	

hypothesize	 that	 the	 phase	 of	 the	 FC	 image	 in	 a	 typical	 PC-MRI	 scan	 does	 not	 change	

significantly	during	the	cardiac	cycle	because	it	only	reflects	the	background	phase,	which	

is	not	expected	to	change	significantly	over	time.	Therefore,	in	this	work,	we	propose	a	PC-

MRI	 technique	 that	uses	sliding	window	View	Sharing	of	 the	FC	data	(FCVS)	as	shown	 in	

Fig.	3b.	In	our	approach,	the	FC	data	is	sampled	much	less	frequently	than	the	FE	data	as	

only	 the	FE	data	 contains	 the	 flow-encoded	phase	 information.	 In	 the	 example	 shown	 in	

Fig.	 3b,	 an	 FC	 k-space	 line	 is	 acquired	 after	 every	 five	 FE	 lines	 and	hence	 the	 FC	data	 is	

under-sampled	by	 a	 rate	RFC=6.	 To	 compensate	 for	 the	 under-sampled	FC	data,	 a	 sliding	

window	 view-sharing	 pattern	 is	 employed	 to	 synthesize	 a	 composite	 FC	 frame	 for	 each	

corresponding	 FE	 frame.	 For	 the	 case	 of	 RFC=6,	 FC	 data	 from	 the	 three	 cardiac	 phases	

before	the	current	frame	and	two	cardiac	phases	after	are	included	to	form	the	composite	

FC	data	for	the	current	frame.	Due	to	the	need	for	FC	data	acquisition,	the	FE	data	is	slightly	

under-sampled	at	RFC/(RFC-1)	=1.2	and	this	is	overcome	by	using	standard	TGRAPPA	(15).	

To	calculate	the	GRAPPA	kernel	for	the	FE	data,	the	nearest	number	of	frames	equal	to	RFC	

were	averaged	and	used	as	the	auto	calibration	signal.	Additionally,	a	four	by	three	kernel	

was	 used	 for	 TGRAPPA	 reconstruction.	 The	 traditional	 phase	 difference	 was	 then	

calculated	 between	 each	 acquired	 FE	 cardiac	 phase	 and	 its	 corresponding	 composite	 FC	
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frame.	In	our	approach,	a	longer	temporal	footprint	is	used	to	reconstruct	FC	images	due	to	

view	sharing.	However,	this	enables	a	shorter	temporal	footprint	for	the	FE	phases,	which	

carry	the	flow	information.	

	

	

Figure	 3.	 The	 data	 acquisition	 scheme	 of	 (a)	 the	 standard	 FCFE	 PC-MRI	 and	 (b)	 the	

proposed	 FCVS	 approach.	 The	 FCVS	 approach	 approximately	 doubles	 the	 effective	

temporal	sampling	period	by	under-sampling	the	FC	data	by	a	factor	of	six.	

	

Image	Analysis	

All	phase	difference	images	throughout	the	cardiac	cycle	were	calculated	by	multiplying	the	

FC	 image	by	 the	 complex	 conjugate	of	 the	FE	 image	on	a	pixel	by	pixel	basis,	 adding	 the	

complex	 results	 from	all	 of	 the	 receiver	 channels,	 and	 taking	 the	phase	angle	of	 the	 sum	

(16).	ROI	contours	of	the	CCA	were	drawn	based	on	complex	difference	DICOM	images	(i.e.	

FC-FE)	and	propagated	to	all	cardiac	phase	difference	images.	In	the	retrospective	in	vivo	

study,	 the	error	of	 the	proposed	FCVS	 technique	 in	mean	 flow	velocity	and	peak	velocity	
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quantification	when	 compared	with	 the	 FCFE	 reference	was	 calculated	 as	 the	 root	mean	

square	 error	 of	 all	 the	 data	 points	 over	 the	 cardiac	 cycle.	 	 A	 paired	 t-test	 was	 used	 to	

compare	flow	measurements	with	a	two-sided	P<0.05	indicating	statistical	significance.		

	

Computer	Simulation	

Computer	 simulations	were	 performed	 to	 study	 the	 impact	 of	 temporal	 sampling	 period	

and	temporal	footprint	on	the	accuracy	of	peak	velocity	measurements.	As	shown	in	Fig.	4a,	

a	 170	 ms	 half-sinusoidal	 velocity	 waveform	 followed	 by	 zero	 velocity	 was	 designed	 to	

approximate	 systolic	 CCA	 waveform	 at	 a	 heart	 rate	 of	 75	 beats	 per	 min	 (800	 ms	 R-R	

interval).	TR	was	assumed	to	be	8.5	ms	for	FC	and	FE	acquisitions.	FCVS	PC-MRI	signal	with	

views-per-segment=2	&	4	were	simulated	for	maximum	peak	velocity	comparison.	For	PC-

MRI,	 the	maximum	peak	 velocity	measurement	 is	 also	 dependent	 on	 the	 temporal	 offset	

between	 the	 time	point	of	 true	peak	and	 the	 time	point	when	PC-MR	samples	are	 taken.	

Therefore,	the	FCVS	signal	was	simulated	for	a	wide	range	of	temporal	offsets	to	study	this	

effect.		

	

FC	Phase	Consistency	Study		

The	proposed	approach	is	based	on	the	hypothesis	that	the	signal	phase	of	the	FC	images	

does	 not	 change	 significantly	 over	 time	 for	 relatively	 stationary	 tissues	 because	 it	

represents	 a	 relatively	 stable	 background	 phase.	 To	 test	 this	 hypothesis,	 six	 healthy	

volunteers	 (N=6)	 were	 imaged	 using	 a	 1.5	 T	 scanner	 and	 a	 standard	 FCFE	 PC-MRI	

sequence,	which	 used	 through-plane	 velocity	 encoding	 (VENC=110	 cm/s),	 30°	 flip	 angle,	

260	Hz/Pixel	readout	bandwidth,	and	TEmin=5.22-6.22	ms,	TRmin=8.5-9.6	ms.	Other	imaging	
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parameters	used	were:	256x256	acquired	matrix	and	170x170	mm2	to	200x200	mm2	field-

of-view	(FOV),	and	5	mm	slice	thickness.	ROIs	within	the	CCAs	were	subsequently	chosen	

for	each	subject	to	measure	the	change	in	the	FC	phase	over	the	cardiac	cycle	on	a	pixel-by-

pixel	basis.	As	 the	complex	signal’s	phase	 is	 studied,	only	data	 from	a	single	coil	 channel	

with	the	highest	SNR	in	the	carotids	area	was	used.		

	

Retrospective	In	Vivo	Study		

The	 same	 six	 fully-sampled	 data	 sets	 acquired	 for	 FC	 phase	 consistency	 study	 was	

subsequently	used	to	perform	blood	flow	velocity	and	total	volumetric	flow	measurements.	

The	 FC	 k-space	 data	 in	 these	 data	 sets	 were	 decimated	 by	 the	 rate	 RFC=6	 to	 mimic	 an	

under-sampled	 FC	 acquisition.	 The	 view-sharing	 technique	 was	 used	 to	 generate	 the	

composite,	but	 fully	 sampled	FC,	 cardiac	phases	as	described	 in	Fig.	3b.	 In	our	approach,	

the	 under-sampling	 rate	 RFC	 can	 potentially	 affect	 the	 reconstruction	 quality	 and	 the	

resultant	 quantitative	 phase	 (i.e.	 velocity)	 estimates.	 Recently,	 a	 PC-MRI	 technique	 (FE	

only,	 or	 FEO)	 has	 been	 described	 (17)	 where	 the	 FC	 data	 is	 only	 acquired	 for	 the	 last	

cardiac	cycle	and	the	same	FC	data	 is	shared	among	all	 the	other	FE	cardiac	phases.	FEO	

effectively	under-samples	the	FC	data	acquisition	by	a	factor	equal	to	the	number	of	cardiac	

phases.	To	demonstrate	 the	effect	of	using	different	RFC	and	using	 the	FEO	approach,	 the	

calculated	velocity	and	total	volumetric	flow	based	on	RFC=	6	&10	using	our	FCVS	technique	

and	the	FEO	technique	were	compared	with	the	ground	truth	 from	the	 fully-sampled	PC-

MRI	data.		

	

Flow	phantom	study	
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The	FCVS	sequence	was	implemented	and	tested	prospectively	using	a	flow	phantom.	The	

FCVS	 pulse	 sequence	was	 compared	 to	 the	 standard	 FCFE	 PC-MRI	 sequence	 in	 order	 to	

demonstrate	that	it	does	not	introduce	significant	errors	into	the	total	volumetric	flow	and	

peak	velocity	measurements.	A	pulsatile,	but	 reproducible	 flow	waveform	was	generated	

with	a	computer	controlled	flow	pump	and	used	to	test	the	agreement	of	the	two	sequences	

with	 the	 same	 temporal	 resolution.	 The	 phantom	 consisted	 of	 rigid	 pipe	 with	 a	 25	mm	

inner	 diameter	 and	 27	mm	 outer	 diameter	 connected	 by	 flexible	 tubes	 to	 a	 CardioFlow	

1000MR	computer	controlled	displacement	pump	(Shelley	Medical	Imaging	Technologies,	

Toronto,	Ontario,	Canada).	The	rigid	pipe	was	oriented	along	the	length	of	the	magnet	bore	

and	 passed	 through	 an	 axial	 imaging	 slice	 at	 the	 magnet's	 isocenter.	 The	 flow	 pump	

generated	a	sinusoidal	 flow	waveform	with	a	peak	flow	rate	of	290	mL/s	and	a	period	of	

924	ms.	A	simulated	retrospective	ECG	signal	was	used	with	924	ms	cardiac	cycle	length	to	

synchronize	data	acquisition	with	the	gated	PC-MRI	sequences.	Data	were	acquired	using	

standard	 FCFE	 PC-MRI	 sequence	 and	 the	 FCVS	 sequence.	 Both	 sequences	 used	 through-

plane	 velocity	 encoding	 (VENC=150	 cm/s),	 30°	 flip	 angle,	 1	 (FCFE)	 or	 2	 (FCVS)	 view(s)-

per-segment,	and	501	Hz/Pixel	readout	bandwidth.	Other	parameters	for	the	flow	phantom	

study	were:		TE=4.05	ms,	TR=8.25	ms,	384x252	acquired	matrix,	and	a	319x209	mm2	FOV,	

which	 resulted	 in	 in-plane	 resolution	 of	 0.83x0.83	mm2	with	 5	mm	 slice	 thickness.	 The	

temporal	resolution	for	both	sequences	were	16.5	ms.	Due	to	the	acceleration	by	FCVS,	the	

total	acquisition	time	of	the	FCVS	sequence	was	50%	of	the	standard	FCFE.			

	

Prospective	In	Vivo	Study	
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All	 scans	 were	 acquired	 during	 free	 breathing	 with	 retrospective	 ECG	 gating.	 The	 six	

volunteers	 recruited	 in	 the	 retrospective	 in	 vivo	 study	 were	 scanned	 again	 using	 the	

standard	FCFE	PC-MRI	sequence	and	the	prospective	FCVS	sequence.	Both	sequences	were	

implemented	with	through-plane	velocity	encoding	(VENC=110	cm/s),	30°	flip	angle,	260	

Hz/Pixel	 readout	 bandwidth,	 TEmin=5.22-6.22	ms,	 and	 TRmin	=	 8.5-9.7	ms.	 Other	 imaging	

parameters	 included:	256x256	acquired	matrix	and	170x170	 -	200x200	mm2	FOV,	and	5	

mm	slice	thickness.	Four	data	sets	were	acquired	in	each	volunteer:	1)	FCVS	with	4	views-

per-segment;	2)	Standard	FCFE	with	2	views-per-segment;	3)	FCVS	with	2	lines	views-per-

segment;	4)	 Standard	FCFE	with	1	view-per-segment.	ROI	 contours	 for	 the	 left	 and	 right	

CCA	were	 drawn	 for	 each	 volunteer	 and	 used	 to	 compare	 the	mean	 flow	 velocity,	 peak	

velocity	and	total	volumetric	flow	between	FCVS	and	FCFE.		

As	 both	 FCVS	 and	 recently	 proposed	 Shared	Velocity	 Encoding	 (SVE)	 technique	 increase	

the	temporal	sampling	period	of	PC-MRI,	six	additional	healthy	volunteers	were	scanned	to	

compare	FCVS	and	SVE.	A	modified	sequence	based	on	the	standard	bi-polar	flow	encoding	

PC-MRI	 sequence	 was	 developed,	 where	 the	 positively	 and	 negatively	 flow-encoded	

acquisitions	are	interleaved	to	enable	the	sliding-window	SVE	reconstruction.	For	each	of	

the	six	volunteers,	our	prospective	FCVS	sequence	and	the	modified	bi-polar	SVE	PC-MRI	

sequence	 were	 performed	 in	 a	 randomized	 order.	 Specifically	 the	 following	 5	 data	 sets	

were	acquired	on	each	volunteer:	1)	SVE	with	4	views-per-segment;	2)	FCVS	with	4	views-

per-segment;	 3)	 SVE	 with	 2	 views-per-segment;	 4)	 FCVS	 with	 2	 views-per-segment;	 5)	

Standard	FCFE	with	1	view-per-segment.	The	measurements	from	the	standard	FCFE	with	

1	view-per-segment	were	used	as	reference.		
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RESULTS	

Computer	Simulation	

Fig.	 4b	 shows	 the	 simulated	maximum	peak	 velocity	measurements	 as	 a	 function	 of	 the	

temporal	offset	between	the	PC-MRI	sample	points	and	the	true	peak.	As	expected,	due	to	

the	finite	sampling	window,	the	maximum	peak	velocity	is	underestimated.	Depending	on	

the	 temporal	 shift	 between	 true	 peak	 and	 FCVS	 sampling	 point,	 the	 error	 for	maximum	

peak	velocity	measurement	varied	between	0.3%	and	1.5%	for	views-per-segment=2,	and	

between	 1.5%	 and	 6.3%	 for	 views-per-segment=4.	 The	 relative	 percentage	 error	 was	 a	

function	of	TR,	pulse	duration,	segment,	temporal	sampling	period	and	temporal	footprint,	

but	was	independent	of	actual	maximum	peak	velocity.				

	

	

Figure	 4.	 (a)	 Simulated	 CCA	 peak	 velocity	 waveform	 with	 170	 ms	 half-sinusoidal	

waveform	 and	800	ms	R-R	 interval.	 (b)	 Theoretical	 simulation	 results	 show	 influence	 of	

temporal	offset,	temporal	sampling	period	and	temporal	footprint	of	FCVS	with	views-per-

segment=2	&	4	on	the	accuracy	of	maximum	peak	velocity	measurements.		
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FC	Phase	Consistency	Study		

A	pixel	by	pixel	map	(Fig.	5a)	shows	the	standard	deviation	of	the	FC	signal	phase	from	the	

receiver	 channel	 with	 the	 highest	 SNR	 acquired	 on	 one	 healthy	 volunteer.	 The	 average	

standard	deviation	values	within	the	ROIs	for	the	left	and	right	CCA	both	were	0.02π.	Fig.	

5b	shows	the	FC	signal	phase	over	time	for	one	of	the	pixels	within	the	ROI.		

	

	

Figure	 5.	 (a)	A	pixel	by	pixel	map	of	 the	standard	deviation	of	 the	FC	data	phase	 from	a	

single	 receiver	 coil	with	 highest	 SNR.	 CCAs	 (red	 arrows)	 had	 very	 small	 phase	 variation	

through	 time	 (SD=±0.02π).	 The	 large	 phase	 variation	 at	 locations	 far	 away	 from	 the	 coil	

was	 due	 to	 low	 SNR.	 (b)	 The	 FC	 signal	 phase	 as	 a	 function	 of	 the	 cardiac	 frames	 for	 a	

randomly	selected	pixel	within	the	CCA	(mean/±SD:	-2.51/±0.065).	

	

Retrospective	In	Vivo	Study	

The	maximum	mean	flow	velocity,	maximum	peak	velocity	and	total	volumetric	flow	errors	

introduced	by	using	view	sharing	with	RFC=6	and	RFC=10,	and	the	FEO	technique	is	shown	

in	Table	1.	The	view	sharing	technique	with	RFC=6	resulted	in	significantly	reduced	errors	
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in	 the	 measured	maximum	mean	 velocity,	 maximum	 peak	 velocity	 and	 total	 volumetric	

flow	compared	 to	FEO	(P<0.05).	The	RFC=6	acquisition	had	significantly	 reduced	error	 in	

the	measured	maximum	mean	velocity	compared	to	the	RFC=10	acquisition	(P<0.05).	The	

average	percent	error	amongst	all	six	subjects	for	the	velocity	calculations	from	RFC=6	were	

<2%,	and	<1%	 for	 total	 volumetric	 flow	volume.	Only	one	 in	36	measurements	 from	 the	

RFC=10	data	had	a	percent	error	larger	than	5%.	For	FEO,	9	out	of	total	36	measurements	

were	>5%.	Based	on	these	results,	RFC=6	was	used	for	the	prospective	in	vivo	study.		

An	example	of	the	measured	mean	and	peak	velocity	waveforms	over	the	cardiac	cycle	for	

one	healthy	volunteer	is	shown	in	Fig.	6.	The	velocity	measurements	based	on	view	sharing	

(RFC=6)	correlates	well	with	 the	reference,	with	root	mean	square	error	of	0.77	cm/s	 for	

mean	 flow	velocity	and	1.49	cm/s	 for	peak	velocity	when	compared	 to	 the	 fully-sampled	

FCFE	reference	data.	The	FEO	technique	had	a	root	mean	square	root	error	of	1.80	cm/s	for	

mean	flow	velocity	and	3.69	cm/s	for	peak	velocity.	

	

Table	1.Comparison	of	percent	errors	introduced	by	FC	images	view	sharing	with	different	

RFC,	and	using	last	FC	frame	for	all	phase	difference	calculation	(FEO)	in	six	volunteers.	

