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Abstract	

Hyperpolarized	13C	metabolic	imaging	is	an	emerging	medical	imaging	

modality	with	powerful	potential	of	probing	a	variety	of	diseases.	With	the	recent	

technical	breakthrough	of	dissolution	dynamic	nuclear	polarization,	the	signal-to-

noise	ratio	of	13C	substrates	enhanced	drastically,	enabling	in	vivo	detection	of	

metabolism,	perfusion,	pH,	diffusion,	and	etc.	The	recent	phase	I	and	phase	II	human	

studies	of	hyperpolarized	[1	–	13C]pyruvate	on	cancer	patients	have	shown	safety	

and	feasibility	of	this	new	technique.		
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This	dissertation	focuses	on	the	development	and	application	of	novel	

hyperpolarized	13C	metabolic	imaging	techniques	to	monitor	therapy	response,	with	

a	particular	emphasis	on	the	bioengineering	technical	developments	required	for	

clinical	translations.	In	the	first	two	chapters	of	this	dissertation,	preclinical	studies	

on	cancer	therapy	response	monitoring	with	different	therapy	regimes,	different	

imaging	sequences,	at	different	field	strengths	were	successfully	performed.	These	

studies	showed	positive	results	for	the	capability	of	hyperpolarized	13C	metabolic	

imaging	for	detecting	and	monitoring	response	to	therapy,	with	correlations	of	

histology	staining.	Clinical	translation	to	cancer	patients	imaging	requires	special	

considerations,	such	as	larger	imaging	volume,	respiratory	motion,	spatial	

resolution	limit	for	tumor	size,	coil	peak	power	limit,	and	etc.	Specifically,	a	new	13C	

transceiver	coil	was	built	for	human	liver	metastases	imaging,	along	with	a	rapid	

spectroscopy	MR	sequence	for	rapid	data	acquisition	and	a	respiratory	bellow	to	

record	motion.	Additionally,	to	allow	more	uniform	excitation,	large	volume	

acquisition,	and	parallel	imaging	capabilities,	multi-channel	coils	were	used	with	

specially	developed	analysis	methods	for	some	patient	studies.	Effective	coil	

combination	methods	were	explored	and	evaluated,	and	an	innovative	method	was	

developed	for	easy	and	efficient	data	combination	of	hyperpolarized	13C	

spectroscopy	and	imaging	data.		
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1 Chapter	1:	Introduction	

	 Magnetic	resonance	imaging	(MRI)	is	a	powerful	medical	imaging	modality,	

since	it	is	non-invasive,	non-radioactive,	high	spatial	resolution,	and	various	types	of	

soft	tissue	contrast.	Clinically,	MRI	can	be	applied	to	a	broad	range	of	disease	

applications,	including	various	types	of	cancers,	neurological	disease,	cardiovascular	

disease,	musculoskeletal	disease,	and	etc.	In	addition,	MRI	can	provide	a	wide	range	

of	information,	including	anatomy,	perfusion,	metabolism,	tissue	structure,	and	

function.		

	 Currently,	most	clinical	MRI	studies	rely	on	the	MR	signal	emitted	by	proton	

atoms	(1H),	which	provides	high	signal-to-noise	ratio	(SNR)	due	to	its	high	natural	

abundance	and	high	in	vivo	concentration.	The	carbon-13	atom	is	also	MR	active,	

and	it	is	the	central	element	of	organic	molecules.	Because	of	this,	13C	MR	is	capable	

of	detecting	an	extremely	wide	range	of	chemicals	in	living	organisms,	and	can	

provide	valuable	metabolic	information.	However,	13C	MR	is	limited	by	low	

gyromagnetic	ratio,	low	active	spin	distribution,	low	natural	abundance,	and	low	in	

vivo	concentration.		

	 Within	the	last	few	decades,	an	emerging	technique,	called	the	dissolution	

dynamic	nuclear	polarization	(dDNP),	overcame	the	technical	challenge	of	low	13C	

SNR	by	enhancing	number	of	spins	contributing	to	MR	signal.	With	this	technique,	it	

has	been	demonstrated	in	vivo	that	13C	SNR	can	increase	by	10,000-fold.	Currently,	

hyperpolarized	[1	–	13C]pyruvate	has	been	the	most	well	studied	and	validated	

substrate	to	probe	cancer	metabolism.	Pyruvate	shows	aberrantly	high	conversion	
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to	lactate	due	to	up-regulated	lactate	dehydrogenase	(LDH)	in	cancer	cells,	and	this	

was	first	described	by	Otto	Warburg	as	aerobic	glycolysis	in	the	1920s.	In	addition,	

pyruvate	converts	to	alanine	via	alanine	transaminase	(ALT),	carbon	dioxide	and	

acetyl-CoA	via	pyruvate	dehydrogenase	(PDH);	these	can	also	provide	valuable	

metabolic	information.	By	using	hyperpolarized	[1	–	13C]pyruvate,	several	phase	I	

and	phase	II	trials	have	been	conducted	at	multiple	research	facilities,	investigating	

several	cancer	types	including	breast	cancer,	brain	tumors,	prostate	cancer,	and	

metastatic	liver	cancer.		

	 In	this	dissertation	project,	more	applications	of	hyperpolarized	[1	–	

13C]pyruvate	magnetic	resonance	imaging,	both	preclinical	and	clinical,	were	

developed	and	investigated.	The	overall	goals	were	to	validate	and	improve	

preclinical	therapy	response	and	cancer	recurrence	monitoring,	as	well	as	clinical	

technical	translation	to	human	liver	metastases	imaging.		

	 Chapter	2	outlines	the	background	information	for	this	dissertation,	

including	quantum	physics	understanding	of	MR	signal,	principles	of	MR	imaging	

and	spectroscopy,	hyperpolarization	technique	and	corresponding	imaging	

considerations,	and	hyperpolarized	13C	substrates	applied	to	cancer	research.		

	 Chapters	3-6	describe	the	main	bioengineering	research	of	this	dissertation,	

and	they	are	adapted	from	manuscripts	and	conference	abstracts,	both	published	

and	in	preparation	for	publication.	Chapters	3-4	mainly	focus	on	preclinical	animal	

model	validation,	and	Chapters	5-6	focus	on	technical	translation	of	hyperpolarized	

13C	imaging	on	humans.		
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	 In	Chapter	3,	hyperpolarized	13C	metabolic	MRI	methods	were	developed	and	

applied	to	monitor	two	therapy	regimes	in	the	Transgenic	Adenocarcinoma	of	the	

Mouse	Prostate	(TRAMP),	including	the	systematic	Androgen	Deprivation	Therapy	

(ADT)	of	orchiectomy	and	apalutamide,	and	locally	delivered	bicalutamide	therapy.	

Hyperpolarized	13C	imaging	techniques	successfully	monitored	therapy	response	of	

both	mouse	cohorts,	and	the	results	correlate	positively	with	the	Response	

Evaluation	Criteria	in	Solid	Tumors	(RECIST)	and	histological	staining.		

	 In	Chapter	4,	a	3	dimensional	MR	spectroscopic	imaging	sequence	was	

applied	along	with	hyperpolarized	[1	–	13C]pyruvate	on	an	innovative	breast	cancer	

mouse	model,	to	monitor	tumor	progression,	regression,	and	recurrence.	By	

measuring	pyruvate-to-lactate	conversion,	hyperpolarized	13C	imaging	

demonstrated	promising	results	to	detect	early	cancer	metabolic	changes.		

	 Chapter	5	presents	an	experimental	setup	for	hyperpolarized	13C	MR	

investigations	of	cancer	metastases	to	liver.	Multiple	technical	improvements	were	

implemented,	including	a	transceiver	coil	design,	a	spectral-spatial	pulse	optimized	

for	13C	magnetization	usage,	and	efficient	spectroscopic	readout.	Six	patients	with	

metastases	to	the	liver	were	successfully	scanned,	and	they	all	tolerated	the	

injection	without	any	adverse	effects.	High	quality	spectroscopic	imaging	data	were	

acquired	with	the	tumor	showing	elevated	lactate-to-pyruvate	ratio,	suggesting	

feasibility	for	future	applications	of	therapy	response	monitoring	in	clinical	trials	

	 A	major	difference	between	small	animal	and	human	imaging	is	the	

application	of	multi-channel	coils,	which	leads	to	the	currently	relatively	unexplored	

topic	of	hyperpolarized	13C	data	combination.	In	Chapter	6,	several	coil	combination	
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methods	were	implemented	and	evaluated	by	numerical	simulation,	thermal	

phantom	experiment,	and	human	cancer	patient	studies.	An	innovative	method,	

based	on	complex	pyruvate	signal	extraction,	was	shown	to	be	easy	and	efficient	

while	preserving	the	most	phase	and	magnitude	information	of	the	coil-combined	

data.		

	 Chapter	7	summarizes	the	overall	technical	development	and	applications	of	

this	dissertation,	and	discusses	future	directions	of	hyperpolarized	13C	metabolic	

imaging	translations	and	implications.		
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2 Chapter	2:	Background	

2.1 Basics	of	Magnetic	Resonance	Imaging	

	 Magnetic	Resonance	Imaging	(MRI)	is	a	powerful	medical	imaging	modality,	

and	it	allows	non-invasive	and	non-radioactive	imaging	of	different	organs	to	

provide	a	variety	of	information	including	anatomy,	perfusion,	metabolism,	tissue	

structure,	and	function.	In	this	section,	the	basics	of	MRI	will	be	covered,	including	

topics	on	spin	physics,	Radiofrequency	(RF)	pulses	and	excitation,	relaxation,	Bloch	

equations,	and	localization.		

2.1.1 Nuclear	Spins	

The	magnetic	resonance	(MR)	phenomenon	is	fundamentally	based	on	the	

charge	and	angular	momentum	of	certain	nuclei,	and	their	interactions	with	electric	

and	magnetic	fields1.	Atomic	nuclei	with	odd	number	of	protons	and/or	odd	number	

of	neutrons	possess	an	intrinsic	angular	momentum,	also	called	spin,	and	an	

associated	magnetic	dipole	moment	𝝁.	These	nuclei	are	MR	active,	while	nuclei	with	

even	number	of	protons	and	neutrons	are	MR	invisible2.	In	living	organisms,	1H	is	

the	most	abundant	MR	active	nuclei	since	water	(H2O)	is	the	key	component	of	most	

living	tissues.	Other	nuclei,	including	13C,	15N,	19F,	23Na,	31P,	and	129Xe,	also	meet	

these	atomic	requirements	for	MR	activity	and	provide	meaningful	biological	

information1.		