	 Maximum	mean	flow	

velocity	error	

Maximum	peak	velocity	

error	

	

Total	flow	error	

RFC=6,	LCCA	

RFC=6,	RCCA	

	

1.2%	(0.2%-2.2%)	

1.0%	(0.1%-1.5%)	

	

1.7%	(0.7%-2.3%)	

1.0%	(0.1%-2.0%)	

0.5%	(0.2%-1.0%)	

0.3%	(0.1%-0.4%)	
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RFC=10,	LCCA	

RFC=10,	RCCA	

	

2.1%	(0.2%-3.4%)	*	

1.3%	(0.6%-1.5%)	*	

	

2.4%	(0.3%-6.3%)	

1.4%	(0.2%-2.3%)	

	

0.7%	(0.3%-1.5%)	

0.4%	(0.2%-0.6%)	

	

FEO,	LCCA	

FEO,	RCCA	

	

3.3%	(0.1%-5.8%)	*	

2.0%	(0.1%-6.4%)	*	

3.9%	(0.1%-6.5%)	*	

2.5%	(0.9-%4.3%)	*	

4.3%	(2.3%-7.9%)	*	

3.5%	(1.6%-5.7%)	*	

	

*:	 P<0.05	 when	 compared	 with	 RFC=6	 at	 the	 same	 location	 (LCCA	 or	 RCCA).	 LCCA:	 left	

common	carotid	artery;	RCCA:	right	common	carotid	artery	

	

	

Figure	 6.	 Comparison	of	 (a)	 the	mean	 flow	velocity	waveform	and	 (b)	 the	peak	velocity	

waveform	 for	 left	 CCA	 measured	 by	 standard	 FCFE	 PC-MRI	 (gray	 curve),	 view	 sharing	

(RFC=6,	 blue	 curve,	RFC=10,	 green	 curve),	 and	FEO	PC-MRI	 (red	 curve).	 The	 view	 sharing	

technique	provides	accurate	measurements	of	mean	flow	velocity	and	peak	velocity.	As	the	

FC	 under-sampling	 factor	 RFC	 increases	 from	 6	 to	 10	 and	 then	 approaches	 FEO,	 the	

measurement	 accuracy	 decreases.	 In	 this	 example	 FEO	 overestimates	 the	 mean	 flow	

velocity	and	peak	velocity.	
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Flow	Phantom	Study	

Mean	 flow	 velocities	 within	 a	 ROI	 measured	 by	 the	 prospective	 FCVS	 sequence	 were	

compared	to	measurements	acquired	with	standard	FCFE	PC-MRI	using	the	same	temporal	

resolution,	but	 twice	 the	 total	 acquisition	 time.	The	mean	 flow	velocities	over	 time	were	

highly	 correlated	 (Fig.	7a).	The	 total	 forward	volumetric	 flow	volume	was	40.8	mL	using	

FCVS	and	40.8	mL	using	standard	FCFE	PC-MRI.	The	total	reverse	volumetric	flows	were	-

29.6	 mL	 for	 FCVS	 and	 -29.0	 mL	 for	 standard	 FCFE	 PC-MRI	 method.	 The	 forward	 and	

reverse	percent	error	using	the	FCFE	as	the	reference	was	0.0%	and	2.0%,	respectively.	Fig.	

7b	shows	the	peak	velocity	waveforms	for	the	two	sequences.		

	

	

Figure	 7.	 (a)	Mean	 flow	velocity	waveform	and	 (b)	peak	velocity	waveform	 for	 the	 flow	

phantom	 study.	 FCVS	 (red	 curve)	 and	 standard	 FCFE	 PC-MRI	 (blue	 curve).	 The	 FCVS	

technique	 provides	 accurate	 flow	 velocity	 measurements	 albeit	 only	 using	 half	 of	 the	

acquisition	time	as	standard	FCFE	PC-MRI.	
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Prospective	In	Vivo	Study	

An	example	of	mean	flow	velocity	and	peak	velocity	waveform	measurements	obtained	on	

a	healthy	volunteer	with:	1)	FCFE	PC-MRI	with	2	views-per-segment	and	34	ms	temporal	

resolution,	2)	FCVS	with	2	views-per-segment	and	17	ms	temporal	resolution,	and	3)	FCFE	

PC-MRI	with	1	view-per-segment	with	17	ms	temporal	resolution	are	shown	in	Fig.	8.	The	

34	 ms	 temporal	 resolution	 FCFE	 scan	 failed	 to	 capture	 the	 maximum	 peak	 velocity	 at	

around	75	ms	into	the	cardiac	cycle.	The	17	ms	FCVS	scan	provided	similar	peak	velocity	

values	 compared	 to	 the	 17	ms	 FCFE	 scan	 albeit	 at	 half	 of	 the	 total	 acquisition	 time.	 The	

maximum	mean	flow	velocities	and	maximum	peak	velocity	for	the	left	and	right	CCA	from	

the	six	volunteers	are	shown	in	Fig.	8.,	where	the	FCVS	technique	is	compared	with	FCFE	

PC-MRI	 with	 the	 same	 temporal	 resolution	 (~17	 ms),	 but	 twice	 the	 acquisition	 time.	 A	

Bland-Altman	 plot	 demonstrates	 that	 the	 bias	 was	 0.03	 cm/s	 and	 the	 95%	 confidence	

interval	was	 [-5.10,	5.17]	 cm/s	 for	 the	maximum	mean	 flow	velocity.	The	bias	was	 -1.16	

cm/s	and	the	95%	confidence	interval	was	[-6.13,	3.81]	cm/s	for	the	maximum	peak	flow	

velocity.	 The	 total	 volumetric	 flow	 values	measured	 in	 the	 left	 and	 right	 CCA	 in	 the	 six	

volunteers	using	FCVS	with	two	different	temporal	resolutions	of	17	ms	and	34	ms	(views-

per-segment	=	2	&	4,	 respectively)	and	standard	FCFE	PC-MRI	(temporal	resolution	=	17	

ms,	 views-per-segment=1)	 are	 shown	 in	 Fig.	 10.	 For	 views-per-segment=4,	 the	 bias	was	

0.045	mL	and	the	95%	confidence	interval	was	[-0.66,	0.75]	mL.	For	views-per-segment=2,	

the	bias	was	-0.019	mL	and	the	95%	confidence	interval	was	[-0.20,	0.24]	mL.		
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Figure	 8.	 (a)	Mean	 flow	 velocity	 waveforms	 and	 (b)	 Peak	 velocity	 waveforms	 from	 the	

standard	FCFE	PC-MRI	(gray	curve)	with	temporal	resolution=17	ms	and	acquisition	time	

of	214	s,	FCVS	(blue	curve)	with	temporal	resolution=17	ms	and	acquisition	time	of	106	s,	

standard	FCFE	PC-MRI	(red	curve)	with	temporal	resolution=34	ms	and	acquisition	time	of	

107	s.	The	FCVS	results	are	highly	correlated	with	the	measurements	from	standard	FCFE	

PC-MRI	 at	 the	 same	 temporal	 resolution	 but	 FCVS	 only	 requires	 50%	 of	 the	 acquisition	

time.	The	standard	FCFE	PC-MRI	fails	to	capture	the	peak	velocity	at	approximately	75	ms	

or	 the	 transient	dip	at	320	ms	when	 its	 temporal	 resolution	 is	halved	 to	match	 the	 total	

acquisition	time	of	FCVS.	
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Figure	 9.	 (a)	 The	 Bland-Altman	 plot	 of	 the	 maximum	 mean	 flow	 velocities	 between	

standard	FCFE	PC-MRI	and	FCVS,	 (b)	The	Bland-Altman	plot	of	maximum	peak	velocities	

between	 standard	 FCFE	 PC-MRI	 and	 FCVS.	 The	 standard	 FCFE	 PC-MRI	 had	 the	 same	

temporal	 resolution	 as	 FCVS,	 but	 double	 the	 acquisition	 time.	 LOA	 :limits	 of	 agreement,	

interval	between	upper	and	lower	LOA	is	also	known	as	95%-CIs	

	

	

Figure	 10.	 The	 Bland-Altman	 plot	 of	 total	 volumetric	 flow	 measurements	 between	

standard	 FCFE	 PC-MRI	 (1	 view-per-segment)	 and	 FCVS	 with	 two	 different	 temporal	

resolutions:	in	the	left	and	right	CCA	in	six	volunteers	for	a	total	12	flow	measurements:	a)	

4	 views-per-segment	 FCVS	 and	 1	 view-per-segment	 FCFE,	 b)	 2	 views-per-segment	 FCVS	

and	 1	 view-per-segment	 FCFE.	 In	 b),	 the	 standard	 FCFE	 PC-MRI	 had	 the	 same	 temporal	

resolution	as	FCVS,	but	double	the	acquisition	time.		

	

Examples	of	peak	velocity	waveform	comparisons	obtained	on	a	healthy	volunteer	with:	a)	

FCVS	(4	views-per-segment),	SVE	(4	views-per-segment)	and	FCFE	(1	view-per-segment);	

and	 b)	 FCVS	 (2	 views-per-segment),	 SVE	 (2	 views-per-segment)	 and	 FCFE	 (1	 view-per-
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segment)	 are	 shown	 in	 Fig.	 11.	 The	 maximum	 peak	 velocity	 of	 FCFE	 with	 1	 view-per-

segment	 was	 95.0	 cm/s,	 which	 was	 used	 as	 the	 reference.	 Maximum	 peak	 velocities	

measured	by	FCVS	(90.5	cm/s	and	4.7%	error	for	4	views-per-segment,	and	96.0	cm/s	and	

1.1%	error	for	2	views-per-segment)	were	more	accurate	than	SVE	(80.2	cm/s	and	15.6%	

error	 with	 4	 views-per-segment,	 87.4	 cm/s	 and	 8.0%	 error	 with	 2	 views-per-segment).	

Based	on	data	from	the	six	subjects	scanned,	the	average	(range)	percentage	errors	were	

2.24%	(0.03%-5.62%)	for	FCVS	(2	views-per-segment),	6.08%	(1.04%-11.71%)	for	SVE	(2	

views-per-segment),	 3.74%	 (0.11%-9.03%)	 for	 FCVS	 (4	 views-per-segment),	 and	 9.84%	

(3.83%-25.72%)	for	SVE	(4	views-per-segment).			

	

	

Figure	11.	Example	peak	velocity	waveforms	from	left	CCA	of	one	volunteer:	(a)	standard	

FCFE	PC-MRI	(gray	curve)	with	1	view-per-segment,	FCVS	(blue	curve)	with	4	views-per-

segment	and	SVE	(red	curve)	with	4	views-per-segment,	(b)	standard	FCFE	PC-MRI	(gray	

curve)	with	1	view-per-segment,	FCVS	(blue	curve)	with	2	views-per-segment	and	SVE	(red	

curve)	 with	 2	 views-per-segment.	 The	 SVE	 tends	 to	 underestimate	 the	 maximum	 peak	

velocity	due	to	its	longer	temporal	footprint.	
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DISCUSSIONS	

In	 this	work,	we	propose	 the	FCVS	 technique	 for	accelerating	PC-MRI	by	under-sampling	

the	FC	k-space	and	performing	a	view-shared	sliding	window	reconstruction	of	the	FC	data.	

This	 was	 feasible	 because	 the	 FC	 data	 only	 represent	 background	 phase	 that	 does	 not	

contain	 dynamic	 flow	 encoding	 information	 and	 hence	 are	 not	 expected	 to	 vary	

significantly	 over	 time,	 as	 demonstrated	 in	 Fig.	 5.	 Our	 strategy	 results	 in	 a	 two-fold	

acceleration	 compared	 to	 standard	 FCFE	 PC-MRI	 while	 maintaining	 accuracy	 of	 in	 vivo	

blood	 flow	 velocity	 and	 total	 volumetric	 flow	 measurements.	 Therefore,	 the	 proposed	

technique	appears	to	be	promising	for	flow	quantification	of	blood	vessels	where	there	is	

no	significantly	physiological	motion,	such	as	carotids	arteries,	intracranial	and	peripheral	

blood	vessels.		

Similar	 techniques	 for	 performing	 view-sharing	 of	 the	 FC	 data	 have	 been	 previously	

applied	to	PC-MRI	of	the	thorax	(45)	whereas	we	focus	on	the	CCAs	and	potentially	extend	

to	 intracranial	 or	 peripheral	 blood	 vessels.	 Many	 of	 the	 blood	 vessels	 in	 the	 thorax	 are	

subject	 to	 significant	 physiological	 motion	 and	 variations	 in	 vessel	 diameter	 due	 to	 the	

pulsatility	of	the	blood	flow.	As	a	result,	the	FC	phase	for	thoracic	vessels	likely	has	greater	

temporal	variation	compared	to	the	carotid	arteries.	Therefore,	further	studies	are	needed	

to	 study	 the	applicability	of	FCVS	 in	 the	 thorax	and	abdomen.	Compared	 to	 the	previous	

study	in	Ref.	(45),	our	study	provides	a	more	detailed	validation	using	both	retrospective	

and	prospective	PC-MRI	data,	which	can	potentially	bring	the	FC	view-sharing	techniques	

presented	in	our	study	and	in	Ref	(45)	closer	to	clinical	utility.	
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The	FCVS	technique	accelerates	the	PC-MRI	acquisition	by	taking	advantage	of	an	inherent	

property	of	the	background	phase	in	PC-MRI.	In	this	work,	we	demonstrate	its	utility	in	PC-

MRI	with	FE	only	in	one	direction.	The	same	technique	could	potentially	be	applied	to	4D	

PC-MRI	where	three	FE	directions	are	sampled.	 It	 is	noted	that	 the	potential	acceleration	

achievable	for	4D	flow	PC-MRI	is	approximately	4/3-fold	instead	of	2-fold	for	2D	FCFE	PC-

MRI.	Nevertheless,	considering	the	often	prohibitively	long	acquisition	time	of	4D	PC-MRI,	

the	4/3-fold	acceleration	would	likely	achieve	significant	and	useful	savings	in	time.	FCVS	

can	be	combined	with	other	fast	MRI	techniques	such	as	parallel	imaging	(as	shown	in	Fig.	

12),	compressed	sensing	or	non-Cartesian	readout	to	enable	even	faster	PC-MRI	sequence	

beyond	 what	 is	 achievable	 using	 other	 acceleration	 techniques	 alone.	 The	 extra	

acceleration	could	improve	applications	such	as	real-time	single-directional	flow	encoding	

MRI.		

The	background	phase	of	the	FC	data	is	not	expected	to	change	over	time,	but	in	practice,	

there	might	be	slight	variations	for	several	reasons.	Besides	the	aforementioned	potential	

FC	phase	variation	due	to	physiology	motion	in	certain	body	regions,	the	flow	related	phase	

is	not	perfectly	compensated	for	in	the	FC	data	due	to	small	residual	first	(or	second)	order	

gradient	moments,	which	might	 cause	phase	 variations	 in	 the	presence	of	 pulsatile	 flow.	

Nevertheless,	in	our	study,	the	phase	variations	in	the	FC	data	were	all	minimal,	similar	to	

Figure	5.		

	

In	 Fig.	 5,	 we	 showed	 one	 channel	 only	 to	 demonstrate	 the	 minimal	 variation	 of	 the	 FC	

phase	over	time.	In	the	actual	flow	calculations,	we	use	combined	data	from	all	the	receiver	

channels.	Although	it	 is	straightforward	to	combine	the	FE-FC	phase	difference	data	from	
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multiple	receiver	channels,	it	is	not	trivial	to	combine	only	the	FC	phase	data	from	multiple	

channels.	 This	 is	 because	 individual	 coils	 have	 their	 own	 coil	 sensitivity	 phase,	 which	

means	 the	 FC	 data	 phase	 from	 two	 coils	 can	 be	 dramatically	 different	 since	 the	 coil	

sensitivity	phase	is	superimposed	onto	the	underlying	signal	phase.	Therefore,	combining	

the	coils	would	be	a	problem	when	we	present	the	standard	deviation	of	the	FC	data	phase	

over	 time.	This	 is	not	a	problem	 for	 the	FE-FC	phase	difference	combination	because	 the	

coil	sensitivity	would	have	been	“taken	out”	during	the	subtraction	and	the	phase	results	

from	the	coils	are	expected	to	be	very	similar	to	each	other.	We	could	also	combine	the	FC	

phase	after	performing	coil	sensitivity	phase	correction	first;	however,	this	can	potentially	

introduce	additional	error	due	to	imperfect	coil	sensitivity	phase	estimation.	Furthermore,	

we	believe	one	channel	FC	phase	data	is	sufficient	to	demonstrate	the	consistency	of	the	FC	

phase	 over	 time.	 Therefore,	 we	 did	 not	 combine	 the	 coils	 for	 the	 FC	 phase	 consistency	

study.	When	looking	at	the	standard	deviation	map	of	the	FC	data	phase,	it	is	encouraged	to	

pay	attention	to	the	high	SNR	region	because	the	phase	in	very	low	SNR	region	would	be	

corrupted	by	the	random	noise	phase.	

	

Recently	 reported	 shared	 velocity	 encoding	 (SVE)	 approach	 effectively	 doubles	 the	

temporal	 resolution	 of	 PC-MRI	 by	 using	 a	 bi-polar	 flow	 encoding	 strategy	 and	 a	 sliding	

window	reconstruction	technique.	Although	SVE,	FEO	and	FCVS	can	all	be	used	to	increase	

the	 temporal	 resolution,	 there	 are	 important	 differences	 between	 them.	 Although	 SVE	

doubles	the	effective	temporal	resolution	of	conventional	PC-MRI,	its	temporal	footprint	is	

twice	as	long	as	the	temporal	resolution	because	both	the	positive	FE	and	negative	FE	data	

carry	flow	encoding	information.	Therefore,	although	the	temporal	frame	rate	is	doubled	in	
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SVE,	the	estimated	velocity	in	each	temporal	frame	is	the	mean	velocity	averaged	over	two	

temporal	frames,	which	results	in	underestimation	of	maximum	peak	velocity,	as	shown	in	

Fig.	 11.	 FEO	only	 acquires	 the	FC	data	 for	 the	 last	 cardiac	 cycle	 and	 the	 same	FC	data	 is	

shared	 among	 all	 the	 other	 FE	 cardiac	 phases.	 FEO	 effectively	 improve	 the	 temporal	

sampling	period	and	temporal	footprint	by	a	factor	of	2.	However,	as	shown	in	Fig.	5b,	even	

though	FC	data	 is	relative	consistent	over	time,	 it	still	has	slight	temporal	variations.	Any	

errors	in	the	last	FC	frame	will	be	propagated	to	all	other	FE	temporal	frames,	which	may	

result	 in	 errors	 on	 both	 peak	 velocity	 and	 volumetric	 flow	 estimations.	 Furthermore,	

although	there	is	not	significant	bulk	motion	at	the	carotid	arteries,	 it	 is	possible	that	the	

carotid	vessel	diameter	can	expand	or	shrink	slightly	during	the	cardiac	cycle.	This	can	at	

least	partially	compensated	for	using	our	sliding	window	FC	approach,	but	 is	expected	to	

cause	greater	error	using	 the	FEO	approach,	which	may	explain	why	our	FCVS	approach	

has	better	 flow	estimation	accuracy	 than	FEO	as	 shown	 in	Fig.	6a.	 In	FCVS,	 the	 temporal	

footprint	of	 the	FC	 frames	 is	much	 longer	 than	 the	FE	 frames	due	 to	 the	 sliding	window	

view	sharing;	however,	only	the	FE	echoes	carry	flow-encoding	information.	Therefore,	the	

temporal	footprint	of	FCVS	is	defined	by	the	temporal	footprint	of	the	FE	data,	which	is	the	

same	 as	 the	 temporal	 resolution.	 Therefore,	 our	 FCVS	 approach	 improves	 both	 the	

temporal	 sampling	 period	 and	 temporal	 footprint,	 which	 is	 of	 clinical	 importance	 for	

accurate	velocity	and	flow	quantification.	However,	FCVS	has	limitations.	Since	FCVS	relies	

on	ECG	gating,	its	application	in	patients	with	arrhythmia	can	be	limited,	although	the	same	

limitation	is	also	true	for	the	conventional	PC-MRI	as	well	as	the	SVE	and	FEO	approaches.	

Furthermore,	when	more	 views	 are	 sampled	per	 k-space	 segment	 in	 FCVS,	 the	 temporal	

footprint	 of	 the	 FC	 data	 will	 inevitably	 become	 longer,	 which	 increases	 errors	 for	 both	
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maximum	 peak	 velocity	 and	 volumetric	 flow	 measurements.	 In	 our	 study,	 the	 flow	

measurement	bias	errors	associated	with	views-per-segment=4,	which	 is	commonly	used	

in	PC-MRI,	were	still	relatively	small.		