The	spin	angular	momentum	S	is	a	vector	quantity	that	can	be	expressed	as	
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	 𝑺 =  
ℎ
2𝜋 𝑰	

(2.1)	

where	h	is	Planck’s	constant	(6.62607004	×	10-34	m2	kg	/	s)	and	I	is	called	the	spin	

angular	momentum	quantum	number	in	quantum	mechanics.	This	spin	angular	

momentum	is	associated	with	the	magnetic	dipole	moment	𝝁	as	follows,		

	 𝝁 =  𝛾𝑺 =  𝛾
ℎ
2𝜋 𝑰	

(2.2)	

and	𝛾	is	the	gyromagnetic	ratio,	a	specific	constant	for	a	given	nuclear	species1.		

2.1.2 Spins	and	Static	Longitudinal	Magnetic	Field	B0	

In	the	absence	of	an	external	magnetic	field,	the	spins	are	at	thermal	

equilibrium	as	they	would	be	aligned	arbitrarily	in	space	with	the	same	energy	level	

and	therefore	canceling	each	other	out,	resulting	in	a	macroscopically	zero	

magnetization3,	as	shown	in	Figure	2.1	(a).	When	an	external	magnetic	field	is	

imposed,	the	spins	will	only	assume	a	limited	number	set	of	spin	states,	with	the	

number	of	possible	states	related	to	the	spin	quantum	number	I.	A	nucleus	with	spin	

quantum	number	I	could	possess	2I+1	energy	states,	with	each	of	these	states	

corresponding	to	a	different	orientation	of	the	axes	of	angular	momentum	and	

magnetic	moment	in	space.	For	instance,	1H	spins	have	two	different	energy	states	

since	they	are	spin	!
!
	(I	=	!

!
).	One	of	the	energy	states	is	almost	aligned	(also	known	as	

parallel)	with	the	applied	external	magnetic	field,	while	the	other	one	is	almost	

opposite	(also	known	as	anti-parallel)	to	the	external	field.	There	is	a	small	energy	

difference	between	these	two	states,	and	the	1H	spins	will	require	slightly	more	

energy	to	stay	in	the	anti-parallel	state.	This	small	energy	gap	is	the	fundamental	of	
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magnetic	resonance,	since	it	causes	a	difference	in	the	spin	populations	of	each	state	

and	subsequently	results	in	a	non-zero	macroscopic	magnetization	(M0).	This	is	

called	the	Zeeman	effect3,	as	depicted	in	Figure	2.1.	The	direction	of	the	applied	

static	magnetic	field	B0	is	often	called	the	longitudinal	direction,	or	the	z-direction.	

	

	

Figure	2.1:	The	Zeeman	effect	demonstrated	with	spin	!
!
	nuclei.	At	thermal	equilibrium	

without	an	external	magnetic	field	(a),	spins	are	randomly	aligned	with	the	same	

energy	level,	resulting	in	a	zero	net	magnetization.	When	an	external	magnetic	field	is	

applied	(b),	spins	will	split	between	energy	states,	resulting	in	more	spins	in	lower	

energy	level	and	a	non-zero	net	magnetization	parallel	to	the	applied	magnetic	field.		

	

The	spin	population	ratio	between	the	parallel	(n+)	and	anti-parallel	(n-)	

could	be	described	by	the	Boltzmann’s	distribution3,	as	follows:		
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	 𝑛!
𝑛!

=  𝑒!
!!
!" =  𝑒!

! !!!!!
!" 	 (2.3)	

where	Δ𝐸	is	the	energy	difference	between	the	spin	states,	k	is	the	Boltzmann’s	

constant	(1.38064852	×	10-23	m2	kg	s-2	K-1),	T	is	temperature	in	Kelvin,	h	is	Planck’s	

constant,	and	B0	is	the	strength	of	the	external	magnetic	field.	Therefore,	the	

thermal	polarization,	Pthermal,	could	be	defined	as3:	

 𝑃!!!"#$% =  
𝑛! − 𝑛!
𝑛! + 𝑛!