	

	

Figure	 12.	 Examples	 of	 combining	 parallel	 image	 (TGRAPPA)	 and	 FCVS	 to	 further	

accelerate	PC-MRI	scan.	FE	data	can	be	accelerated	by	TGRAPPA.	For	RFE=2,3,4,	RFC=6	can	

potentially	 avoid	 any	 sample	 pattern	 overlap	 between	 the	 FE	 and	 FC	 under-sampled	

patterns,	but	this	pattern	needs	to	be	specially	designed.		
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CHAPTER	3	

	

ACCELERATED	PHASE-CONTRAST	MRI	USING	HYBRID	ONE-	AND	TWO-SIDED	

FLOW-ENCODINGS	ONLY	(HOTFEO)	

	

In	 this	 chapter,	 we	 propose	 the	 second	 M1-space	 under-sampling	 technique,	 which	 is	

completely	 FC	 acquisition	 free.	 Thus,	 it	 can	 accelerate	 4D	 flow	 PC-MRI	 by	 4/3-fold.	 As	

described	 in	 specific	 aim	 2,	 we	 hypothesize	 that	 the	 blood	 flow	 velocity	 direction	 (not	

magnitude)	 remains	 relatively	 unchanged	 within	 a	 short	 sliding	 time	 window	 of	 two	

cardiac	phases	(~100-150	ms)	during	the	cardiac	cycle.	This	assumption	provides	velocity	

direction	constraint	that	can	achieve	4/3-fold	acceleration	using	three	FE	data	to	calculate	

FC	 data	 instead	 of	 acquiring	 them.	 The	 hybrid	 one-	 and	 two-sided	 flow-encoding	 only	

(HOTFEO)	 acquisition	 pattern	 can	 address	 ill-conditions	 of	 the	 constraint	 and	 improve	

calculation	 accuracy.	 HOTFEO	 can	 accelerate	 three-directional-velocity-encoding	 PC-MRI	

while	maintaining	the	measurement	accuracy	of	total	volumetric	flow	and	maximum	total	

peak	velocity	measurements.	
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INTRODUCTION	

Phase-contrast	 MRI	 (PC-MRI)	 is	 extensively	 used	 clinically	 for	 visualization	 and	

quantification	of	 blood	 flow	and	velocity.	 The	 conventional	 2D	PC-MRI	 acquires	 the	 flow	

compensation	 (FC)	and	 through-plane	 flow	encoding	 (FE)	data	 in	an	 interleaved	 fashion,	

and	the	blood	flow	velocity	is	encoded	in	the	phase	difference	between	the	FC	and	FE	data.	

This	strategy	is	further	extended	by	the	4D	flow	technique,	where	FE	is	applied	in	all	three	

directions	(28).	Despite	many	advantages	of	4D	flow	compared	to	2D	PC-MRI,	the	temporal	

resolution	is	typically	reduced	and	the	imaging	time	is	long	because,	for	each	cardiac	phase,	

the	 FC	 and	 three-directional	 FE	 data	 (FC/3FE)	 need	 to	 be	 acquired.	 The	 temporal	

resolution	 of	 PC-MRI	 is	 important	 for	 accurate	 measurement	 of	 peak	 velocity.	 Poor	

temporal	 resolution	 can	 result	 in	 under-estimations	 of	 peak	 velocities	 (8,30)	 as	 well	 as	

pressure	 gradients	 across	 valves	 or	 stenoses	 (34).	 The	 temporal	 resolution	 can	 be	

improved	by	reducing	views-per-segment	(the	number	of	k-space	 lines	acquired	 for	each	

cardiac	 phase	 within	 a	 single	 cardiac	 cycle)	 at	 the	 cost	 of	 increased	 total	 imaging	

acquisition	 time	 (46).	 Fast	MRI	 techniques	 have	 been	 developed	 and	 applied	 in	 PC-MRI	

field	 to	 effectively	 reduce	 the	 total	 acquisition	 time,	 such	 as	 non-Cartesian	 sampling	

(15,16),	 parallel	 imaging	 (17,18,20–22)	 and	 compressed	 sensing	 (23–25).	 In	 addition,	

view-sharing	 PC-MRI	 techniques	 may	 improve	 the	 temporal	 resolution.	 A	 recently	

proposed	 Shared	 Velocity	 Encoding	 (SVE)	 technique	 (30)	 uses	 interleaved	 two-sided	

velocity	 encodings	 and	 sliding	window	 subtractions.	 However,	 the	 temporal	 footprint	 of	

each	cardiac	phase	 in	the	SVE	technique	 is	 the	same	as	traditional	2D	PC-MRI,	 in	spite	of	

improved	temporal	resolution	through	view-sharing.	Furthermore	it	is	not	straightforward	

to	 implement	 the	 SVE	 technique	 for	 4D	 flow.	 The	 FCVS	 technique	 (7)	 improves	 both	
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temporal	 sampling	 period	 and	 temporal	 footprint	 for	 PC-MRI	 by	 under-sampling	 and	

sharing	 the	FC	background	phase	data	based	on	 the	 assumption	 that	 the	FC	background	

phase	varies	slowly	 in	time.	Despite	the	 improvements	 in	both	temporal	sampling	period	

and	temporal	footprint	using	FCVS,	the	FC	data	still	needs	to	be	acquired,	albeit	at	a	much	

reduced	frequency	than	FE	data	acquisition.		

In	this	work,	we	propose	a	4D	PC-MRI	strategy,	hybrid	one-	and	two-sided	flow	encoding	

only	(HOTFEO),	that	is	completely	free	of	FC	data	acquisition	and	the	background	phase	is	

derived	from	three-directional	FE	data	based	on	a	flow	direction	consistency	constraint.	To	

validate	 our	 technique,	 we	 compare	 flow	 measurements	 based	 on	 2D/4D	 HOTFEO	

acquisitions	 with	 three	 FE	 directions	 with	 conventional	 FC/3FE	 PC-MRI	 in	 a	 cohort	 of	

healthy	volunteers.		

	

METHODS	

Our	 institutional	review	board	approved	this	study.	 Informed	consent	was	obtained	from	

all	participants	in	this	study.	All	studies	were	performed	on	a	3	T	scanner	with	4-channel	

neck	(in	vivo	studies)	coils	(Skyra,	Siemens,	Germany)	and	a	1.5	T	scanner	with	2-channel	

neck	 (test	 velocity	 direction	 consistency	 hypothesis)	 coils	 (Avanto,	 Siemens,	 Erlangen,	

Germany).	

	

Flow	Direction	Consistency		

The	blood	flow	in	the	vasculature	is	typically	subject	to	the	pulsatility	of	the	cardiac	cycle,	

which	causes	periodic	changes	 in	blood	flow	speed.	We	hypothesize	that,	despite	the	 fast	

period	changes	in	the	velocity	magnitude	(i.e.	speed),	the	velocity	direction	does	not	change	
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as	quickly	as	the	magnitude.	More	specifically,	we	hypothesize	that	the	blood	flow	velocity	

direction	 remain	 relatively	 unchanged	 within	 a	 short	 time	 sliding	 time	 window	 of	 two	

cardiac	phases	(~100-150ms)	during	the	cardiac	cycle.	As	shown	in	the	next	section	of	this	

paper,	such	an	assumption	will	enable	our	HOTFEO	strategy.	

	

To	test	the	flow	direction	consistency	hypothesis,	PC-MRI	data	were	acquired	in	5	healthy	

volunteers	 to	 study	 the	 angle	 between	 the	 blood	 flow	 velocities	 of	 two	 adjacent	 cardiac	

phases,	which	is	named	“consistency	angle”	throughout	the	paper.	A	small	angle	indicates	

good	 flow	 direction	 consistency.	 The	 five	 healthy	 volunteers	 were	 imaged	 using	 a	

prospective	 ECG-gated	 2D	 FC/3FE	 PC-MRI	 sequence	 at	 the	 carotid	 arteries	 with	 high	

temporal	 resolution	 so	 that	 the	 blood	 flow	 direction	 in	 the	 3D	 space	 can	 be	 accurately	

measured	 for	 each	 cardiac	phase.	The	 sequence	had	2D	 spatial	 encoding	but	3D	velocity	

encoding	 in	 readout,	 phase	 encoding	 and	 slice-select	 directions.	 The	 pulse	 sequence	

parameters	included:	Velocity	ENCoding	(VENC)	=	120-130	cm/s	in	all	three	directions,	flip	

angle	 =	 30°,	 readout	 bandwidth	 =	 501	 Hz/Pixel,	 echo	 time	 (TE)	 =	 5.06	 ms,	 temporal	

resolution	 =	 29.75	ms,	 views-per-segment	 =	 1,	 acquired	matrix	 size	 =	 256x208,	 field-of-

view	(FOV)	=	200x162	mm2,	slice	 thickness	=	5	mm.	All	 scans	were	acquired	during	 free	

breathing	 with	 retrospective	 ECG	 gating.	 Regions	 of	 interest	 (ROIs)	 within	 the	 common	

carotid	 arteries	 (CCAs)	 were	 subsequently	 chosen	 for	 each	 subject	 to	 measure	 the	

consistency	angle	on	a	pixel-by-pixel	basis.			

	

Velocity	Direction	Constraint	
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Based	on	our	 flow	direction	consistency	hypothesis,	Eq.	 [11]	can	be	used	to	calculate	 the	

background	phase	Φ!" 	without	acquiring	it,	hence	shortening	scan	time.		

Φ!",! = 𝑎𝑟𝑔𝑚𝑖𝑛
!!",!

𝑉! ∙ 𝑉!!! − 𝑉! ∗ 𝑉!!! 																																															[11]			

In	Eq.	[11], ϕ!",!	is	the	background	phase	for	the	𝑛𝑡ℎ	cardiac	phase,	𝑉! =
!"#$
!

∗  (Φ!"#,! −

Φ!",! , Φ!"#,! −Φ!",! , Φ!"#,! −Φ!",!)	is	 the	 velocity	 vector	 for	 the	𝑛𝑡ℎ	cardiac	 phase,	

𝑉!!! =
!"#$
!

∗  (Φ!"#,!!! −Φ!",!!! , Φ!"#,!!! −Φ!",!!! , Φ!"#,!!! −Φ!",!!!) 	is	 the	

velocity	vector	 for	 the	 (𝑛 + 1)𝑡ℎ	cardiac	phase,	Φ!"#/!/!,!	is	 the	actual	acquired	FE	phase	

signal	 in	 the	 x/y/z-direction	 for	 cardiac	 phase	𝑛.	 Based	 on	 a	 previous	 work	 (8),	 which	

showed	 the	 background	 phase	 Φ!" 	changes	 slowly	 in	 time,	 such	 that	 they	 are	

approximately	equal	within	two	successive	cardiac	phases,	i.e.	ϕ!",! ≈ ϕ!",!!!,	𝑉!!!	can	be	

re-written	 as	 𝑉!!! =
!"#$
!

∗  (Φ!"#,!!! −Φ!",! , Φ!"#,!!! −Φ!",! , Φ!"#,!!! −Φ!",!) .	

Therefore,	the	optimization	problem	in	Eq.	[11]	solves	for	the	unknown	background	phase	

Φ!",!	that	yields	the	smallest	angle	between	the	two	successive	blood	flow	velocity	vectors	

for	cardiac	phases	𝑛	and	𝑛 + 1.		

	

As	 shown	 in	 the	 Appendix,	 Eq.	 [11]	 is	 ill-conditioned	 in	 either	 of	 the	 following	 two	

scenarios:	1)	the	two	consecutive	velocities	are	equal	to	each	other,	i.e.	𝑉! = 𝑉!!!;	2)	both	

𝑉!	and	𝑉!!!	are	along	the	diagonal	direction	in	the	logical	encoding	coordinate	system,	i.e.	

𝑉!,! = 𝑉!,! = 𝑉!,!	and	𝑉!,!!! = 𝑉!,!!! = 𝑉!,!!!.	According	to	the	Appendix,	in	either	of	these	

two	 scenarios,	 Eq.	 [11]	would	 be	 zero	 regardless	 of	 the	 unknown	ϕ!",!.	 To	 address	 this	

problem,	our	HOTFEO	technique	uses	an	FE	acquisition	pattern	(Fig.	13a)	that,	in	addition	
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to	only	acquiring	three	FE	directions	without	explicitly	acquiring	the	FC	data,	alternates	the	

polarity	of	the	FE	in	the	Y	direction	(FEy),	as	shown	in	Appendix	Eq.	[A4].	To	demonstrate	

that	 alternating	 the	 polarity	 of	 the	 FEy	 encoding	 can	 recover	 the	 true	 background	phase	

Φ!" 	in	 the	 presence	 of	 either	 ill-conditioned	 scenarios,	 we	 performed	 a	 numerical	

simulation	 assuming	Φ!",! = 0	(non-zero	Φ!",! 	only	 causes	 function	 shift	 along	 x-axis,	

does	not	change	the	function	shape).	As	shown	in	Figure	13b,	for	scenario	1,	the	HOTFEO	

strategy	results	 in	a	parabolic	optimization	problem	as	a	 function	of	 the	unknown	Φ!",!	,	

while	flow	encoding	only	(FEO)	strategy	without	the	alternating	FEy	polarity	would	result	

in	a	constant	function.	For	scenario	2,	as	shown	in	Figure	13c,	there	were	two	Φ!",!	values	

that	 minimize	 the	 cost	 function	 shown	 in	 Eq.	 [A4],	 i.e.	Φ!",! = 0,	 and	 the	 other	Φ!",! =

Φ!"#/!/!,!.	 However,	 only	 the	 solution	Φ!",! = 0	would	 be	 the	 true	 solution	 as	 the	 other	

solution	Φ!",! = Φ!"#/!/!,!	would	 be	 the	 edge	 of	 the	 solution	 range	 (Φ!"#,!!!,Φ!"#,!),	

which	can	be	ruled	out	easily.	
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Figure	 13.	a.	The	acquisition	strategy	of	FEO	and	HOTFEO.	The	FEO	used	 the	same	one-

sided	FE	acquisitions	for	each	cardiac	phase.	The	HOTFEO	used	two-sided	FE	in	y-direction	

and	one-sided	FE	in	x/z-direction.	b.	The	velocity	constraint	as	function	of	FC	signal	phase	

when	the	two	consecutive	velocities	with	equal	magnitude	and	direction:	the	constraint	of	

FEO	(blue)	is	ill-conditioned	(𝑉! = 𝑉!!!)	and	not	able	to	determine	the	FC	signal	phase,	but	

HOTFEO	(red)	provides	an	accurate	estimation	of	FC	signal	phase.	c.	The	constraint	of	FEO	

(blue)	 is	 ill-conditioned	when	𝑉!,! = 𝑉!,! = 𝑉!,!.	The	HOTFEO	(red)	can	still	determine	the	

FC	signal	phase.	

	

Numerical	Simulation	
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Numerical	simulations	were	performed	to	study	the	 impact	of	signal-to-noise	ratio	(SNR)	

and	 relative	 velocity	 magnitude	 change	 (RVC	= !! ! !!!!
!!

)	 on	 the	 accuracy	 of	 FC	

background	 phase	 calculation	 using	 the	 HOTFEO	 and	 FEO	 techniques,	 respectively.	 We	

assumed	Φ!",! = 𝑉! =  (−0.2, 1.5, 2.4)	radian	 and	Φ!",! = 0	as	 initial	 conditions,	 SNR	 =	 5,	

10,	20,	30,	40,	50	and	RVC	=	0.1,	0.25,	0.5,	0.75,	0.9	to	compare	the	FC	calculation	accuracy	

of	the	two	techniques.	For	each	combination	of	SNR	and	RVC,	we	repeated	100	times	with	

Gaussian	noise	distribution	according	to	the	SNR.	Root	of	Mean	Square	Error	(RMSE)	was	

used	to	evaluate	the	FC	calculation	accuracy.		

	

Retrospecitve	In	Vivo	Study	(4D	Flow)	

Six	 volunteers	 were	 recruited	 to	 evaluate	 the	 proposed	 HOTFEO	 technique.	 They	 were	

scanned	by	a	standard	4D	flow	sequence	at	the	CCAs.	The	sequence	was	implemented	with:	

VENC	=	100	-	105	cm/s,	flip	angle	=	20°,	readout	bandwidth	=	815	Hz/Pixel,	TE	=	3.35	ms,	

Views-per-segment	=	3,	 temporal	 resolution	=	67.92	ms,	 acquired	matrix	 =	256x176x10,	

FOV	=	256x176x18.2	mm3,	and	spatial	resolution	=	1x1x1.82	mm3.	All	scans	were	acquired	

during	free	breathing	with	prospective	ECG	gating.	Based	on	the	blood	velocities	measured	

from	 this	 standard	 4D	 flow	 data,	 the	 dynamic	 flow	 data	 corresponding	 to	 the	 HOTFEO	

acquisition	pattern	in	Fig.	13a	was	simulated.	Subsequently,	Eq.	[11]	was	used	to	calculate	

the	FC	background	phase	and	the	three-directional	velocities.	The	total	volumetric	flow	and	

peak	 velocity	 (= 𝑉!! + 𝑉!! + 𝑉!!)	 based	 on	 the	 HOTFEO	 data	 were	 compared	 with	 the	

standard	4D	flow	data	as	the	ground	truth.	Eddy	current	correction	was	applied	in	the	in	
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vivo	studies	data	sets	by	subtracting	the	phase	images	of	a	steady	phantom	repeating	scans	

with	the	same	parameters	from	the	in	vivo	scans.		

	

Prospective	In	Vivo	Study	(2D	and	4D	Flow)	

Based	 on	 our	 retrospective	 in	 vivo	 results,	 a	 PC-MRI	 sequence	 was	 developed	 that	 was	

based	on	the	HOTFEO	acquisition	pattern	shown	in	Fig.	13a.	Six	additional	volunteers	were	

scanned	at	the	CCAs	using:	1)	the	standard	2D	FC/3FE	(i.e.	FC	and	three-directional	FE)	PC-

MRI	sequence,	2)	 the	prospective	2D	HOTFEO	(i.e.	2D	spatial	encoding	with	HOTFEO	FE)	

sequence,	3)	the	standard	4D	flow	(FC/3FE)	sequence,	4)	the	prospective	4D	flow	HOTFEO	

sequence.	The	four	sequences	were	implemented	with:	VENC	=	100-105	cm/s,	flip	angle	=	

20°.	The	parameters	used	by	both	2D	sequences	were:	readout	bandwidth	=	500	Hz/Pixel,	

TE	=	 3.72	ms,	 Views-per-segment	 =	 3	 (FC/3FE)	 and	 4	 (HOTFEO),	 temporal	 resolution	 =	

72.48	ms,	acquired	matrix	=	256x176,	FOV	=	256x176	mm2,	 slice	 thickness	=	7	mm.	The	

parameters	used	by	both	4D	flow	sequences	were:	readout	bandwidth	=	815	Hz/Pixel,	TE	=	

3.35	ms,	Views-per-segment	=	3	 (FC/3FE)	and	4	 (HOTFEO),	 temporal	 resolution	=	67.92	

ms,	 acquired	matrix	 =	 256x176x10,	 FOV	 =	 256x176x18.2	mm3.	 All	 scans	were	 acquired	

during	free	breathing	with	prospective	ECG	gating.	Eddy	current	correction	was	applied	in	

the	in	vivo	studies	data	sets.	HOTFEO	achieved	4/3-fold	acceleration	by	using	4	views-per-

segment	compared	with	3	views-per-segment	reference	FC/3FE	data	sets.		

	

Image	Analysis	

We	draw	the	region	of	interest	(ROI)	contours	of	the	entire	CCA	lumen	based	on	magnitude	

images	of	each	cardiac	phase.	For	all	the	in	vivo	studies,	Bland-Altman	plots	were	used	to	
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compare	 the	 agreements	 of	 total	 volumetric	 flows	 and	 maximum	 total	 peak	 velocities	

between	reference	FC/3FE	and	HOTFEO	techniques.	 In	retrospective	 in	vivo	study,	RMSE	

was	used	to	compare	the	through-plane	mean	flow	velocities	and	the	total	peak	velocities	

(= 𝑉!! + 𝑉!! + 𝑉!!)	calculated	from	the	FC/3FE	reference	and	the	HOTFEO.	

	

RESULTS	

Flow	Direction	Consistency		

Fig.	 14	 shows	 a	 plot	 of	 the	 average	 angle	 between	 the	 velocity	 vectors	 of	 two	 adjacent	

cardiac	phases	as	a	function	of	cardiac	phase	index.	Based	on	data	from	5	volunteers,	the	

median	angle	was	between	5.08°	and	14.64°	during	the	systolic	frames	with	>25	cm/s	flow	

velocity.	 When	 the	 velocity	 is	 small,	 i.e.	 during	 diastole,	 the	 median	 angle	 during	 the	

diastolic	 frames	were	 increased	 to	 between	 11.86°	 to	 36.38°.	 This	 angle	 change	 and	 the	

blood	velocity	among	the	5	volunteers	(green	curve)	had	a	negative	correlation	within	the	

cardiac	cycle.	Our	data	demonstrates	our	hypothesis	that	velocity	direction	change	is	small	

between	 adjacent	 cardiac	 phases	 when	 the	 blood	 velocity	 is	 sufficiently	 high.	 The	 angle	

changes	were	 larger	when	the	velocity	became	slower	 in	diastole,	presumably	due	to	 the	

low	velocity	to	noise	ratio	(VNR)	during	the	diastole.		
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Figure	14.	Combined	plot	of	average	angle	change	between	two	velocities	of	consecutive	

cardiac	phases	 (blue	box	plot)	 and	 average	mean	 flow	velocity	waveform	 (green)	within	

ROIs	 of	 all	 left	 and	 right	 CCAs	 of	 five	 volunteers.	 In	 the	 box	 plot,	 red	 bar	 indicates	 the	

median	value	of	all	ten	measurements,	the	blue	box	is	the	first	to	third	quartile	range,	two	

vertical	dash	lines	are	the	extension	of	1.5	times	height	of	blue	box	but	not	beyond	range	of	

data	sets,	and	the	red	cross	 is	the	outliers.	The	angle	changes	have	a	negative	correlation	

with	blood	flow	velocity.	Higher	VNR	blood	flow	tends	to	result	in	smaller	angle	changes.	

	

Numerical	Simulation	

Table	2	shows	the	RMSE	of	calculated	FC	under	various	SNR	and	RVC	combinations.	Both	

HOTFEO	and	FEO	tend	to	have	more	accurate	estimation	of	FC	signal	(smaller	RMSE)	with	

higher	 SNR	 (as	 shown	 in	 Table	 2).	 As	 shown	 in	 Figure	 15a	 (SNR=50),	 when	 velocity	
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magnitudes	become	similar	(i.e.	RVC	becomes	smaller),	the	RMSE	of	FC	calculation	by	FEO	

shows	 an	 inverse	 correlation	 with	 RVC,	 while	 the	 HOTFEO	 technique	 maintains	 similar	

accuracy	across	the	RVC	range	of	0.1-0.9.	The	RMSEs	of	HOTFEO	were	smaller	than	FEO	in	

all	 simulation	cases.	HOTFEO	had	more	accurate	and	consistent	FC	estimations	 than	FEO	

especially	 when	 two	 consecutive	 velocity	 vectors	 were	 similar	 to	 each	 other	 (i.e.	 ill-

condition	scenario	1).		

	

Table	2:	RMSE	of	FC	calculation	(radian)	as	function	of	SNR-1	and	RVC	

										RVC	

SNR-1			

0.1	 0.25	 0.5	 0.75	 0.9	

0.02(FEO)	 0.196	 0.075	 0.035	 0.023	 0.019	

0.02(HOTFEO)	 0.016	 0.015	 0.013	 0.012	 0.011	

0.025(FEO)	 0.248	 0.093	 0.044	 0.028	 0.023	

0.025(HOTFEO)	 0.019	 0.018	 0.016	 0.015	 0.014	

0.033(FEO)	 0.354	 0.123	 0.058	 0.037	 0.031	

0.033(HOTFEO)	 0.026	 0.024	 0.022	 0.020	 0.019	

	 	0.05(FEO)	 0.603	 0.184	 0.085	 0.055	 0.047	

0.05(HOTFEO)	 0.039	 0.037	 0.032	 0.029	 0.028	

0.1(FEO)	 1.166	 0.446	 0.171	 0.111	 0.099	

0.1(HOTFEO)	 0.079	 0.074	 0.064	 0.058	 0.056	

0.2(FEO)	 1.690*	 0.973	 0.439	 0.255	 0.232	

0.2(HOTFEO)	 0.166	 0.156	 0.137	 0.118	 0.118	
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*The	FC	solution	search	range	was	limited	to	[−𝜋,𝜋].	For	FEO	with	low	RVC	and	SNR,	many	

FC	solutions,	which	fell	outside	the	range,	were	reduced	to	–𝜋	or 𝜋.	The	true	value	should	

have	been	larger	than	the	reported	RMSE.	

	

	

Figure	15.	a.	The	correlation	of	the	RMSE	of	calculated	FC	phase	and	the	RVC.	They	have	an	

inverse	correlation	of	FEO	(blue	square),	and	linear	correlation	of	HOTFEO	(black	cross).	b.	

The	 RMSE	 of	 FC	 calculation	 has	 quadratic	 regression	 for	 FEO	 (blue	 square)	 and	 linear	

regression	for	HOTFEO	(black	cross)	with	noise	level	(1/SNR).	

	

Retrospecitve	In	Vivo	Study	(4D	Flow)	

Examples	of	through-plane	mean	flow	velocity	waveform	and	peak	velocity	waveform	from	

one	 slice	 of	 one	 volunteer’s	 4D	 flow	 data	 set	 are	 shown	 in	 Fig.	 16.	 The	 HOTFEO	 and	

reference	FC/3FE	showed	good	agreements	on	both	waveforms.	Three	slices	(slice	3,5,8)	of	

both	CCAs	of	six	volunteers	data	sets	were	selected	to	compare	the	measurements	of	 the	

through-plane	mean	flow	velocity	and	peak	velocity	waveforms.	Total	36	measurements	of	

velocity	waveforms	showed	that	the	average	RMSE	of	mean	flow	velocity	was	1.22	(range	

0.65	-	2.07)	cm/s	and	peak	velocity	was	3.23	(range	1.68	-	5.09)	cm/s,	which	showed	good	
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agreements	between	two	techniques.	The	Bland-Altman	plot	of	total	volumetric	flow	(Fig.	

17a)	shows	a	bias	of	0.0554	mL	(-1.19%	relative	bias	error)	and	a	95%	confidence	interval	

(CI)	 of	 [-0.2399,	 0.1292]	mL	between	HOTFEO	and	 the	 reference	FC/3FE	 technique.	The	

Bland-Altman	plot	 of	maximum	peak	 velocity	 (Fig.	 17b)	 shows	 a	bias	 of	 -0.1576	 cm/s	 (-

0.17%	 relative	 bias	 error)	 with	 a	 95%	 CI	 of	 [-4.6985,	 4.3832]	 cm/s	 between	 the	 two	

techniques.		

	

	

Figure	 16.	 a:	 The	 total	 mean	 flow	 velocity	 waveforms	 of	 the	 reference	 FC/3FE	 PC-MRI	

(gray)	 and	 simulated	 HOTFEO	 (blue).	 	 b:	 The	 total	 peak	 velocity	 waveforms	 of	 the	

reference	FC/3FE	PC-MRI	(gray)	and	simulated	HOTFEO	(blue).	
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Figure	 17.	 a.	 The	 Bland-Altman	 plots	 of	 total	 volumetric	 flow	 measurement	 between	

simulated	 HOTFEO	 and	 reference	 FC/3FE.	 The	 bias	 is	 0.0554	 mL	 (-1.19%	 relative	 bias	

error)	 and	 the	 interval	 between	 the	 upper	 and	 lower	 limits	 of	 agreement	 (LOA,	 is	 also	

known	as	95%-CI)	was	[-0.2399,	0.1292]	mL.	b.	The	Bland-Altman	plots	of	maximum	total	

peak	velocity	measurement	between	simulated	HOTFEO	and	reference	FC/3FE.	The	bias	is	

-0.1576	cm/s	(-0.17%	relative	bias	error)	and	interval	between	the	upper	and	lower	limits	

of	agreement	was	[-4.6985,	4.3832]	cm/s.	

	

Prospective	In	Vivo	Study	(2D	and	4D	Flow)	

Figures.	 18&20	 show	 exemplary	 through-plane	 mean	 flow	 velocity	 and	 peak	 velocity	

waveform	comparisons	between	reference	FC/3FE	(gray)	and	HOTFEO	(blue)	 techniques	

for	2D	and	4D	spatial	encoding	acquisitions,	respectively.	The	two	techniques	show	good	

agreements	and	consequently	result	in	good	agreements	of	total	volumetric	flow	and	peak	

velocity	measurements.	The	Bland-Altman	plots	of	total	volumetric	flow	within	the	cardiac	

cycle	measured	in	the	left	and	right	CCAs	of	the	six	volunteers	using	HOTFEO	and	FC/3FE	
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PC-MRI	 are	 shown	 in	 Fig.	 19a	 &	 21a	 for	 2D	 and	 4D	 spatial	 encoding	 acquisitions,	

respectively.	For	2D	PC-MRI	study,	the	bias	was	0.0388	mL	(0.89%	relative	bias	error)	with	

the	95%	CI	[-0.1514,	0.2291]	mL.	For	the	4D	PC-MRI	study	(slice	3,5,8	were	chosen	for	total	

volumetric	flow	and	the	maximum	peak	velocity	measurements),	the	bias	was	-0.1482	mL	

(-3.40%	relative	bias	error)	with	the	95%	CI	[-0.6142,	0.3178]	mL.	The	Bland-Altman	plots	

of	maximum	peak	velocity	(Fig.	19b	&	21b)	showed	that	the	bias	of	2D	study	was	0.3729	

cm/s	(0.50%	relative	bias	error)	with	the	95%	CI	[-5.9369,	6.6827]	cm/s,	and	the	bias	of	

4D	 PC-MRI	 study	 was	 -1.8029	 cm/s	 (2.00%	 relative	 bias	 error)	 with	 95%	 CI	 [-9.6631,	

6.0574]	cm/s.		

	

	

Figure	 18.	 a:	 The	 total	 mean	 flow	 velocity	 waveforms	 of	 2D	 reference	 FC/3FE	 PC-MRI	

(gray)	 and	 2D	 HOTFEO	 (blue).	 	 b:	 The	 total	 peak	 velocity	 waveforms	 of	 2D	 reference	

FC/3FE	PC-MRI	(gray)	and	2D	HOTFEO	(blue).	
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Figure	 19.	a.	The	Bland-Altman	plots	of	 total	volumetric	 flow	measurement	between	2D	

reference	FC/3FE	and	2D	HOTFEO.	The	bias	is	0.0388	mL	(0.89%	relative	bias	error)	and	

the	interval	between	the	upper	and	lower	limits	of	agreement	was	[-0.1514,	0.2291]	mL.	b.	

The	Bland-Altman	plots	of	maximum	total	peak	velocity	measurement	between	simulated	

HOTFEO	and	reference	FC/3FE.	The	bias	is	0.3729	cm/s	(0.50%	relative	bias	error)	and	the	

interval	between	the	upper	and	lower	limits	of	agreement	was	[-5.9369,	6.6827]	cm/s.	
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Figure	 20.	 a:	 The	 total	 mean	 flow	 velocity	 waveforms	 of	 4D	 reference	 FC/3FE	 PC-MRI	

(gray)	 and	 4D	 HOTFEO	 (blue).	 	 b:	 The	 total	 peak	 velocity	 waveforms	 of	 4D	 reference	

FC/3FE	PC-MRI	(gray)	and	4D	HOTFEO	(blue).	

	

	

	

Figure	 21.	a.	The	Bland-Altman	plots	of	 total	volumetric	 flow	measurement	between	4D	

reference	FC/3FE	and	4D	HOTFEO.	The	bias	is	-0.1482	mL	(-3.40%	relative	bias	error)	and	

the	interval	between	the	upper	and	lower	limits	of	agreement	was	[-0.6142,	0.3178]	mL.	b.	

The	 Bland-Altman	 plots	 of	 maximum	 total	 peak	 velocity	 measurement	 between	 4D	

reference	FC/3FE	 and	4D	HOTFEO.	The	bias	 is	 -1.8029	 cm/s	 (2.00%	 relative	bias	 error)	
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and	 the	 interval	between	the	upper	and	 lower	 limits	of	agreement	was	 [-9.6631,	6.0574]	

cm/s.	

	

DISCUSSIONS	

In	this	work,	we	propose	to	accelerate	PC-MRI	by	forgoing	the	FC	measurements	and	only	

using	 three	FE	acquisitions	 for	accurate	blood	 flow	and	velocity	measurements.	This	was	

feasible	because	the	flow	velocity	direction	change	between	consecutive	cardiac	phases	is	

small,	as	demonstrated	in	Fig.	14.	This	property	provided	a	constraint	of	velocity	direction,	

which	allowed	us	to	calculate	the	background	phase	signal	without	acquiring	the	FC	data,	

hence	 accelerating	 three-dimensional	 PC-MRI	 scans	 by	 4/3-fold	 while	 maintaining	

measurement	 accuracy	 of	 total	 volumetric	 flow	 and	 peak	 velocity	 compared	 with	 the	

conventional	FC/3FE	PC-MRI.		

	

The	optimization	problem	in	Eq.	[11]	would	be	ill-conditioned	(using	all	one-sided	FE	in	all	

three	directions)	when	 the	velocities	 for	 two	adjacent	 cardiac	phases	are	 similar	 to	 each	

other	 (𝑉! = 𝑉!!!)	 or	 when	 the	 3D	 velocities	 are	 approximately	 equal	 to	 each	 other	

(𝑉!,! = 𝑉!,! = 𝑉!,!).	In	these	cases,	the	calculated	FC	would	be	more	sensitive	to	noise.	The	

HOTFEO	acquisition	strategy	addresses	these	issues	by	alternating	the	FE	polarity	in	the	Y	

direction.	 Although	 our	 technique	 is	 demonstrated	 in	 the	 carotid	 arteries,	 the	 HOTFEO	

technique	 is	 expected	 to	 be	 applicable	 to	 other	 vascular	 territories	 with	 more	 complex	

vascular	 geometries	 such	 as	 intracranial	 vessels.	 Enzmann	 	 et	 al.	 (47)	 showed	 that	 flow	

velocity	magnitude	changes	between	peak	systole	and	diastole	 in	major	cerebral	arteries	

were	smaller	than	the	carotid	arteries,	i.e.	the	cerebral	flow	was	steadier	and	less	pulsatile	
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through	 cardiac	 cycle	 than	 CCAs.	 The	 relatively	 high	 diastolic	 velocities	 (compared	with	

counterpart	systolic	velocities)	ensure	the	diastolic	VNR	in	major	cerebral	arteries	is	higher	

than	CCAs.	The	performance	of	HOTFEO	technique	is	expected	to	be	even	better	in	cerebral	

arteries	than	CCAs.	

	

Our	flow	velocity	direction	consistency	hypothesis,	which	is	central	to	this	work,	is	valid	in	

the	 volunteers	 that	 we	 recruited.	 Further	 studies	 are	 needed	 to	 evaluate	 its	 validity	 in	

patients	with	disease	and	altered	flow	patterns.	However,	it	is	noted	that	the	flow	direction	

consistency	hypothesis	 should	not	be	 confused	with	 the	 actual	 flow	 trajectory	of	 a	 given	

spin.	The	consistency	refers	to	the	temporal	consistency	of	the	flow	vector	at	a	given	spatial	

location	within	the	vessel	(streamlines),	rather	than	the	spatial	consistency	of	a	given	spin	

during	the	course	of	its	flow	(pathline).	Furthermore,	when	fewer	views	are	acquired	per	k-

space	 segment	 in	 HOTFEO,	 the	 HOTFEO	 technique	 can	 improve	 temporal	 resolution	

compared	 with	 FC/3FE	 technique,	 which	 is	 expected	 to	 further	 improve	 FC	 calculation	

accuracy.		

	

HOTFEO	 is	a	pure	phase	 image	based	and	M1-space	under-sampling	 technique,	 therefore	

other	fast	MRI	techniques,	such	as	parallel	 imaging,	compressed	sensing	or	non-Cartesian	

readout,	may	be	combined	to	achieve	even	higher	acceleration	rate	than	using	them	alone.	

Moreover,	 it	can	be	used	to	 improve	temporal	sampling	period	and	 footprint	 for	PC-MRI.	

Typically,	the	temporal	sampling	period	and	temporal	footprint	of	FC/3FE	PC-MRI	is	equal	

to	 4*TR*views-per-segment.	 With	 certain	 views-per-segment	 setting,	 the	 temporal	

sampling	 period	 and	 temporal	 footprint	 can	 no	 longer	 be	 improved	 by	 other	 fast	 MRI	
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techniques.	 Shared	 velocity	 encoding	 techniques	 can	 improve	 the	 temporal	 sampling	

period	 but	 not	 the	 temporal	 footprint,	 which	 may	 still	 cause	 the	 underestimation	 of	

maximum	 peak	 velocity	 due	 to	 the	 temporal	 averaging	 by	 long	 temporal	 footprint.	 FC	

signal	phase	is	the	parameter	that	can	be	shared	without	introducing	significant	errors	to	

peak	 velocity	 measurements,	 because	 it	 reflects	 the	 background	 phase	 which	 is	 not	

expected	 to	 change	 significantly	 in	 a	 relative	 short	 period	 of	 time.	 In	 the	 HOTFEO	

technique,	we	only	shared	FC	signal	within	two	consecutive	cardiac	phases	(about	140	ms).	

It	showed	good	agreements	of	maximum	peak	velocity	measurements	between	FC/3FE	and	

HOTFEO.	 Thus,	 HOTFEO	 can	 improve	 both	 temporal	 sampling	 period	 and	 temporal	

footprint	 to	 3*TR*views-per-segment	 by	 forgoing	 the	 FC	 acquisition.	 When	 changing	

views-per-segment	 (=1,2,3,4…),	 the	 temporal	 resolution	 has	 a	 smaller	 step	 of	 increase	

(=3TR,6TR,9TR,12TR…)	compared	with	conventional	FC/3FE	PC-MRI	(=4TR,8TR,12TR…),	

which	 may	 provide	 more	 flexible	 temporal	 resolution	 selection	 for	 clinical	 applications.	

The	improvement	of	temporal	sampling	period	and	footprint	is	expected	to	provide	more	

accurate	estimation	of	peak	velocity.		