= tanh (
𝛾 ℎ
2𝜋𝐵!
2𝑘𝑇 )	 (2.4)	

	 This	calculation	of	thermal	polarization	describes	the	fraction	of	total	spins	

that	is	aligned	with	the	external	magnetic	field	B0.	For	instance,	only	roughly	11	out	

of	1	million	hydrogen	nuclei	will	contribute	to	MR	signals	at	room	temperature	in	a	

3T	magnetic	field.	However,	for	MRI	applications,	the	high	1H	natural	abundance	

and	high	water	concentration	in	living	organisms	compensated	for	the	low	thermal	

polarization	and	resulted	in	sufficient	signal-to-noise	ratio	(SNR)	for	in	vivo	imaging	

purposes.	The	low	polarization	is	of	more	concern	for	13C	imaging,	since	the	

gyromagnetic	ratio	of	13C	is	four	times	lower	than	that	of	1H,	and	the	natural	

abundance	and	in	vivo	concentration	of	13C	nuclei	are	not	in	favor	of	conventional	

13C	MRI.	A	method,	called	dissolution	dynamic	nuclear	polarization	(discussed	in	

section	2.3.1),	was	recently	developed	and	has	shown	promising	enhancement	of	13C	

SNR.	Table	2.1	shows	the	gyromagnetic	ratio	and	natural	abundance	of	some	

commonly	used	MR	nuclei.	
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Table	2.1:	Gyromagnetic	ratio,	natural	abundance,	and	spin	number	of	commonly	used	

MR	isotopes	

Nuclear	
Gyromagnetic	

Ratio	 𝜸
𝟐𝝅
	(MHz/T)	

Natural	

Abundance	(%)	
Spin	

1H	 42.576	 ~100	 1/2	

13C	 10.705	 1.109	 1/2	

15N	 -4.316	 0.37	 1/2	

19F	 40.078	 ~100	 1/2	

23Na	 11.262	 ~100	 3/2	

31P	 17.235	 ~100	 1/2	

129Xe	 -11.777	 24.4	 1/2	

	

A	great	analogy	for	magnetic	resonance	spins	is	the	motion	of	a	spinning	

top4.	A	spinning	top	rotates	around	a	vertical	axis	through	its	foot	when	placed	on	a	

level	surface,	with	the	gravitational	field	applying	a	torque	for	the	rotation.	The	

magnetic	resonance	spins,	when	placed	in	a	magnetic	field,	will	behave	similarly.	

The	magnetic	field	will	apply	a	torque	to	the	spins,	and	the	spins	will	have	an	

angular	momentum	and	a	magnetic	moment.	This	will	subsequently	cause	the	spins	

to	rotate	around	an	axis,	and	this	behavior	is	called	precession.	The	angular	velocity	

of	this	rotation	(𝜔!),	also	called	the	Larmor	frequency,	is	dependent	only	on	the	

gyromagnetic	ratio	(𝛾)	and	the	strength	of	the	applied	external	magnetic	field	(𝐵!),	

as	follows:	

 𝜔! =  𝛾𝐵!	 (2.5)	
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2.1.3 Linear	Gradient	Fields	

	 When	a	static	magnetic	field	B0	is	applied,	the	spins	would	resonant	at	

frequency	𝜔!;	and	when	the	spins	are	excited	(discussed	in	section	2.1.4),	the	spins	

would	induce	oscillating	signals	at	𝜔!.	However,	if	all	spins	behave	exactly	the	same,	

the	RF	coils	used	for	signal	reception	would	only	receive	one	cohesive	signal	

without	being	able	to	differentiate	any	spatial	information.		

	 The	trick	to	resolve	this	problem	is	to	apply	additional	gradient	fields	on	top	

of	the	static	magnetic	field.	For	instance,	a	intentional	gradient	field	Gz	could	be	

applied	along	the	z-direction,	thus	the	total	applied	magnetic	field	strength	along	the	

z-direction	would	be	B0	+	zGz,	leading	to	varying	frequencies	for	the	spins	at	

different	locations	along	the	z-direction.	The	derived	precession	frequency	along	the	

z-direction	is:	

 𝜔 𝑧 =  𝛾𝐵! +  𝛾𝑧𝐺!	 (2.6)	

By	creating	this	intentional	inhomogeneous	magnetic	field,	valuable	spatially	

localized	information	can	be	determined	from	the	different	precession	frequency.		

2.1.4 Magnetization	and	Radiofrequency	Field	

The	precession	phenomenon	allows	the	MR	signal	to	be	detected.	However,	

another	external	magnetic	field,	B1,	needs	to	be	applied	in	order	to	tilt	the	

magnetization	to	the	transvers	plane	from	the	longitudinal	axis	to	allow	precession	

to	happen.	In	addition,	the	frequency	of	this	B1	field	has	to	exactly	equal	to	the	

Larmor	frequency	for	the	deflection	of	the	magnetization.	Therefore,	this	

phenomenon	is	also	called	the	resonance.	The	frequency	of	the	B1	field	is	within	the	
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radiofrequency	(RF)	range	(20	kHz	to	300	GHz),	thus	this	B1	field	is	also	termed	the	

RF	field.	Since	the	application	of	B1	results	in	MR	signal	activation,	this	process	is	

termed	RF	excitation.		

The	RF	coil	could	be	used	for	both	excitation	and	reception.	From	Faraday’s	

law	of	induction,	the	precessing	magnetization	causes	a	change	in	flux	in	the	coil,	

and	thus	inducing	a	small	electromotive	force.	This	resulting	time	signal	is	

commonly	called	a	free	induction	decay	(FID),	which	can	be	Fourier	Transformed	to	

create	a	MR	image	or	spectrum.	Figure	2.2	depicts	the	RF	excitation	and	the	MR	

signal	detection	processes.		