	

The	 two-sided	FE	acquisition	 can	be	applied	on	any	one	or	 two	direction(s)	of	 the	 three	

directions.	We	chose	to	apply	the	two-sided	FE	on	phase-encoding	direction	(y-direction),	

because	it	did	not	increase	TE/TR	of	the	pulse	sequence.	The	minimal	TE/TR	was	achieved	

in	 PC-MRI	 sequence	 by	 partially	 canceling	 slice	 refocusing	 (z-direction)	 or	 dephasing	

gradient	 (x-direction)	 with	 certain	 one-sided	 FE	 gradient.	 However,	 when	 the	 opposite	

one-sided	 FE	 gradient	was	 applied,	 it	 could	 inevitably	 increase	 the	 gradient	 duration	 as	

well	as	TE/TR.		
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From	 the	 results	of	 total	 volumetric	 flow	and	peak	velocity	measurements	 from	both	2D	

and	4D	FC/3FE,	we	validated	that	the	velocity	direction	was	consistent	within	a	time	span	

of	approximately	140	ms	(=12*TR)	in	CCAs.	When	compared	with	one-sided	FEO	strategy,	

HOTFEO	is	expected	to	significantly	increase	the	measurement	accuracy	of	peak	velocity	in	

diastole,	 as	 well	 as	 in	 systole	 especially	 with	 high	 temporal	 resolution.	 The	 HOTFEO	

technique	is	also	less	sensitive	to	SNR	when	compared	with	FEO	(as	shown	in	Table	2	&	Fig.	

15b).	 It	 is	 expected	 to	 accelerate	 FC/3FE	 PC-MRI	 while	 maintaining	 the	 measurement	

accuracy	of	blood	flow	velocity	both	in	systolic	(high	VNR)	and	diastolic	(low	VNR)	cardiac	

phases	with	minimal	limitations.		

	

The	 current	 study	 represents	 a	 proof	 of	 concept	 and	 hence	 is	 based	 only	 on	 a	 limited	

number	 of	 healthy	 volunteers.	 Further	 studies	 are	 needed	 to	 evaluate	 its	 validity	 in	

patients	with	disease	and	altered	flow	patterns.	Since	the	HOTFEO	is	a	technique	based	on	

ECG,	so	its	applications	in	patients	with	arrhythmia	can	be	limited.	As	shown	in	Table	2	&	

Fig.	15b,	when	noise	level	increases,	the	accuracy	of	FC	calculation	decreases.	For	velocity	

with	 low	VNR,	 the	FC	calculation	 is	not	as	accurate	as	high	VNR	ones.	So	the	appropriate	

selection	of	VENC	is	also	important	for	HOTFEO	technique,	especially	in	diastolic	phases.		
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APPENDIX	

Assume	 that	 FC	 phase	 signal	 does	 not	 change	 between	 cardiac	 phases	𝑛	and	𝑛 + 1,	 i.e.	

ϕ!,! = ϕ!,!!!,	 thus	 the	 two	 velocity	 vectors	 of	 the	 two	 cardiac	 phases	 are	𝑉! =
!"#$
!

∗

 (Φ!"#,! −Φ!",! , Φ!"#,! −Φ!",! , Φ!"#,! −Φ!",!) 	and	 𝑉!!! =
!"#$
!

∗  (Φ!"#,!!! −Φ!",! ,

Φ!"#,!!! −Φ!",! , Φ!"#,!!! −Φ!",!) 	.	 Expanding	 the	 velocity	 direction	 constraint	 (Eq.	

[11]),		

	

𝑉! ∙ 𝑉!!! − 𝑉! ∗ 𝑉!!! 	

= 𝑉!,! ∗ 𝑉!,!!! + 𝑉!,! ∗ 𝑉!,!!! + 𝑉!,! ∗ 𝑉!,!!! − 𝑉!,!! + 𝑉!,!! + 𝑉!,!!

∗ 𝑉!,!!!! + 𝑉!,!!!! + 𝑉!,!!!! 	

=
𝑉𝐸𝑁𝐶
𝜋 Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",! + Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

+ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

− (Φ!"#,! −Φ!",!)! + (Φ!"#,! −Φ!",!)! + (Φ!"#,! −Φ!",!)!

∗ (Φ!"#,!!! −Φ!",!)! + (Φ!"#,!!! −Φ!",!)! + (Φ!"#,!!! −Φ!",!)!  
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[A1]			

The	optimization	problem	is	 ill	conditioned	for	two	scenarios:	1)	 	𝑉! = 𝑉!!!,	 i.e.	 	Φ!"#,! =

Φ!"#,!!!,	Φ!"#,! = Φ!"#,!!!	and	Φ!"#,! = Φ!"#,!!!.	In	this	scenario,	Eq.	A1	reduces	to	zero	

as	shown	below.	

𝑉𝐸𝑁𝐶
𝜋 Φ!"#,! −Φ!",!

! + Φ!"#,! −Φ!",!
! + Φ!"#,! −Φ!",!

!

− Φ!"#,! −Φ!",!
! + Φ!"#,! −Φ!",!

! + Φ!"#,! −Φ!",!
! = 0	

[A2]	

2)	 Diagonal	 velocities,	 i.e.	𝑉!,! = 𝑉!,! = 𝑉!,!,	 and	𝑉!,!!! = 𝑉!,!!! = 𝑉!,!!!.	 In	 this	 scenario,	

Eq.	A1	also	reduces	to	zero	as	shown	in	Eq.	A3.	

𝑉𝐸𝑁𝐶
𝜋 Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",! + Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

+ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

− Φ!"#,! −Φ!",!
! + Φ!"#,! −Φ!",!

! + Φ!"#,! −Φ!",!
!

∗ Φ!"#,!!! −Φ!",!
! + Φ!"#,!!! −Φ!",!

! + Φ!"#,!!! −Φ!",!
! 	

=
𝑉𝐸𝑁𝐶
𝜋 3 ∗ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",! − 3 ∗ Φ!"#,! −Φ!",!

!

∗ 3 ∗ Φ!"#,!!! −Φ!",!
! 	
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=
𝑉𝐸𝑁𝐶
𝜋 3 ∗ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

− 3 ∗ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",! = 0	

[A3]	

In	 the	HOTFEO	 strategy	 shown	 in	 Fig.	 13a,	𝑉!,!	and	𝑉!,!!!	have	 opposite	 FE	 signs.	Hence,	

Eq.	[11]	can	be	re-written	as:	

𝑉! ∙ 𝑉!!! − 𝑉! ∗ 𝑉!!! 	

= 𝑉!,! ∗ 𝑉!,!!! + 𝑉!,! ∗ 𝑉!,!!! + 𝑉!,! ∗ 𝑉!,!!! − 𝑉!,!! + 𝑉!,!! + 𝑉!,!!

∗ 𝑉!,!!!! + 𝑉!,!!!! + 𝑉!,!!!! 	

=
𝑉𝐸𝑁𝐶
𝜋 Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!!,! − Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

+ Φ!"#,! −Φ!",! ∗ Φ!"#,!!! −Φ!",!

− (Φ!"#,! −Φ!",!)! + (Φ!"#,! −Φ!",!)! + (Φ!"#,! −Φ!",!)!

∗ (Φ!"#,!!! −Φ!",!)! + (Φ!"#,!!! −Φ!",!)! + (Φ!"#,!!! −Φ!",!)! 	

[A4] 

Compared	with	Eq.	[A1],	the	second	term	in	Eq.	[A4]	is	different	from	Eq.	[A1]	due	to	the	

opposite	FE	polarity	for	𝑉!,!	and	𝑉!,!!!,	respectively.	
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CHAPTER	4	

	

PHASE-CONTRAST	MRI	WITH	HYBRID	ONE-	AND	TWO-SIDED	FLOW-ENCODINGS	

AND	VELOCITY	SPECTRUM	SEPARATION	(HOTSPA)	

	

In	this	chapter,	we	propose	the	third	M1-space	under-sampling	technique,	which	achieves	

two-fold	 acceleration	 for	 4D	 flow	 PC-MRI.	 As	 described	 in	 specific	 aim	 3,	 the	 HOTSPA	

technique	 simultaneously	 acquires	 multiple	 velocity	 waveforms	 with	 different	 temporal	

modulations.	 Thus,	 it	 reduces	 the	 number	 of	 M1-space	 samples	 that	 required	

reconstructing	 three-directional	 velocities	 for	 each	 cardiac	 phase.	 In	 the	 Fourier	 velocity	

domain,	the	HOTSPA	allows	for	discriminating	the	spectra	of	temporal	overlapped	signals	

into	 components	 for	 flow	 compensated	 background	 signal	 and	 three	 directional	 velocity	

waveforms.	This	work	has	been	accepted	in	MRM	(9).	
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INTRODUCTION	

Phase-contrast	MRI	 (PC-MRI)	 has	 been	 used	 extensively	 for	 quantification	 of	 blood	 flow	

and	 velocity.	 In	 conventional	 PC-MRI,	 the	 flow-compensated	 (FC)	 and	 flow-encoded	 (FE)	

data	are	acquired	in	an	interleaved	fashion,	and	the	blood	flow	velocity	 is	encoded	in	the	

phase	difference	between	the	FC	and	FE	data.	Although	PC-MRI	is	typically	performed	with	

FE	 gradients	 applied	 in	 the	 through-plane	 direction	 using	 2D	 acquisitions	 (1),	 the	 FE	

gradients	can	also	be	applied	in	more	than	one	orientation,	as	in	2D	tissue	phase	mapping	

(29,43)	or	4D-flow	PC-MRI	 (28).	 	This	permits	capturing	 the	blood	 flow	or	 tissue	motion	

along	 the	 slice,	 phase,	 and	 frequency	 encoding	 directions.	 For	 4D-flow,	 however,	 the	

temporal	sampling	period	(i.e.	the	time	between	two	successive	cardiac	phases)	is	typically	

poorer	 (i.e.	 longer)	 than	conventional	2D	PC-MRI	due	 to	 the	need	 to	acquire	 the	FC	data	

and	three-directional	(3D)	FE	data	interleaved	within	each	cardiac	k-space	segment.	A	long	

temporal	 sampling	period	 and	 temporal	 footprint	 (i.e.,	 the	 time	 span	of	 the	data	used	 to	

reconstruct	a	single	temporal	phase)	for	PC-MRI	underestimate	peak	velocity	(8,30),	which	

is	an	 important	 index	 for	diagnosis	of	 carotid	artery	stenosis	 (13,33)	as	well	as	pressure	

gradients	across	valves	(34).	Temporal	sampling	period	can	be	improved	by	reducing	the	

views-per-segment	(VPS,	 i.e.	 the	number	of	k-space	 lines	acquired	 for	each	cardiac	phase	

per	 cardiac	 cycle),	 but	 this	 concomitantly	 increases	 the	 total	 image	 acquisition	 duration	

(46).		

	

Fast	 MRI	 techniques	 such	 as	 non-Cartesian	 sampling	 (15,16),	 parallel	 imaging	

(17,18,20,22),	k-t	space	acceleration	(19,21),	compressed	sensing	(23–25),	and	optimized	

gradient	waveforms	 (27)	 have	 been	developed	 to	 effectively	 reduce	 the	 total	 acquisition	
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time	of	PC-MRI	or	to	improve	the	temporal	sampling	period.	The	temporal	sampling	period	

may	 also	 be	 improved	 by	 several	 other	 techniques.	 A	 recently	 proposed	 shared	 velocity	

encoding	 (SVE)	 technique	 (30)	uses	 interleaved	 two-sided	velocity	encodings	and	sliding	

window	subtractions,	which	effectively	shortens	 the	 temporal	sampling	period.	However,	

the	 temporal	 footprint	 of	 each	 SVE	 cardiac	 phase	 is	 the	 same	 as	 traditional	 2D	 PC-MRI.	

Furthermore,	the	implementation	of	the	SVE	technique	for	4D-flow	increases	the	temporal	

footprint	 (=6*TR*VPS)	 compared	 to	 conventional	 4D-flow	 (=4*TR*VPS).	 The	 issue	 of	

temporal	 footprint	 is	mitigated	by	 the	 flow	compensation	view	sharing	 (FCVS)	 technique	

(8),	where	the	FC	data	is	under-sampled	and	view	shared	based	on	the	assumption	that	the	

FC	background	phase	data	do	not	temporally	change	as	fast	as	the	FE	data.		

	

In	 this	 work,	 we	 propose	 a	 PC-MRI	 strategy	 with	 hybrid	 one-	 and	 two-sided	 flow	

encoding	and	velocity	spectrum	separation	(HOTSPA).	The	HOTSPA	technique	is	comprised	

of	 three	 components:	 1)	 the	 velocity	 encoding	 gradient	 polarity	 is	 alternated	 between	

successive	cardiac	phases	for	two	of	the	FE	directions	(i.e.	two-sided	flow	encoding);	2)	the	

velocity	 encoding	 gradient	 polarity	 remains	 one-sided	 along	 the	 remaining	 FE	 direction;	

and	3)	the	FC	data	is	not	explicitly	acquired.	The	HOTSPA	technique	allows	separations	of	

the	 Fourier	 velocity	 spectrum	 (48)	 into	 components	 for	 the	 background	 phase	 (FC)	

waveform	and	the	velocity	waveforms	along	the	three	FE	directions.	Combinations	of	 the	

acquired	 data	 enable	 3D	 velocity	 calculations	 based	 on	 two	 acquired	 samples	 in	 the	 3D	

space	of	gradient	first-moments	(M1)	rather	than	four	samples	as	in	conventional	4D-flow	

techniques.	We	show	that,	compared	to	conventional	4D-flow,	HOTSPA	samples	the	hybrid	

M1-t	space	more	efficiently	thereby	shortening	the	temporal	sampling	period	and	temporal	
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footprint	of	4D-flow	acquisitions	by	50%.	For	conventional	PC-MRI	sequence	with	three	FE	

directions	 and	 one	 FC	 measurement	 (FC/3FE),	 temporal	 sampling	 period	 =	 temporal	

footprint	 =	 4*TR*VPS,	 and	 for	 our	 HOTSPA	 technique,	 temporal	 sampling	 period	 =	

temporal	 footprint	=	2*TR*VPS.	 In	vivo	results	show	that	 the	HOTSPA	technique	achieves	

more	accurate	peak	velocity	measurements	than	conventional	4D-flow	with	no	substantial	

compromise	in	volumetric	flow	quantification	accuracy,	all	achieved	within	a	shorter	total	

image	acquisition	time	than	conventional	4D-flow	imaging.			

	

THEORY	

HOTSPA	uses	a	 temporal	modulation	technique	to	discriminate	between	two	overlapping	

signals.	Consider	a	generic	 composite	 time	signal	ℎ 𝑡 = 𝑓 𝑡 + 𝑔 𝑡 ,	where	𝑓 𝑡 	and	𝑔 𝑡 	

each	 has	 a	 spectral	 bandwidth	𝐵	in	 the	 temporal	 frequency	 domain.	 In	 a	 conventional	

sampling	 strategy,	 the	 signal	 is	 sampled	 at	 certain	 time	 points	 specified	 by	 a	 sampling	

function	 𝑆 𝑡 = 𝛿 𝑡 − 𝑙𝑇!!!
!!! 	such	 that	 ℎ 𝑡 𝑆 𝑡 = 𝛿 𝑡 − 𝑙𝑇!!!

!!! 𝑓 𝑡 + 𝛿 𝑡 −!!!
!!!

𝑙𝑇 𝑔 𝑡 ,	where	𝛿 ∙ 	is	the	delta	function,	𝑀	is	the	number	of	samples,	and	𝑇	is	the	sampling	

period.	The	digital	Fourier	transform	on	the	sampled	signal	is	shown	in	Eq.	[12],		

ℱ ℎ 𝑡 𝑆 𝑡 = 𝛿 𝑓 − !
!

!!!
!!! ∗ 𝐹 𝑓 + 𝛿 𝑓 − !

!
!!!
!!! ∗ 𝐺 𝑓 																									Eq.	[12]	

In	 Eq.	 [12],	 ℱ 	represents	 Fourier	 transform,	 𝐹 𝑓 =  ℱ[𝑓 𝑡 ] ,	 𝐺 𝑓 = ℱ[𝑔 𝑡 ] 	and	 ∗	

represents	a	convolution.	It	is	clear	that	such	a	sampling	strategy	is	not	able	to	differentiate	

between	𝑓 𝑡 	and	𝑔 𝑡 ,	 nor	 their	 respective	 spectra,	 as	 these	 two	 signals	 overlap	 in	 time	

and	 their	 spectra	 also	 overlap	 in	 the	 temporal	 frequency	 domain.	 However,	we	 suppose	

one	 can	 achieve	 a	 “special”	 sampling	 function	𝑆 𝑡 	(it	 will	 be	 become	 clear	 later	 in	 the	
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report	how	this	is	achievable	in	PC-MRI)	such	that	the	polarity	of	the	sampling	function	is	

alternated	for	signal	𝑔(𝑡)	only	as	shown	in	Eq.	[13].	

ℎ 𝑡 𝑆 𝑡 = 𝛿 𝑡 − 𝑙𝑇!!!
!!! 𝑓 𝑡 + 𝑒!"#𝛿 𝑡 − 𝑙𝑇!!!

!!! 𝑔 𝑡 																									Eq.	[13]	

Compared	to	the	sampling	strategy	𝑆 𝑡  in	Eq.	[12],	the	sampling	function	in	𝑆 𝑡 	for	the	

𝑓 𝑡 	signal	 component	 remains	 the	 same	 as	𝑆 𝑡 ;	 however,	 the	 sampling	 function	 for	 the	

𝑔 𝑡 	signal	component	carries	a	linear	phase	ramp	of	𝜋	per	sampling	period	𝑇.	According	to	

Fourier	 sampling	 theory,	 if	 one	 performs	 a	 Fourier	 transform	 on	 the	 sampled	 function	

ℎ 𝑡 𝑆 𝑡 ,	 the	 spectrum 𝐺(𝑓)	will	 be	 shifted	by	1/2𝑇,	while	𝐹 𝑓 	remains	 centered	around	

zero	frequency.	Hence,		

ℱ ℎ 𝑡 𝑆 𝑡 = 𝛿 𝑓 − !
!

!!!
!!! ∗ 𝐹 𝑓 + 𝛿 𝑓 − !

!!
− !

!
!!!
!!! ∗ 𝐺(𝑓)															Eq.	[14]	

A	 graphical	 representation	 of	 Eq.	 [14]	 is	 shown	 in	 Fig.	 22	 and	 it	 is	 clear	 that	 Fourier	

transform	of	the	sampled	signal	enables	one	to	completely	discriminate	between	𝑓 𝑡 	and	

𝑔 𝑡 ,	 as	 long	 as	𝑇 ≤ !
!!
.	 In	 fact,	 one	 can	 obtain	 the	 spectrum	𝐹 𝑓 	simply	 by	 taking	 the	!

!
	

points	around	the	zero	frequency	of	the	composite	spectra	in	Eq.	[14]	and	the	remaining	!
!
	

points	correspond	to	the	spectrum	𝐺 𝑓 .	
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Figure	 22.	 Graphical	 representation	 of	 using	 temporal	 modulation	 to	 separate	 two	

functions.	 When	 sampling	 a	 composite	 function	 with	 two	 components,	 if	 the	 sampling	

function	alternates	polarity	for	one	component,	the	spectra	of	the	two	components	will	be	

separate	in	the	composite	spectra.	