For	an	RF	duration	of	𝜏,	the	flip	angle	𝛼	between	the	+z-axis	and	the	tilted	

magnetization	is	given	by	the	integration	of	the	RF	field:		

 𝛼 =  𝛾𝐵! 𝑡 𝑑𝑡
!

!
	 (2.7)	

	 In	the	case	of	a	constant	RF	pulse	with	no	spatial	selection,	also	known	as	a	

hard	pulse,	the	flip	angle	𝛼	is:	

 𝛼 =  𝛾𝐵!𝜏	 (2.8)	

	

Figure	2.2:	RF	excitation	and	MR	signal	detection.		(a)	After	applying	B1,	the	

magnetization	is	tilted	away	from	the	+z	direction	to	precess	around	the	z-axis	with	

the	Larmor	frequency.	(b)	RF	coils	are	used	for	RF	pulse	excitation	and	reception	of	
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signals	from	the	free	induction	decay	(FID).		[Adapted	from	Faber	et	al3	and	Swisher	

20145]	

	

	 There	are	several	common	types	of	RF	pulses,	with	Figure	2.3	shows	

examples	of	a	hard	pulse,	a	spatially	selective	pulse,	and	a	spectral-spatial	pulse.	The	

simplest	and	most	straightforward	form	is	a	hard	pulse	with	no	spatial	and	spectral	

selectivity,	as	mentioned	above.	With	a	constant	B1	field	amplitude	and	without	any	

gradient	turned	on	simultaneously	as	shown	in	Figure	2.3	(a),	all	spins	within	the	

volume	would	be	excited	to	have	transverse	plane	components	(with	the	transverse	

component	magnitude	proportional	to	the	flip	angle).	Figure	2.3	(b)	shows	that	the	

spatial	selectivity	could	be	achieved	by	using	a	sinc-shaped	B1	RF	pulse,	along	with	a	

gradient	turned	on	simultaneously	on	the	desired	spatial	dimension,	as	discussed	in	

section	2.1.3.	The	excited	slice	thickness	(∆𝑧)	is	determined	as	below:		

 ∆𝑧 =  
∆𝑓
𝛾
2𝜋𝐺!

	 (2.9)	

where	Gz	is	the	strength	of	applied	gradient	on	z-direction,	and	∆𝑓	is	the	excitation	

bandwidth	of	the	RF	pulse.	The	excitation	profile	of	a	B1	is	the	Fourier	Transform	of	

the	RF	pulse,	if	the	flip	angles	are	small	(small	tip	approximation	for	flip	angles	

smaller	than	30°).	A	more	complicated	case	is	shown	in	Figure	2.3	(c),	with	the	pulse	

allows	both	spectral	and	spatial	selectivity.	This	is	a	strategy	frequently	used	for	

hyperpolarized	13C	imaging	to	suppress	unwanted	metabolite	signals.	In	this	

example,	a	train	of	sub-pulses	with	modulated	B1	is	applied	simultaneously	with	an	

alternating	slice	selective	gradient.	The	individual	sub-pulses	determines	the	spatial	

selectivity,	while	the	spectral	selectivity	is	determined	by	the	delay	between	each	
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sub-pulses	and	the	duration	and	shape	of	the	B1	envelope.	In	this	specific	example	

for	hyperpolarized	13C	applications	in	a	3	Tesla	magnet,	slice	thickness	is	

approximately	1	cm	and	3	frequencies	are	excited.	Optimizing	the	RF	pulse	shape	

could	improve	the	excitation	profile	for	MR	signal	acquisition,	but	this	is	a	complex	

topic	and	is	beyond	the	scope	of	this	section.		

	

	

Figure	2.3:	Examples	of	common	RF	pulses	showing	(a)	a	hard	pulse,	(b)	a	spatially	

selective	pulse,	and	(c)	a	spectral-spatial	pulse.	(Adapted	from	Swisher	20145	and	

Larson	et	al6).		
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2.1.5 Relaxation	

	 Once	the	magnetization	is	excited	and	is	tipped	away	from	the	z-direction,	it	

will	experience	relaxation	to	return	to	its	original	state.	This	relaxation	process	

could	be	characterized	by	two	different	relaxation	time	constants,	T1	and	T2.		

	 The	T1	relaxation	is	also	called	the	longitudinal	relaxation,	or	the	spin-lattice	

relaxation.	It	is	used	to	describe	how	fast	the	longitudinal	magnetization,	Mz,	is	

restored	after	being	tipped	to	the	transverse	plane.	The	following	equation	

describes	this	recovery	process	in	a	mathematical	form:	

 
𝑑𝑀!

𝑑𝑡 =  −
𝑀! −𝑀!

𝑇!
	 (2.10)	

where	M0	is	the	magnetization	at	equilibrium	along	the	z-direction	(direction	of	B0	

field).	The	solution	to	this	equation	is:	

 𝑀! = 𝑀! + (𝑀!(0)−𝑀!)𝑒
! !
!! 	 (2.11)	

Mz(0)	would	be	0	after	a	90°	RF	excitation,	thus:	

 𝑀! = 𝑀!(1− 𝑒
! !
!!)	 (2.12)	

The	spin-lattice	name	is	due	to	the	physical	energy	exchange	between	the	nuclei	and	

the	surrounding	lattice,	and	therefore,	T1	is	dependent	on	field-strength.		