	

How	to	Achieve	Temporal	Modulation	in	HOTSPA	PC-MRI	Flow	Encoding	

The	goal	of	a	PC-MRI	exam	is	to	sample	temporal	FE	 signals	 in	 orthogonal	 spatial	

orientations.	In	a	typical	4D	PC-MRI	exam,	the	FE	phase	in	three	orthogonal	directions	(i.e.	

x/y/z)	 and	 the	FC	 signal	 are	 required.	 For	 simplicity,	we	 first	 consider	 a	 scenario	where	

only	 FE	 signal	 in	 two	 orthogonal	 directions	 are	 sampled.	Without	 loss	 of	 generality,	 we	

suppose	the	FE	directions	are	𝑒! =
!
!
, !
!
= (1+ 𝚤 )/ 2	and	𝑒! =

!
!
,− !

!
= (1− 𝚤)/ 2,	

i.e.	they	are	along	the	diagonal	directions	in	the	coordinate	system	spanned	by	the	physical	

𝑋	&	𝑌	axes.	We	 further	 suppose	 the,	VENC,	 the	velocity	 corresponding	 to	 a	𝜋	FE	phase,	 is	

the	 same	 for	 both	 FE	 directions,	 which	 is	 common	 in	 PC-MRI,	 and	 the	 physical	𝑋	&	𝑌	

components	 of	 the	 velocity	 as	 a	 function	 of	 time	 are	 represented	 by	𝑉! 𝑡 	and	𝑉! 𝑡 ,	

respectively.	 Hence	 the	 velocity	 can	 be	 represented	 in	 vector	 form	 as	𝑉 𝑡 = 𝑉! 𝑡 +

𝚤 ∙ 𝑉! 𝑡 .	In	typical	PC-MRI,	the	FE	direction	alternates	in	time	between	𝑒!	and	𝑒!.	For	𝑒!	FE,	

the	resultant	phase	accumulation	due	to	flow	is	shown	in	Eq.	[15].	

𝜙! 𝑡 =  !
!"#$

𝑉 𝑡 ∙ 𝑒! =
!

!∙!"#$
𝑉! 𝑡 + !

!∙!"#$
𝑉! 𝑡 																														Eq.	[15]	

Similarly	for	𝑒!	FE,	the	resultant	phase	accumulation	is	shown	in	Eq.	[16].		

𝜙! 𝑡 =  !
!"#$

𝑉 𝑡 ∙ 𝑒! =
!

!∙!"#$
𝑉! 𝑡 − !

!∙!"#$
𝑉! 𝑡 																														Eq.	[16]	
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Note	 the	𝑉! 𝑡 	portion	 of	 the	 velocity	 is	 encoded	 positively	 regardless	 of	𝑒! 	or	𝑒! 	FE;	

however,	 the	 polarity	 of	𝑉! 𝑡 	velocity	 encoding	 is	 alternated	 between	 𝑒! 	and	 𝑒! 	FE	

directions.	Based	on	 the	 aforementioned	 temporal	modulation	 theory,	 the	 alternating	FE	

pattern	of	𝑒!	or	𝑒!	sampling	 is	equivalent	 to	applying	the	“special”	sampling	 function	𝑆 𝑡 ,	

scaled	 by	 !
!∙!"#$

(49){Citation},	 to	 a	 hypothetical	 composite	 time	 signal	ℎ 𝑡 = 𝑉! 𝑡 +

𝑉! 𝑡 .	 Therefore	 by	 applying	 a	 temporal	 Fourier	 transform	 to	 our	measurements,	 which	

includes	 alternating	 FE	 directions,	 the	 spectrum	 for	𝑉! 𝑡 	will	 be	 centered	 around	 zero	

frequency,	while	the	spectrum	for	𝑉! 𝑡 	will	be	shifted	by	
!
!!
,	half	of	the	frequency	support		

(Fig.	 23e).	 Under	 our	 assumption	 so	 far	 that	𝑇 ≤ !
!!
	(in	 practice,	 this	 assumption	 is	 not	

valid,	which	will	be	discussed	later	 in	the	report),	 these	two	spectra	will	have	no	overlap	

and	can	easily	be	differentiated.		

	

Asymmetric	Spectra		

Compared	 to	 the	 conventional	 PC-MRI,	 our	 temporal	 modulation	 scheme	 doubles	 the	

temporal	 sampling	 rate	 and	 spectral	 support	 in	 the	 frequency	 domain,	 and	 shortens	 the	

temporal	 footprint	 for	each	cardiac	phase	by	50%.	Furthermore,	 for	 scenarios	where	 the	

two	 spectra	 require	 different	 spectral	 support,	 our	 temporal	 modulation	 technique	 can	

provide	 benefits	 in	 addition	 to	 the	 shorter	 temporal	 footprint,	 as	 it	 has	 the	 flexibility	 of	

asymmetrically	allocate	spectral	support	that	 is	appropriate	 for	each	velocity	component.	

We	describe	two	such	scenarios	of	asymmetric	spectra	in	our	HOTSPA	PC-MRI.		
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Scenario	 1:	 Two-sided	 FE	 without	 FC.	 Let	 us	 consider	 the	 application	 of	 our	 temporal	

modulation	 approach	 to	 a	 conventional	 2D	 PC-MRI	 experiment	 acquired	 with	 VPS=1,	

where	the	FC	and	𝑉! 𝑡 	(through-plane	component	of	the	velocity)	data	are	sampled	in	an	

interleaved	fashion.	Hence,	the	data	for	each	cardiac	phase	is	acquired	within	two	TRs.	We	

compare	 this	 to	 a	 two-sided	 FE	 strategy	 where	 only	 the	𝑉! 𝑡 	data	 are	 sampled	 with	

alternating	 FE	 polarity	 shown	 in	 Fig.	 23a.	 Such	 a	 2D	 PC-MRI	 acquisition	 strategy	 is	 the	

same	as	 the	SVE	 technique	 (30).	The	phase	 for	 the	acquired	FEz	 signal	ϕ!(𝑡)	is	 therefore	

ϕ!(𝑡)+ ϕ!,!(𝑡)	for	odd	cardiac	phases	and	ϕ! 𝑡 − ϕ!,!(𝑡)	for	even	cardiac	phases,	where	

ϕ! 𝑡 	is	the	the	FC	background	phase	and	ϕ!,!(𝑡)	is	the	signal	phase	associated	with	𝑉! 𝑡 .	

Based	 on	 the	 aforementioned	 temporal	 modulation	 theory,	 if	 one	 performs	 a	 temporal	

Fourier	 transform	of	ϕ!(𝑡),	 there	will	be	 two	separate	spectra:	1)	 the	spectrum	for	ϕ! 𝑡 	

which	occupies	the	lower	frequency	(near	DC)	region	and	2)	the	spectrum	of	ϕ!,!(𝑡)	which	

will	 be	 shifted	 by	 half	 of	 the	 spectral	 support	 due	 to	 the	 alternating	 0°-180°	 phase	

modulations	 (50)	 of	 the	ϕ!,!(t) 	waveform.	 Based	 on	 previous	 studies	 (8),	 the	 FC	

background	phase	 is	not	 expected	 to	 change	quickly	 in	 time;	 therefore,	 the	 spectrum	 for	

ϕ! 𝑡 	will	 have	 a	 narrower	 bandwidth	 compared	 to	ϕ!,!(t)	and	 requires	 a	 small	 spectral	

support.	 Figure	 23a-b	 demonstrates	 a	 simplified/extreme	 case	 where	 the	 FC	 phase	 is	

constant	during	the	cardiac	cycle,	which	corresponds	to	a	delta	 function	 in	the	 frequency	

domain.	 In	this	extreme	case,	we	can	allocate	the	entire	spectral	support	for	𝑉! 𝑡 	(except	

the	single	delta	function	at	zero	temporal	frequency).	In	this	scenario,	the	fact	that	the	FC	

and	𝑉! 𝑡 	data	 requires	 asymmetric	 spectral	 support	 enables	 our	 temporal	 modulation	

approach	 to	 double	 the	 temporal	 resolution	 for	𝑉! 𝑡 	compared	 to	 conventional	 PC-MRI;	

whereas	in	conventional	2D	PC-MRI,	one	is	forced	to	assign	the	same	spectral	support	for	
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both	the	FC	and	the	FEz	signal,	despite	the	fact	that	the	FC	data	does	not	need	such	a	wide	

spectral	support.	

	

Scenario	2:	Diagonal	Velocity.	In	the	example	shown	in	Eqs.	[4]	&	[5],	suppose	𝑉! 𝑡 = 0,	

i.e.	 the	 true	 velocity	 is	 along	 the	 direction	 of	𝑒! + 𝑒!	(i.e.	 the	 physical	𝑋	axis),	 then	 the	

spectrum	 for	𝑉! 𝑡 	requires	 no	 spectral	 support	 and	 the	 entire	 spectral	 support	 can	 be	

allocated	retrospectively	for	the	𝑉! 𝑡 	spectrum	without	prior	knowledge	about	the	velocity	

direction.	 In	 this	 case,	 the	 true	 temporal	 resolution	 is	doubled	 for	 those	voxels	with	 this	

diagonal	 velocity	 or	with	 velocity	 that	 is	 closely	 aligned	 along	 the	𝑒! + 𝑒!	direction.	 This	

benefit	is	clear	from	the	temporal	sampling	domain.	Each	FE	data,	regardless	of	whether	it	

is	𝑒!	FE	 or	𝑒!	FE	 sampling,	 effectively	 only	 samples	𝑉! 𝑡 	as	𝑉! 𝑡 	does	 not	 contribute	 to	

these	FE	data,	and	hence	each	𝑒!	or	𝑒!	FE	data	should	be	treated	as	an	independent	cardiac	

phase	as	is	the	case	in	our	temporal	modulation	scheme.	However,	if	the	conventional	PC-

MRI	processing	was	employed,	each	pair	of	𝑒!	and	𝑒!	FE	data	would	have	been	forced	to	be	

lumped	 into	 a	 single	 cardiac	 phase	 that	 is	 twice	 as	 long	 and	 the	 calculated	𝑉! 𝑡 	would	

effectively	be	an	average	between	the	velocities	at	the	time	point	of	𝑒!	and	𝑒!	FE	sampling.	

The	same	benefit	is	also	achievable	for	voxels	with	velocity	along	the	𝑒! − 𝑒!	direction,	i.e.	

the	other	diagonal	velocity	direction	with	nonzero 𝑉! 𝑡 	and	𝑉! 𝑡 = 0.	 In	reality,	the	𝑉! 𝑡 	

or	𝑉! 𝑡 	velocities	are	typically	not	strictly	zero.	However,	as	long	as	one	of	them	does	not	

contribute	significantly	to	the	signal,	i.e.	the	velocity	direction	is	“approximately”	along	one	

of	 the	 two	 “diagonal	 velocity”	 directions,	 then	we	 achieve	 improved	 temporal	 resolution	

using	the	temporal	modulation.	We	note	that	even	for	velocities	not	along	one	of	the	two	

diagonal	 velocity	 directions,	 the	 temporal	modulation	 technique	would	 not	 still	 be	more	
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accurate	 than	 conventional	 PC-MRI	 because,	 although	 both	 techniques	 would	 have	 the	

same	 spectral	 support	 for	 both	 directions,	 the	 temporal	 footprint	 of	 HOTSPA	 would	 be	

shorter.		

	

Temporal	Filtering	

We	now	revisit	the	generic	composite	signal	ℎ 𝑡 = 𝑓 𝑡 + 𝑔 𝑡 	and	the	composite	spectra	

𝐻 𝑓 = ℱ ℎ 𝑡 𝑆 𝑡 .	 The	 two	 spectra	𝐹 𝑓 	and	𝐺(𝑓) 	are	 completely	 separate	 with	 no	

overlap	if	𝑇 ≤ !
!!
.	However,	in	PC-MRI,	this	Nyquist	sampling	condition	is	rarely	satisfied	in	

the	strict	sense	as	the	acquisition	time	available	for	PC-MRI,	especially	for	4D	flow,	typically	

limits	 the	 sampling	 rate	 to	 below	 the	 true	 Nyquist	 rate.	When	 !
!!
≤ 𝑇 ≤ !

!
,	 which	means	

spectra	𝐹 𝑓 	and	𝐺(𝑓)	will	 overlap	each	other	 to	 a	degree	 that	depends	on	𝑇,	we	need	 to	

implement	 a	 temporal	 filter	 to	 best	 separate	 the	 two	 partially-overlapped	 spectra	

automatically	for	each	voxel.	The	goal	of	the	filter	is	two	fold:	1)	for	scenarios	where	both	

spectra	 within	𝐻 𝑓 	are	 comparable	 with	 respect	 to	 magnitude	 and	 bandwidth	 (e.g.	 for	

voxels	 with	 velocity	 along	 the	 𝑒! 	or	 𝑒! 	FE	 direction),	 the	 filter	 needs	 to	 allocate	

approximately	 equal	 spectral	 support	 for	 the	 two	 spectra;	 2)	 for	 either	 one	 of	 the	

“Asymmetric	 Spectra”	 scenarios	 in	 the	previous	 section,	 the	 filter	 needs	 to	 automatically	

allocate	 a	 larger	 spectral	 support	 for	 the	 more	 significant	 component	 of	 the	 composite	

spectra.	

There	are	many	possible	 filter	designs	 that	 can	satisfy	our	 requirement.	 In	our	present	

work,	we	empirically	chose	a	Fermi	filter	𝐾 𝑓 	(19)	that	 is	centered	at	the	higher	peak	of	

the	composite	spectra	(Fig.	23b	dash	lines):	
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𝐾 𝑓 = !

!!!"# (!!!!! )
	 	 	 	 	 	Eq.	[17]	

In	Eq.	[17],	the	constant	C	controls	the	shape	of	the	Fermi	filter	and	we	empirically	chose	

C=0.22.	𝑓	represents	temporal	frequency,	and	𝑓!	is	the	frequency	corresponding	to	50%	of	

the	 full-width-half-maximum	 (FWHM)	 for	 the	 Fermi	 filter	 (Fig.	 23b).	 In	 this	 work,	 the	

Fermi	 filter	 parameter	𝑓!	was	 determined	 automatically	 on	 a	 voxel-by-voxel	 basis	 by	 the	

following	 steps:	 1)	 Identify	 the	 maximum	 and	 minimum	 points	 in	 𝐻(𝑓) :	

𝑓!"# = argmax!{𝐻 𝑓 }	and	𝑓!"# = argmin!{𝐻 𝑓 };	 2)	 Identify	 the	 set	 of	 points	 in	𝐻 𝑓 	

according	to	Eq.	[18]	below;		

ℂ = {𝑓 |𝐻 𝑓 < !"# ! ! !!"# ! !
!"

+min 𝐻 𝑓  & 𝑎𝑏𝑠(𝑓 − 𝑓!"#) ≥
!
!!
}	Eq.	[18]	

3)	 Identify	 the	 following	 point	 from	 set	ℂ:	𝑓! = {𝑓 ∈ ℂ | ∀𝑎 ∈ ℂ:𝑎𝑏𝑠 𝑓 − 𝑓!"# ≤ 𝑎𝑏𝑠(𝑎 −

𝑓!"#);	4)	Set	the	𝑓!	parameter	of	the	Fermi	filer	𝐾 𝑓 	as	𝑓! = 𝑎𝑏𝑠(𝑓!"# − 𝑓!)	and	apply	the	

filter	to 𝐻 𝑓 	centered	around	𝑓!"# .	When	applying	this	temporal	filtering	technique	to	our	

HOTSPA	 PC-MRI	 signal	 shown	 in	 Eqs.	 [4]&[5],	 the	 result	 of	 the	 filtering	 will	 be	 the	

spectrum	for	𝑉! 𝑡 	(higher	peak	in	Fig.	23e)	and	the	residual	spectrum	after	filtering	will	be	

the	spectrum	for	𝑉! 𝑡 	(lower	peak	in	Fig.	23e).	As	the	location	of	the	𝑓!	point	depends	on	

the	 relative	 strength	 of	 the	 two	 partially	 separated	 spectra,	 our	 Fermi	 temporal	 filter	 is	

capable	 of	 adaptively	 allocating	 pass-band	 bandwidth	 for	 each	 spectrum	 on	 a	 voxel	 by	

voxel	basis	without	manual	interference.	In	many	vessel	territories,	one	could	orient	the	FE	

directions	along	two	orthogonal	directions	that	are	45°	 from	the	predominant	blood	flow	

direction	 to	 take	 advantage	 of	 the	wider	 spectral	 support	 in	 these	 velocity	 directions.	 In	

comparison,	conventional	4D	flow	PC-MRI	does	not	have	this	benefit	as	the	FE	data	in	each	

of	 the	 three	 orthogonal	 directions,	 regardless	 of	 the	 actual	 blood	 flow	 direction	 and	
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presence/absence	 of	 significant	 flow	 component	 in	 the	 X/Y/Z	 direction(s),	 are	 forced	 to	

allocate	 the	 same	 spectral	 support	 corresponding	 to	 the	 temporal	 sampling	 period	 of	

4×VPS×TR.		

	

	

Figure	23.	a:	The	two-sided	FEz	without	FC	(scenario	1	in	Theory)	acquisition	of	HOTSPA	(blue	dash	

line)	with	alternating	FEz	sampling.	The	positive	and	negative	FEz	velocity	waveform	are	shown	in	

black	 and	 gray	 solid	 lines.	 The	 blue	 points	 are	 actual	 samples	 due	 to	 the	 alternating	 sampling	

pattern.	b:	The	Fourier	 transform	of	 the	signal	 sampled	 in	a.	The	Fermi	 filter	 (black	dash	 line)	 is	

applied	to	separate	the	two	spectra.	c:	The	separated	velocity	waveforms	of	Vz	and	FC	after	filtering	

and	 inverse	 Fourier	 transform	 (𝓕!𝟏).	 d:	 The	 HOTSPA	 FE	 acquisition	 strategy	 for	 encoding	 two	

velocity	 directions	𝑽𝒙	and	𝑽𝒚	using	 a	 sampling	 function	with	 alternating	 polarity	 for	𝑽𝒚	sampling.	

The	 true	 flow	 waveforms	 of	𝑽𝒙	and	𝑽𝒚	are	 shown	 in	 blue	 and	 red	 solid	 lines.	 	 The	 composite	

waveform	 of	𝑭𝑪 + 𝑽𝒙 ± 𝑽𝒚	sampling	 is	 shown	 in	 dashed	 gray	 lines.	 The	 black	 samples	 are	 the	

actual	acquired	data	using	the	alternating	sampling	pattern.	e:	The	Fourier	transform	of	the	signal	

sampled	in	d.	A	Fermi	filter	is	applied	to	separate	the	spectra	of	two	velocities.	The	filter	pass-band	

bandwidth	 is	 adapted	 based	 on	 relative	 magnitude/bandwidth	 of	 the	𝑽𝒙	and	𝑽𝒚	spectra.	 f:	 The	
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separated	 velocity	 waveforms	𝑽𝒚	and	𝑭𝑬𝒙	after	 filtering	 and	 inverse	 Fourier	 transform	 (𝓕!𝟏).	 g:	

The	additional	subtraction	between	FC	and	FEx	gives	the	𝑽𝒙	velocity	waveform.		

	

HOTSPA	4D-Flow	

We	now	put	 the	aforementioned	 theory	 together	and	 consider	 the	HOTSPA	4D-flow	MRI	

method	shown	in	Fig.	24.	For	the	VPS=1	case,	each	cardiac	phase	contains	data	from	two	

TRs	–	one	for	the	±FEz	encoding	and	one	for	FE	in	two	orthogonal	directions	in	the	XY	plane	

(i.e.	𝑒!	and	𝑒!).	 In	 the	 first	 step	 of	 the	 HOTSPA	 reconstruction,	we	 separate	 the	𝑉! 𝑡 	and	

background	 FC	 data	ϕ! 𝑡 	by	 applying	 our	 temporal	 filtering	 to	 the	 ±FEz	 data	 only	 (as	

shown	in	Fig.	23a-c).	In	the	second	step,	another	temporal	filtering	is	applied	in	the	Vx-Vy	

composite	 spectra	 to	 separate	 FEx	 and	𝑉! 𝑡 	data.	 Finally	 the	ϕ! t 	data	 is	 subsequently	

subtracted	from	the	FEx	data	(as	shown	in	Fig.	23f-g).		

	

Although	 in	 this	 work	 we	 focus	 on	 validation	 of	 HOTSPA	 for	 PC-MRI	 with	 three	

orthogonal	FE	directions,	the	same	approach	may	be	applied	to	four-point	balanced	PC-MRI	

sampling	 (i.e.	 tetrahedral	 M1	 space	 sampling).	 Typical	 four-point	 balanced	 PC-MRI	

sequentially	 acquires:	ϕ! + ϕ! + ϕ! + ϕ! ,	ϕ! − ϕ! − ϕ! + ϕ! ,	ϕ! − ϕ! + ϕ! − ϕ! ,	 and	

ϕ! + ϕ! − ϕ! − ϕ!.	 We	 can	 apply	 HOTSPA	 in	 two	 separate	 stages.	 First	 we	 define	 the	

following	four	functions:	

𝑓 𝑡 = ϕ! + ϕ!	  𝑔 𝑡 = ϕ! + ϕ!	

𝑓! 𝑡 = ϕ! − ϕ!	 	𝑔! 𝑡 = ϕ! − ϕ!	

Hence,	the	four-point	balanced	PC-MRI	samples	the	following	flow	waveforms:		
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𝑓 𝑡 + 𝑔(𝑡)	  𝑓! 𝑡 + 𝑔!(𝑡)	

𝑓 𝑡 − 𝑔(𝑡)	 	𝑓! 𝑡 − 𝑔!(𝑡)	

From	the	𝑓 𝑡 + 𝑔(𝑡)	and	𝑓 𝑡 − 𝑔(𝑡)	data,	we	can	separate	the	spectra	for	𝑓 𝑡 	and	𝑔 𝑡 	

using	our	HOTSPA	temporal	filtering;	from	the	𝑓! 𝑡 + 𝑔!(𝑡)	and	𝑓! 𝑡 − 𝑔!(𝑡)	data,	we	can	

similarly	separate	the	spectra	for	𝑓! 𝑡 	and	𝑔! 𝑡 .	Once	we	have	solved	for	all	four	velocity	

waveforms,	 two	 additional	 HOTSPA	 temporal	 filtering	 can	 be	 applied,	 one	 for	 the	

alternating	 pattern	 of	 𝑓 𝑡 = ϕ! + ϕ! 	and	 𝑓! 𝑡 = ϕ! − ϕ! 	to	 separate	 the	ϕ! and	ϕ!	

spectra,	and	the	other	filter	for	the	alternating	pattern	of	𝑔 𝑡 = ϕ! + ϕ!	and	𝑔! 𝑡 = ϕ! +

ϕ! 	to	 separate	 the	ϕ!and	ϕ! 	spectra.	 In	 the	 four-point	 balanced	 PC-MRI	 case,	 all	 the	

aforementioned	benefits	of	HOTSPA	still	hold.	
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Figure	 24.	 Sequence	 diagrams	 of	 (a)	 conventional	 4D-Flow	 acquisition	 and	 (b)	HOTSPA	

acquisition.	 For	 each	 cardiac	 phase,	 4D-Flow	 requires	 four	 samples	 while	 HOTSPA	 only	

requires	 two	 samples.	 In	 the	 diagrams,	 only	 FC	 (three	 gradients)	 and	 ±FE	 gradients	

(bipolar	gradients)	are	shown.		
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METHODS	

Our	 institutional	review	board	approved	this	study.	 Informed	consent	was	obtained	from	

all	 study	 participants.	 All	 studies	 were	 performed	 on	 a	 3T	 scanner	 (Skyra,	 Siemens,	

Germany)	using	a	4-channel	neck	 coil	 and	18-channel	 torso	 coil	 for	 in	vivo	 studies.	Eddy	

current	correction	was	applied	in	all	the	in	vivo	studies	data	sets	by	subtracting	the	phase	

images	 of	 a	 steady	phantom	 repeating	 scans	with	 the	 same	parameters	 from	 the	 in	 vivo	

scans.		

	

Numerical	Simulation	

Numerical	simulation	was	performed	to	study	the	accuracy	of	HOTSPA	in	comparison	with	

conventional	PC-MRI	and	the	dependence	of	HOTSPA	flow	quantification	accuracy	on	the	

angle	𝜓	between	 the	 flow	 direction	 and	 the	 physical	 X	 axis.	 As	 shown	 in	 Fig.	 25a,	 we	

created	 a	 single	 2D	 slice	 numerical	 phantom	with	 elliptical	 stationary	 tissue	 (gray)	 and	

blood	vessels	(white).	To	simplify	the	simulation,	we	assume	every	voxel	within	the	blood	

vessels	 have	 the	 same	 velocity,	 the	 blood	 only	 flows	within	 the	 2D	 imaging	 slice	 (i.e.	 no	

through-plane	 flow)	 and	 the	 velocity	 magnitude	 (in	 units	 of	 cm/s)	 strictly	 follows	 the	

Gaussian	function	in	Eq.	[19].	

𝑉!"# 𝑡 = 100𝑒!
(!!!"#)!

!×!"! 	 	 	 	 	Eq.	[19]	

In	Eq.	[19],	𝑡	is	the	time	in	milliseconds	within	the	simulated	cardiac	cycle	of	1000ms.	We	

simulated	 the	 entire	 cardiac	 phase-resolved	 k-space	 data	 for	 a	 conventional	 4D	 flow	

sequence	and	our	HOTSPA	4D	flow	sequence	with	the	following	parameters:	TR/TE	=	6/4	

ms,	VENC	=	200	cm/s,	matrix	=	256x176,	and	VPS=2	&	4.	The	simulated	FE	directions	were	
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physical	X&Y	axes	for	the	conventional	sequence	and	the	two	diagonal	directions	in	the	XY	

plane	(i.e.	𝑒!	and	𝑒!)	in	the	HOTSPA.	The	goal	of	our	simulation	is	to	study	the	dependence	

of	 peak	 velocity	 estimation	 accuracy	 on	 the	 following	 two	 factors:	 1)	 the	 angle	𝜓;	 2)	 the	

temporal	 offset	 between	 the	 true	 peak	 and	 sample	 points	 (30).	 To	 achieve	 this	 goal,	we	

simulated	360	𝜓	angles	 (1°	to	360°)	and	 temporal	offsets	within	 the	 range	of	±4*TR*VPS.	

For	 HOTSPA,	 we	 performed	 the	 aforementioned	 temporal	 filtering	 to	 separate	 the	𝑉! 𝑡 	

and	𝑉! 𝑡 	signal,	which	were	 subsequently	 combined.	 For	 the	 simulated	 conventional	 4D	

flow	k-space	datasets,	the	conventional	phase-contrast	reconstruction	was	performed.	The	

peak	velocities	calculated	from	these	simulated	k-space	datasets	were	compared	with	the	

ground	truth	from	Eq.	[19].	

	

In	Vivo	Study		

The	HOTSPA	acquisition	strategy	was	 implemented	 for	a	3T	MRI	system	(Skyra,	Siemens	

Medical	Solutions).	Six	volunteers	(aged	27±3	years)	were	scanned	at	the	common	carotid	

arteries	(CCAs)	using	two	sequences:	1)	conventional	PC-MRI	with	2D	spatial	encoding	but	

with	3	FE	directions	plus	the	FC	data,	i.e.	2D	FC/3FE;	2)	our	HOTSPA	strategy	but	with	2D	

spatial	encoding,	i.e.	2D	HOTSPA.	The	sequence	parameters	are	listed	in	Table	3	under	“2D	

in	vivo	study	(carotid)”.	The	average	total	acquisition	times	of	the	three	scans	were	179	s	

(range:	124-206	s)	for	1-VPS	2D	FC/3FE,	87	s	(range:	59-99	s)	for	2-VPS	FC/3FE,	and	86	s	

(range:	60-103	s)	for	2D	HOTSPA.	The	imaging	plane	of	each	data	set	was	at	approximately	

50°	 (instead	of	90°)	 relative	 to	 the	 longitudinal	axis	of	 the	CCAs,	 so	 that	 the	velocity	has	

significant	components	in	more	than	one	direction	(as	shown	in	Fig.	26a).		
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After	 the	 2D	 study,	 six	 additional	 adult	 volunteers	 were	 scanned	 at	 the	 CCAs	 using	 the	

FC/3FE	 with	 3D	 spatial	 encoding	 (i.e.	 4D	 FC/3FE)	 and	 our	 HOTSPA	 sequence	 with	 3D	

spatial	encoding	(4D	HOTSPA).	The	sequence	parameters	are	listed	in	Table	3	under	“4D	in	

vivo	study	(carotid)”.	The	average	total	acquisition	time	of	 the	two	scans	was	7	min	57	s	

(range:	6	min	54	s-9	min	5	s)	for	4D	FC/3FE	and	7	min	24	s	(range:	5	min	22	s-8	min	54	s)	

for	4D	HOTSPA.	For	each	4D	data	 set,	 three	 slices	 (slice	2,	4,	 and	6	along	 slab	direction)	

were	selected	to	compare	total	volumetric	flow	and	peak	velocity	measurements.	

To	 demonstrate	 the	 benefits	 of	 our	 HOTSPA	 technique	 in	 the	 thorax,	 one	 additional	

volunteer	 was	 scanned	 at	 the	 ascending	 aorta	 using	 both	 the	 2D	 FC/3FE	 and	 the	 2D	

HOTSPA	sequences.	Both	sequences	were	implemented	with	parameters	 listed	in	Table	3	

under	“2D	in	vivo	study	(aorta)”.	The	imaging	plane	of	each	data	set	was	perpendicular	to	

the	ascending	aorta.	The	total	acquisition	times	were	27	s	 for	2D	FC/3FE	and	16s	 for	2D	

HOTSPA.	The	scan	was	acquired	during	a	breath-hold	with	prospective	ECG	gating.	

	

Table	3:	Sequence	parameters	(both	HOTSPA	and	FC/3FE)	for	in	vivo	studies.	

	

	 2D	in	vivo	study	(carotid)	 4D	in	vivo	study	(carotid)	 2D	in	vivo	study	(aorta)	

TR	(ms)	 6.3	 6.2-6.4	 5.2-5.4	

TE	(ms)	 3.9	 3.6-3.9	 3.2-3.4	

Flip	Angle	(°)		 20		 20	 20	

Readout	BW	

(Hz/Pixel)	
500	 815	 500	

VENC	(cm/s)	 100	-	110	 100	-	110	 120	
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VPS	
1	&	2	(FC/3FE)	

2	(HOTSPA)	
4	

2	(FC/3FE)	

4	(HOTSPA)	

Acquired	

Matrix	Size	
256	x	176	 256	x	176	x	8	 128	x	88	

FOV	(mm)	 200	x	176	 200	x	176	x	20	 256	x	176	

Slice	

Thickness	

(mm)	

7	 2.5	 7	

Acceleration	

Factor	
Fully	Sampled	 Fully	Sampled	

3X	GRAPPA	

(24	auto-calibration	

lines)	

	

RESULTS	

Numerical	Simulation	

As	shown	in	Fig.	25c-f,	the	peak	velocity	estimation	accuracy	of	HOTSPA	and	conventional	

FC/3FE	 were	 both	 dependent	 on	 the	𝜓 	angle	 and	 the	 temporal	 offset	𝜇 .	 For	 2-VPS	

simulation	 (Fig.	 25c-d),	 for	 the	 entire	 range	 of	 temporal	 offset	𝜇	and	𝜓	angle,	 the	 peak	

velocity	estimation	errors	ranged	from	-1.8%	to	-0.4%	for	HOTSPA	and	ranged	from	-7.0%	

to	-1.5%	for	FC/3FE.	When	comparing	the	HOTSPA	with	FC/3FE	4-VPS	simulation	results	

(Fig.	25e-f),	 for	all	 the	𝜓	and	𝜇	combinations,	the	HOTSPA	error	was	between	-8.9%	and	-

0.7%	 whereas	 the	 FC/3FE	 error	 was	 between	 -23.9%	 and	 -6.9%.	 If	 we	 compare	 the	

HOTSPA	 and	 FC/3FE	 accuracy	 for	 any	 given	𝜇,	 HOTSPA	 error	 was	 always	 smaller	 than	

FC/3FE,	 regardless	 of	 the	𝜓	angle.	 The	 HOTSPA	 accuracy	 is	 greatly	 improved	 when	𝜓	is	

within	±15°	 around	 the	physical	 X	 or	Y	 axes	 (i.e.	𝜓 = 0°, 90°, 180°, 270°).	 This	 is	 because	
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these	 velocity	 directions	 correspond	 to	 the	 “diagonal	 velocity”	 in	 the	 aforementioned	

Scenario	2	and	 the	HOTSPA	Fermi	 filter	 automatically	allocates	a	 larger	 spectral	 support	

for	these	velocities,	which	translates	to	more	accurate	peak	velocity	magnitude	estimation.	

For	 velocities	 that	 are	 approximately	 along	 the	𝑒!	or	𝑒!	FE	 direction	 (e.g.	when	𝜓 ≈ 135°	

and	𝜇 = 0),	the	HOTSPA	error	was	generally	between	5%	and	10%.	We	note	that	HOTSPA	

error	was	also	small	(<5%)	when	the	velocity	is	along	𝑒!	or	𝑒!	and	the	𝑒!	or	𝑒!	FE	sampling	

falls	on	the	ground	truth	peak	location	(e.g.	when	𝜓 ≈ 45°	and	𝜇 = 0	or	when	𝜓 ≈ 135°	and	

𝜇 = ±48 ms).	This	is	because,	although	the	Fermi	filter	does	not	allocate	a	larger	spectral	

support	 for	 these	 velocities,	 the	 single	 FE	 sample	 itself	 would	 already	 be	 sufficient	 to	

provide	 accurate	 peak	 velocity	 estimation.	 Therefore	 the	 HOTSPA	 technique	 is	 always	

more	accurate	than	the	conventional	FC/3FE	technique	regardless	of	the	velocity	direction.	

For	 certain	 velocity	 directions	 it	 is	 slightly	 better	 and	 for	 certain	 other	 directions,	 it	

reduced	the	peak	velocity	estimation	error	by	several	fold.	
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Figure	25.	Computer	simulation:	a:	Magnitude	image	of	simulated	object.	b:	Ground	truth	

velocity	 magnitude	 waveform.	 c&d:	 Peak	 velocity	 measurement	 error	 maps	 of	 2-VPS	

HOTSPA	and	FC/3FE	as	a	function	of	the	𝜓	angle	(0°-360°)	and	the	temporal	offset	(-48ms	

to	48ms).	e&f:	Peak	velocity	measurement	error	maps	of	4-VPS	HOTSPA	and	FC/3FE	as	a	

function	of	the	𝜓	angle	(0°-360°)	and	the	temporal	offset	(-96ms	to	96ms).	
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In	Vivo	Study		

Fig.	26b-c	show	examples	of	through-plane	mean	velocity	and	peak	velocity	measurement	

(average	and	maximum	within	the	vessel	lumen,	respectively)	of	the	CCA	comparing	three	

different	measurements:	1)	the	1-VPS	2D	FC/3FE	(grey)	with	25.12ms	temporal	sampling	

period;	2)	the	2-VPS	2D	HOTSPA	(blue)	with	25.12ms	temporal	sampling	period;	3)	the	2-

VPS	 2D	 FC/3FE	 PC-MRI	 (red)	 with	 50.24ms	 temporal	 sampling	 period.	 The	 velocity	

measurements	(both	through-plane	mean	velocity	and	peak	velocity)	were	similar	between	

the	2-VPS	2D	HOTSPA	and	 the	1-VPS	2D	FC/3FE,	although	HOTSPA	acquisition	 time	was	

reduced	 by	 50%.	However,	 2D	 FC/3FE	with	VPS=2	 underestimated	 the	 peak	 velocity	 by	

approximately	 15%	 due	 to	 its	 long	 temporal	 footprint	 and	 temporal	 sampling	 period.	

Across	the	six	subjects,	using	the	2D	1-VPS	FC/3FE	as	the	reference,	the	bias	of	2D	HOTSPA	

was	-0.005	mL	(-0.1%	relative	bias	error)	with	95%	Confidential	Interval	(CI)	[-0.3,	0.3]	mL	

for	total	volumetric	flow	and	1.21	cm/s	(1.14%	relative	bias	error)	with	95%	CI	[-5.1,	7.5]	

cm/s	 for	 peak	 velocity	 (Bland-Altman	 plots	 of	 Fig.	 26d-e).	 The	 peak	 velocity	 of	 all	 12	

measurements	 based	 on	 the	 2-VPS	 HOTSPA	 and	 1-VPS	 2D	 FC/3FE	 PC-MRI	 were	

significantly	higher	than	the	2-VPS	2D	FC/3FE	measurements	(104.5±12.7	cm/s	for	1-VPS	

2D	 FC/3FE,	 105.7±12.7	 cm/s	 for	 2-VPS	 2D	 HOTSPA,	 and	 90.6±10.6	 cm/s	 for	 2-VPS	 2D	

FC/3FE,	P<0.05,	one-side	paired	t-test).	
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Figure	26.	a:	localizer	image	of	a	volunteer.	2D	in	vivo	results.	b:	The	through-plane	mean	

velocity	waveforms	of:	the	reference	1-VPS	2D	FC/3FE	(gray),	2-VPS	HOTSPA	(blue)	and	2-

VPS	 2D	 FC/3FE	 PC-MRI	 (red).	 c:	 The	 peak	 velocity	 waveforms	 of:	 the	 reference	 1-VPS	

FC/3FE	(gray),	2-VPS	HOTSPA	(blue)	and	2-VPS	FC/3FE	(red).	d:	Bland-Altman	plot	of	total	

volumetric	 flow	 measurements	 between	 1-VPS	 FC/3FE	 and	 2-VPS	 HOTSPA.	 e:	 Bland-

Altman	 plot	 of	 peak	 velocity	 measurements	 using	 1-VPS	 FC/3FE	 PC-MRI	 and	 2-VPS	

HOTSPA.	 The	 2-VPS	HOTSPA	provides	 accurate	mean	 and	 peak	 velocity	 using	 the	 1-VPS	
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conventional	FC/3FE	as	 the	 reference	while	 saving	50%	 in	 scan	 time.	The	2-VPS	FC/3FE	

significantly	under-estimated	the	peak	velocity.		