	 The	other	relaxation	time	constant	is	called	T2,	which	is	also	called	spin-spin	

relaxation	time,	and	it	describes	how	fast	the	transverse	magnetization	(Mxy)	decays	

to	equilibrium	(0).	The	following	equation	describes	this	decay	process	in	a	

mathematical	form:	

 
𝑑𝑀!"

𝑑𝑡 =  −
𝑀!"

𝑇!
	 (2.13)	
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Assuming	a	90°	RF	excitation,	Mxy(0)	=	M0,	the	solution	to	this	equation	is	simply:	

 𝑀!" =  𝑀!𝑒
! !
!! 	 (2.14)	

The	T2	time	constant	is	typically	smaller	than	T1	for	the	same	tissue,	and	is	largely	

independent	of	field	strength.		

	 Figure	2.4	depicts	the	graphical	description	of	T1	and	T2	relaxation	times	

after	a	90°	RF	excitation.		

	

	

Figure	2.4:	Graphical	description	of	the	spin-lattice	relaxation	and	spin-spin	relaxation	

after	a	90-degree	RF	pulse.	The	transverse	magnetization	starts	at	M0	immediately	

after	the	excitation	and	gradually	decays	to	zero.	The	longitudinal	magnetization	

starts	at	0	immediately	after	the	excitation	and	gradually	recovers	to	equilibrium	M0	

governed	by	the	relaxation	time	T1.	(Adapted	from	Milshteyn	20177)	

	

	 For	biological	tissues,	these	two	time	constants	are	different	for	each	tissue	

due	to	differences	in	microenvironments	and	tissue	properties.	T1	and	T2	are	

important	tissue	characteristics	that	provide	MR	image	contrast.	Table	2.2	

summarizes	T1	and	T2	of	some	typical	tissue	types	at	3	Tesla	field.		
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Table	2.2:	T1	and	T2	values	of	certain	tissues	at	3	Tesla	magnetic	field.	(Adapted	from	

Park	20108)		

	

2.1.6 Bloch	Equation	with	Chemical	Exchange	Modeling		

	 The	Bloch	equation	summarized	the	MR	phenomenon	of	spin	precession,	

spin-lattice	relaxation,	and	spin-spin	relaxation.	It	is	a	valuable	tool	to	

mathematically	describe	the	magnetization,	and	to	assist	various	computer	

simulations.	

 
𝑑𝑴
𝑑𝑡 = 𝑴 × 𝛾𝑩−  

𝑀!𝒊+𝑀!𝒋
𝑇!

−
𝑀! −𝑀! 𝒌

𝑇!
	 (2.15)	

In	the	above	Bloch	equation,	M	is	the	magnetization	vector	and	B	is	the	

combination	of	all	applied	magnetic	fields,	M0	is	the	magnetization	magnitude	at	

equilibrium	due	to	the	main	static	field	B0,	and	i,	j,	and	k	are	the	unit	vectors	

pointing	in	the	x,	y,	and	z	directions	respectively.	In	the	Bloch	equation,	the	𝑴 × 𝛾𝑩	

part	describes	the	magnetization	precession,	and	the	other	two	parts	describes	the	

transverse	decay	and	the	longitudinal	recovery.		

The	Bloch	equation	can	be	further	modified	to	accommodate	the	chemical	

exchange	modeling9,10,	which	is	of	great	interest	for	hyperpolarized	13C	MR	imaging	
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applications.	Because	of	the	chemical	exchange,	the	MR	active	nuclei	will	be	in	

different	environments,	leading	to	changes	in	chemical	shift,	coupling,	and	

relaxation	rates.		

For	two	spin	states,	S1	and	S2,	with	chemical	exchange,	their	magnetization	

can	be	modeled	as	follows9:	

 
𝑑𝑴𝟏

𝑑𝑡 = 𝑴𝟏 × 𝛾𝑩−  𝑅! 𝑴𝟏 −𝑴𝟏 𝟎 + 𝑘(𝑴𝟐 −𝑴𝟏) 	 	

	 	 (2.16)	

	
𝑑𝑴𝟐

𝑑𝑡 = 𝑴𝟐 × 𝛾𝑩−  𝑅! 𝑴𝟐 −𝑴𝟐 𝟎 + 𝑘(𝑴𝟏 −𝑴𝟐) 	 	

where	R1	and	R2	are	the	full	relaxation	matrices	for	S1	and	S2,	and	k	is	the	apparent	

exchange	rate	between	the	two	chemicals.	For	hyperpolarized	13C	applications,	most	

conversions	are	relatively	slow,	leading	to	two	separate	resonance	peaks	on	the	

resulting	spectrum.		

2.1.7 Imaging	Readout	and	Localization	

	 MRI	is	an	example	of	Fourier	Imaging,	and	this	means	that	this	imaging	

modality	performs	data	acquisition	in	the	frequency	domain,	which	is	also	called	the	

“k-space”	in	MRI.	The	following	texts	provide	a	mathematical	derivation	of	the	

received	MR	signal	and	its	relations	to	the	spatial	k-space	frequencies.		

	 As	mentioned	in	section	2.1.3,	the	spatial	localization	of	MRI	is	performed	by	

applying	linear	gradients	in	the	x,	y,	and	z	directions.	The	total	received	time	signal	

s(t)	could	be	written	by	integrating	over	the	entire	volume	of	interest	(regions	that	

are	excited	by	the	RF	field)1:	
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 𝑠 𝑡 =  𝑚(𝑥,𝑦, 𝑧) 𝑒!!!!!𝑒!!" 𝑮(!)∙𝒓!"!
! 𝑑𝑥 𝑑𝑦 𝑑𝑧	 (2.17)	

where	G	is	the	superimposed	linear	gradient	field	G	=	(Gx,	Gy,	Gz)	in	the	x,	y,	and	z	

directions,	and	m	is	the	excited	magnetization.	In	the	above	equation,	the	𝑒!!!!!	is	

not	of	great	interest,	hence11:	

 𝑠 𝑡 ∝  𝑚(𝑥,𝑦, 𝑧) 𝑒!!" 𝑮(!)∙𝒓!"!
! 𝑑𝑥 𝑑𝑦 𝑑𝑧	 (2.18)	

 𝑠 𝑡 ∝  𝑚(𝑥,𝑦, 𝑧) 𝑒!!!![ !! ! ! ! !! ! ! ! !! ! ! ] 𝑑𝑥 𝑑𝑦 𝑑𝑧	 (2.19)	

	

where	

 𝑘! 𝑡 =  
𝛾
2𝜋 𝐺! 𝜏 𝑑𝜏

!

!
	 	

	 𝑘! 𝑡 =  
𝛾
2𝜋 𝐺! 𝜏 𝑑𝜏

!

!
	 (2.20)	

	 𝑘! 𝑡 =  
𝛾
2𝜋 𝐺! 𝜏 𝑑𝜏

!

!
	 	

Hence,	

 𝑠 𝑡 ∝  ℱ(𝑚(𝑥,𝑦, 𝑧))	 (2.21)	

where	ℱ	denotes	the	Fourier	transform.	From	the	above	derivation,	the	received	

time	signal	could	be	re-written	in	the	form	of	a	Fourier	transform	of	the	MRI	signal	

𝑚(𝑥,𝑦, 𝑧).	The	spatial	frequencies	𝑘! ,	𝑘! ,	and	𝑘!	is	proportional	to	the	time	integral	

of	applied	linear	gradient	in	the	x,	y,	and	z	directions.		By	performing	an	inverse	

Fourier	transform	of	the	received	MR	time	signal,	the	image	can	be	reconstructed	

from	the	k-space	data:	
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 𝑚(𝑥,𝑦, 𝑧) ∝  ℱ!!(𝑠(𝑡))	 (2.22)	

where	ℱ!!	denotes	the	inverse	Fourier	transform.		

	 The	Fourier	theory	also	implies	the	relationship	between	k-space	and	image	

space.	The	field	of	view	(FOV)	is	inversely	related	to	the	k-space	point	distance	(∆𝑘),	

while	the	spatial	resolution	(𝛿)	is	inversely	related	to	the	k-space	coverage.			

 𝐹𝑂𝑉 =  
1
∆𝑘	

(2.23)	

 𝛿 =  
1
𝑛∆𝑘	

(2.24)	

where	n	is	the	number	of	acquired	k-space	points,	and	

 ∆𝑘 =  
𝛾
2𝜋𝐺∆𝑡	 (2.25)	

The	distance	between	each	k-space	point	is	dependent	on	the	gradient	strength	G	

and	the	time	difference	∆𝑡	between	each	k-space	point.		

2.2 Fundamentals	of	Magnetic	Resonance	Spectroscopy	

	 Magnetic	Resonance	Spectroscopy	(MRS)	and	Magnetic	Resonance	

Spectroscopic	Imaging	(MRSI)	are	important	research	and	clinical	tools	for	non-

invasive	in	vivo	investigation	of	tissue	metabolism.	In	this	section,	topics	on	

chemical	shift,	MRSI,	and	specific	examples	of	MRS	will	be	discussed.		

2.2.1 Chemical	Shift	

	 Different	chemical	species	create	different	microenvironment,	even	for	the	

same	nuclear	species,	and	this	different	microenvironment	leads	to	chemical	shift	

differences	on	the	nuclear	magnetic	resonance	spectrum.	This	microenvironment	

difference	is	induced	by	electronegativity	of	nearby	groups,	which	leads	to	magnetic	
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shielding	effects3.	Therefore,	the	effective	magnetic	field	experienced	by	this	nucleus	

would	be:	

 𝐵!"" = 𝐵! ∙ (1− 𝜎)	 (2.26)	

where	𝜎	is	called	the	shielding	constant3.	Hence,	the	resulting	resonant	frequency	of	

this	nucleus	is:	

 𝜔 =  𝛾𝐵!"" =  𝛾𝐵!(1− 𝜎)	 (2.27)	

and	the	relative	chemical	shift	𝛿	is3:	

 𝛿 =  
𝜔 − 𝜔!"#

𝜔!
≈  𝜎!"# −  𝜎	 (2.28)	

where	𝜔!"#	and	𝜎!"#	are	the	resonance	frequency	and	shielding	constant	of	a	

reference	peak.	The	chemical	shift	𝛿	is	often	in	the	units	of	parts	per	million	(ppm),	

and	is	independent	of	the	main	magnetic	field	strength.		