	

Fig.	27a-b	show	an	example	of	through-plane	mean	velocity	and	peak	velocity	in	one	slice	

of	 the	 4D-flow	 data	 comparing	 two	 different	 measurements:	 1)	 the	 4-VPS	 4D	 FC/3FE	

shown	in	red	with	98.08ms	temporal	sampling	period;	2)	the	4-VPS	4D	HOTSPA	technique	

(blue)	with	51.36ms	temporal	sampling	period.	The	4D	HOTSPA	technique	generated	up	to	

40%	higher	peak	velocity	 compared	with	standard	4D	FC/3FE.	As	 shown	 in	Fig.	27c,	 the	

total	volumetric	flow	measurements	agree	well	between	4D	HOTSPA	and	4D	FC/3FE	(-0.02	

mL	bias	with	[-0.3,	0.3]	mL	95%	CI).	The	peak	velocity	from	4-VPS	HOTSPA	(average	=	98.0	

cm/s,	range:	73.7	–	125.6	cm/s)	was	significantly	higher	than	the	4-VPS	standard	FC/3FE	

4D-flow	(average	=	83.2	cm/s,	range:	60.2	–	109.6	cm/s)	(P<0.05,	one-sided	paired	t-test).		
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Figure	 27.	An	example	of	 through-plane	mean	velocity	waveforms	 (a)	and	peak	velocity	

waveforms	 (b)	 of	 one	 selected	 slice	 from	 the	 4-VPS	 conventional	 FC/3FE	 4D-flow	 (red)	

with	 98.08	 ms	 temporal	 sampling	 period,	 and	 4-VPS	 4D	 HOTSPA	 (blue)	 with	 51.36	 ms	

temporal	sampling	period.	Both	sequences	had	the	same	total	scan	time.	The	peak	velocity	

calculated	from	the	4D	HOTSPA	was	>20%	higher	than	that	calculated	from	the	FC/3FE.	c:	

The	Bland-Altman	plot	of	total	volumetric	flow	measurements	(slice	2,4,6	of	both	CCAs	of	

all	six	volunteers)	between	conventional	FC/3FE	4D-flow	and	4D	HOTSPA.	

	

Figure	28a-b	shows	the	mean	velocity	and	peak	velocity	measured	at	the	ascending	aorta	in	

one	 volunteer.	 The	 4-VPS	 2D	 HOTSPA	 provided	 similar	 mean	 and	 peak	 velocity	

measurements	with	the	2-VPS	2D	FC/3FE,	although	the	HOTSPA	acquisition	time	was	only	
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50%	of	 the	FC/3FE.	The	total	volumetric	 flow	was	100.8	mL	based	on	FC/3FE	and	102.5	

mL	 based	 on	 HOTSPA	 (1.7%	 difference).	 The	 peak	 velocity	 magnitude	 was	 102.4	 cm/s	

based	on	FC/3FE	and	102.8	cm/s	based	on	HOTSPA	(0.4%	difference).		

	

	

Figure	28.	 An	 example	 of	 ascending	 aorta	 scan	 in	 a	 healthy	 volunteer:	a:	mean	 velocity	

comparison	 between	 2-VPS	 FC/3FE	 (gray)	 and	 4-VPS	 HOTSPA	 (red).	 b:	 peak	 velocity	

comparison	between	2-VPS	FC/3FE	 (gray)	 and	4-VPS	HOTSPA	 (red).	The	4-VPS	HOTSPA	

provides	similar	mean	and	peak	velocity	measurements	as	2-VPS	FC/3FE	while	 reducing	

the	scan	time	by	50%.	

	

DISCUSSIONS	

In	this	work,	we	propose	a	new	flow	encoding	and	velocity	calculation	strategy	for	4D-flow	

MRI	 with	 improved	 temporal	 sampling	 period	 and	 reduced	 temporal	 footprint	 using	

temporal	modulation	of	the	flow	encoding	gradient	waveforms.	In	our	HOTSPA	technique,	

the	four	acquisitions	(FC	and	three	FE	directions)	needed	for	conventional	FC/3FE	PC-MRI	

have	been	reduced	to	two	acquisitions	with	alternating	encoding	polarities	for	two	of	the	

three	orthogonal	FE	directions	between	 two	successive	cardiac	phases.	This	was	 feasible	

because	 the	 temporal	modulation	of	 the	FE	directions	 shifts	 the	Fourier	 spectrum	of	 the	



92	
	

velocity	waveform	for	the	direction	with	alternating	polarity,	which	enables	separation	of	

the	spectra	for	all	 three	FE	directions	using	a	temporal	 frequency	filter.	Conventional	PC-

MRI	 velocity	 calculations	 are	 typically	 performed	 separately	 for	 each	 cardiac	 phase	 and	

recent	 k-t	 acceleration	methods	 focus	on	performing	 a	 temporal	modulation	of	 sampling	

pattern	in	an	under-sampled	k-t-space.	To	the	best	of	our	knowledge,	this	is	the	first	study	

to	examine	a	temporal	modulation	strategy	for	an	under-sampled	M1	space.	Compared	to	

conventional	PC-MRI,	HOTSPA	has	 the	 following	advantages:	1)	 It	enables	a	50%	shorter	

temporal	footprint	for	each	cardiac	phase,	which	translates	to	more	accurate	peak	velocity	

measurements	while	maintaining	the	measurement	accuracy	for	total	volumetric	flow;	and	

2)	 It	 permits	 a	 flexible	 temporal	 filter	 spectral	 bandwidth	 on	 a	 voxel-by-voxel	 basis	 to	

achieve	 better	 accuracy	 for	 certain	 velocity	 directions,	 whereas	 conventional	 PC-MRI	

effectively	 forces	 each	 FE	 direction	 to	 use	 the	 same	 spectral	 bandwidth,	 regardless	 of	

whether	or	not	there	is	significant	flow	in	that	FE	direction	for	a	given	voxel.	Furthermore,	

the	temporal	filter	bandwidth	for	each	FE	direction	can	be	retrospectively	determined	for	a	

given	 voxel,	 based	 on	 the	 actual	 acquired	 composite	 spectra	 for	 that	 voxel.	 It	 should	 be	

noted	 that	 HOTSPA	 can	 be	 combined	 with	 other	 acceleration	 methods,	 such	 as	 parallel	

imaging	and	compressed	sensing,	to	further	accelerate	data	acquisition.		

	

The	HOTSPA	 technique	 enables	 a	more	 flexible	 choice	 of	 temporal	 sampling	 period.	 The	

temporal	 sampling	 period	 and	 footprint	 of	 HOTSPA	 is	 equal	 to	 2*TR*VPS,	 while	 the	

conventional	 4D-flow	 equals	 to	 4*TR*VPS.	 For	 example,	 in	 our	 2D	 PC-MRI	 experiments,	

HOTSPA	allows	for	12.5,	25,	37.5,	50ms	temporal	sampling	period	and	temporal	footprint	

selection;	 however,	 conventional	 2D	 FC/3FE	 PC-MRI	 can	 only	 enable	 25	 and	 50ms	 (or	
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greater)	choices.	In	a	hypothetical	application	that	needs	40ms	temporal	sampling	period,	

the	 conventional	 FC/3FE	would	 have	 to	 choose	 one	 VPS	with	 25	ms	 temporal	 sampling	

period	 to	maintain	 the	measurement	accuracy	while	HOTSPA	would	be	able	 to	use	 three	

VPS	with	37.5	ms	temporal	sampling	period.	

	

While	the	benefit	of	HOTSPA	in	Two-sided	FE	without	FC	(scenario	1)	is	clear,	its	benefit	in	

flow	encoding	 two	orthogonal	 directions	warrants	 further	discussion.	 In	 these	 cases,	 the	

two	spectra	will	 likely	overlap	in	practice	and	make	it	difficult	to	apply	our	filter	without	

reducing	 temporal	 fidelity	of	 the	 flow	velocity	data.	However,	overlapping	 spectra	 in	our	

HOTSPA	composite	 spectra	means	 a	 conventional	PC-MRI	 acquisition	with	 the	 same	VPS	

does	not	satisfy	Nyquist	rate	either	and	will	suffer	from	similar	loss	in	temporal	fidelity	due	

to	frequency	aliasing.	Therefore,	HOTSPA	should	not	do	worse	than	conventional	PC-MRI	in	

this	 regard.	 In	 addition,	 regardless	 of	whether	 the	Nyquist	 sampling	 rate	 is	 satisfied,	 the	

temporal	 footprint	 of	 HOTSPA	 for	 each	 cardiac	 phase	 is	 50%	 of	 conventional	 PC-MRI.	

Consider	a	HOTSPA	acquisition	with	25ms	temporal	footprint	for	each	cardiac	phase	and	a	

conventional	PC-MRI	with	the	same	VPS	and	50ms	temporal	footprint.	In	the	conventional	

PC-MRI	reconstruction,	we	treat	the	𝑉! 𝑡 	and	𝑉! 𝑡 	encoding	data	as	if	they	were	acquired	

at	the	same	instant	within	the	long	50ms	window	while	in	fact	they	are	not.	Our	HOTSPA	

recognizes	 this	 fact	and	 treats	 the	𝑒!	FE	data	as	 if	 it	was	acquired	at	an	 instant	within	0-

25ms	and	the	𝑒!	FE	data	as	if	it	was	acquired	at	an	instant	between	25-50ms.	This	effect	of	

shorter	 temporal	 footprint	 results	 in	 better	 peak	 velocity	 measurement	 accuracy	 using	

HOTSPA	and	is	reflected	in	our	numerical	simulation	results	shown	in	Fig.	25.	Furthermore,	

for	 the	 “diagonal	 velocity”	 directions	 (scenario	 2	 in	 our	 Theory),	 the	 HOTSPA	 provides	
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more	 accurate	 peak	 velocity	 measurements	 due	 to	 our	 adaptive	 filter	 bandwidth.	 Our	

numerical	simulation	results	in	Fig.	25	show	that	for	voxels	with	these	“diagonal	velocity”	

directions,	HOTSPA	provides	better	accuracy	by	adaptively	allocating	a	 larger	bandwidth	

for	the	dominant	velocity.	In	these	cases,	the	magnitudes	of	the	two	spectra	differ	greatly	

such	 that	 the	 non-dominating	 spectrum	 becomes	 negligible	 relative	 to	 the	 dominant	

spectrum	 and	 is	 irrelevant	 in	 our	 velocity	 calculation	 although	 it	 might	 have	 a	 large	

bandwidth	 and	 overlap	 with	 the	 dominant	 spectrum.	 In	 summary,	 our	 HOTSPA	 should	

always	 provide	more	 velocity	measurement	 accuracy	 compared	 to	 conventional	 PC-MRI	

due	to	 its	shorter	sampling	period.	For	certain	velocity	directions,	 the	accuracy	benefit	 is	

greater	 than	 voxels	 with	 some	 other	 velocity	 directions,	 but	 the	 accuracy	 benefits	 are	

always	obtainable	regardless	of	the	velocity	direction.		

	

Our	work	has	limitations.	First,	as	our	main	goal	was	to	introduce	the	HOTSPA	concept	and	

demonstrate	 its	preliminary	 feasibility,	we	did	not	 thoroughly	evaluate	 the	velocity-noise	

ratio	(VNR)	of	our	technique,	which	is	particularly	important	for	calculating	hemodynamic	

parameters	such	as	pressure	gradient	and	wall	shear	stress.	We	speculate	that	the	HOTSPA	

VNR	will	 be	 reduced	by	 2	fold	 (49)	 compared	 to	 conventional	PC-MRI	 for	 the	 “diagonal	

velocity”	case	in	Scenario	2.	This	is	because	the	effective	VENC	along	the	velocity	direction	

is	multiplied	 by	 2	as	 evidenced	 by	 the	 !
!∙!"#$

	scale	 factor	 in	 Eq.	 [15&16].	 Nevertheless,	

the	VNR	aspect	of	 the	HOTSPA	warrants	 further	systematic	study.	Second,	as	a	 feasibility	

study,	 the	current	work	 lacks	validation	of	 the	 technique	 in	different	vascular	 territories.	

Third,	 our	 work	 is	 only	 tested	 in	 a	 small	 number	 of	 healthy	 volunteers	 and	 in	 vivo	
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validation	in	patients	with	hemodynamic	abnormalities	and	various	forms	of	flow	patterns	

need	to	be	performed.		
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CHAPTER	5	

CONCLUSIONS	

Phase-contrast	 MRI	 is	 a	 powerful	 technique	 that	 has	 been	 used	 for	 hemodynamic	

visualization	and	quantification.	However,	the	conventional	acquisition	strategy	of	PC-MRI	

often	results	in	poor	temporal	resolution	or	long	total	scan	times,	due	to	the	needs	of	four	

samples	 to	 reconstruct	 each	 cardiac	 phase.	 The	 poor	 temporal	 resolution	 is	 often	

associated	with	underestimation	of	the	maximum	peak	velocity	and	may	result	 in	clinical	

misdiagnosis	 of	 a	 number	 of	 diseases.	 The	 prohibitively	 long	 scan	 times	 may	 cause	

patients’	 discomfort	 in	 clinics.	 Developing	 novel	 fast	 PC-MRI	 techniques	 is	 always	 an	

interesting	research	area,	which	has	significant	clinical	impacts	towards	accurate	diagnosis.	

This	 thesis	 originally	 proposes	 the	 M1-space	 under-sampling	 fast	 imaging	 techniques	 to	

accelerate	 PC-MRI.	 M1-space	 under-sampling	 aims	 to	 reduce	 the	 required	 FC	 and	 FE	

samples	needed	to	reconstruct	three-dimensional	velocity	vector	fields.	The	M1-space	is	a	

novel	 dimension	 to	 accelerate	 the	 PC-MRI	 scans	 and	 this	 fast	 imaging	 technique	 can	 be	

combined	with	k-space,	k-t-space	and	temporal	domain	fast	imaging	techniques	to	achieve	

even	further	acceleration.		

	

The	 flow	compensation	data	can	be	under-sampled	and	view	shared	due	to	 the	 temporal	

consistency.	 In	 major	 vascular	 territories,	 such	 as	 intracranial	 vessels	 and	 peripheral	

vessels,	the	implementation	of	a	flow	compensation	view	sharing	technique	achieved	6-fold	

acceleration	of	 the	FC	acquisition.	 It	 reduced	both	 the	 temporal	 sampling	period	and	 the	

temporal	 footprint,	 hence	 significantly	 improving	 measurement	 accuracy	 of	 maximum	
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peak	 velocity	 measurements	 while	 maintaining	 the	 measurement	 accuracy	 of	 total	

volumetric	 flow.	 The	 FCVS	 technique	 can	 be	 used	 for	 flow	 and	 velocity	 quantification	 of	

peripheral	blood	vessels	where	there	is	no	significant	physiological	motion.		

	

Based	on	the	discovery	of	flow	compensation	consistency,	we	further	exploited	the	velocity	

direction	 consistency	 constraint.	 Such	 additional	 prior	 knowledge	 provided	 a	 useful	

mathematical	 tool	 to	 calculate	 the	 flow	 compensation	 background	 phase	 instead	 of	

acquiring	it	as	reference	4D	flow	technique.	However,	the	velocity	direction	constraint	had	

two	 ill-conditions,	which	 limited	 its	 clinical	 applications.	 In	 order	 to	 address	 the	 two	 ill-

conditions,	 we	 proposed	 the	 hybrid	 one-	 and	 two-sided	 flow	 encoding	 only	 acquisition	

strategy.	By	applying	alternating	FE	polarity	along	phase	encoding	direction,	the	previously	

underdetermined	velocity	direction	constraint	became	a	convex	function,	which	overcame	

the	two	ill-conditions	and	significantly	improved	the	FC	calculation	accuracy.	The	HOTFEO	

encoding	strategy	associating	with	the	velocity	direction	constraint	and	flow	compensation	

consistency	 provided	 a	 completely	 FC-free	 4D	 flow	 PC-MRI	 technique.	 The	 4/3-fold	

acceleration	 would	 likely	 achieve	 significant	 and	 useful	 savings	 in	 total	 scan	 time	

considering	 the	 often	 prohibitively	 long	 acquisition	 time	 of	 4D	 flow	 scans.	 The	

measurement	 accuracy	 of	 peak	 velocity	 and	 total	 volumetric	 flow	 of	 HOTFEO	 technique	

was	demonstrated	 in	Chapter	3.	The	HOTFEO	 technique	 can	potentially	be	used	 for	 flow	

and	velocity	quantification	of	blood	flow	velocity	with	high	VNR,	such	as	peripheral	blood	

vessels	and	systole	of	the	aorta.	For	velocity	quantification	of	blood	flow	velocity	with	low	

VNR,	such	as	diastole	of	the	aorta,	the	average	phase	signal	of	two	consecutive	±FEy	can	be	

used	as	flow	compensation	background	phase	for	each	individual	cardiac	phase.		
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The	 PC-MRI	 with	 hybrid	 one-	 and	 two-sided	 flow	 encoding	 and	 velocity	 spectrum	

separation	 (HOTSPA)	 technique	 achieved	 2-fold	 acceleration	 of	 4D	 flow	 PC-MRI	 by	

encoding	 three-directional	 velocities	 using	 only	 two	 TRs	 instead	 of	 four	 TRs.	 In	 the	

HOTSPA	technique,	two-sided	FE	is	used	for	two	FE	directions	and	one-sided	FE	is	used	for	

the	third	FE	direction.	Such	temporal	modulation	of	the	flow	encoding	strategy	allows	for	

separations	of	the	Fourier	velocity	spectrum	into	components	for	the	FC	background	phase	

and	the	three-directional	velocity	waveforms.	The	HOTSPA	technique	further	reduced	the	

four	M1-space	samples	down	to	two	samples,	which	achieved	a	shorter	temporal	sampling	

period	 and	 temporal	 footprint	 that	 improved	 peak	 velocity	 estimation.	 The	 four-fold	

acceleration	 could	 also	 be	 achieved	 using	 balanced	 four-point	 acquisition	 strategy	 with	

two-step	 Fourier	 velocity	 spectrum	 separations.	 The	 HOTSPA	 technique	 can	 be	 used	 in	

most	vascular	territories	because	the	velocity	waveforms	in	different	arteries	are	similar.	

	

The	M1-space	under-sampling	techniques	are	first	systematically	introduced	in	this	thesis	

work.	These	demonstrate	a	novel	and	promising	method	to	reduce	the	number	of	samples	

needed	 to	 reconstruct	 three-dimensional	 velocity	 waveforms.	 Only	 the	 M1-space	 under-

sampling	 techniques	 can	 shorten	 both	 the	 temporal	 sampling	 period	 and	 the	 temporal	

footprint	without	increasing	the	total	scan	time.	With	a	short	temporal	footprint,	there	will	

be	less	temporal	averaging	effects,	hereby	more	accurately	estimating	the	maximum	peak	

velocity.	 With	 a	 fixed	 temporal	 sampling	 period	 and	 temporal	 footprint,	 the	 M1-space	

under-sampling	techniques	can	reduce	the	total	scan	time	of	PC-MRI	or	combine	with	other	

fast	MRI	 techniques	 to	 achieve	 further	 accelerations.	 Especially	 for	 4D	 flow	 applications,	



99	
	

the	high	spatiotemporal	resolution	often	requires	prohibitively	long	scan	time,	which	may	

not	be	clinically	feasible.	The	M1-space	under-sampling	techniques	can	potentially	achieve	

4-fold	acceleration.	 It	can	also	perform	phase	unwrapping	to	 improve	VNR.	The	M1-space	

under-sampling	 can	 significantly	 increase	 the	 clinical	 confidence	 in	 flow	 and	 velocity	

quantifications	using	the	4D	flow	technique	for	diagnosis	of	a	number	of	clinical	diseases,	

including	artery	stenosis,	aneurysm,	and	etcetera.					
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