2.2.2 Magnetic	Resonance	Spectroscopic	Imaging	(MRSI)	

	 Another	variable,	f,	is	being	used	here	to	denote	the	chemical	shift	(spectral)	

dimension,	and	the	signal	equation	in	section	2.1.7	(equation	2.17)	can	be	modified	

to	account	for	this	dimension.		

 𝑠 𝑡 ∝  𝑚(𝑥,𝑦, 𝑧, 𝑓) 𝑒!!!![ !! ! ! ! !! ! ! ! !! ! ! !!!!] 𝑑𝑥 𝑑𝑦 𝑑𝑧	 (2.29)	

where	𝑘! ,	𝑘! ,	and	𝑘!	remain	the	same	as	equation	2.20,	and	𝑘! = 𝑡.		

By	denoting	time	as	𝑘! ,	the	signal	equation	is	a	4D	Fourier	transform	of	

𝑚(𝑥,𝑦, 𝑧, 𝑓).	Therefore,	now	in	addition	to	spatial	localization,	spectral	encoding	is	

needed	to	acquire	maps	of	spatially	distributed	chemical	compounds.		 	
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Similar	to	the	spatial	dimension,	the	spectral	dimension	has	the	following	

properties	as	well.		

 𝛿! =  
1
𝑇!"#

=
1
𝑛∆𝑡 	 (2.30)	

 𝐵𝑊!"#$ =  
1
∆𝑡	

(2.31)	

where	𝛿!	is	the	spectral	resolution,	𝑇!"# 	is	the	time	duration	of	spectroscopic	

readout,	𝐵𝑊!"#$ 	is	the	spectral	bandwidth	of	the	acquired	spectrum,	n	is	the	number	

of	points	acquired,	and	∆𝑡	is	the	sampling	time.		

2.3 Hyperpolarization	

	 To	overcome	the	signal	limit	imposed	by	the	Boltzmann’s	distribution,	

several	methods	have	been	proposed	to	increase	the	SNR	of	MR	signal.	In	the	

following	sections,	one	common	hyperpolarization	method,	dynamic	nuclear	

polarization	(DNP),	will	be	discussed	in	depth,	along	with	common	DNP	probes	

currently	being	developed	and	imaging	methods	of	these	substrates.		

2.3.1 Dynamic	Nuclear	Polarization		

	 As	mentioned	in	section	2.1.2,	because	of	the	small	difference	in	spin	

population	distribution	between	different	energy	states,	the	resulting	polarization	

of	these	nuclei	is	really	low,	hence	imaging	these	metabolites	is	challenging	due	to	

low	SNR.		

	 In	the	1950s,	Albert	Overhauser	theoretically	described	the	DNP	

phenomenon.	Overhauser	predicted	that	when	electron	spin	transitions	are	

saturated	by	microwave	irradiation,	the	nuclear	spin	level	population	of	solids	and	
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free	radicals	would	be	perturbed.	This	is	called	the	Nuclear	Overhauser	Effect	

(NOE).	Having	the	NOE	as	a	fundamental,	Figure	2.5	shows	that	DNP	drastically	

increased	the	SNR	by	more	than	10,000-fold12.		

	

	

Figure	2.5:	DNP	creates	perturbation	of	the	spin	populations	between	energy	states;	

hence	increase	the	net	magnetization	and	SNR	drastically.		

	

	 The	magnetic	moment	of	electron	is	more	than	600	times	higher	than	that	of	

proton,	therefore,	electron	spins	will	reach	unity	polarization	at	a	moderate	

magnetic	field	strength	and	liquid	helium	temperature3.	By	placing	the	nuclei	of	

interest	in	close	proximity	to	unpaired	electrons	and	applying	microwave	

irradiation,	the	polarization	will	be	transferred	from	the	unpaired	electrons	to	the	

nuclei	of	interest	at	low	temperature	and	high	magnetic	field	environment.	It	has	

been	demonstrated	that,	at	low	temperature,	the	nuclear	polarization	of	13C	could	be	
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increased	to	almost	50%	in	solid	state3.	Figure	2.6	demonstrated	the	polarization	

transfer	process	from	unpaired	electrons	to	13C	nuclei.		

	

	

Figure	2.6:	(a)	Thermal	equilibrium	of	electrons,	proton,	and	carbon	at	3.35	Tesla	field	

at	varying	temperature.	The	polarization	transfer	happens	at	low	temperature	in	the	

shaded	area.	(b)	A	polarizer	with	demonstrations	of	microwaves,	temperature,	

magnetic	field,	and	closely	located	13C	and	electrons.	[Adapted	from	Park	20108]	

	

2.3.2 Hyperpolarized	Signal	Decay	and	Imaging		

	 As	previously	mentioned,	because	of	the	hyperpolarization	process,	imaging	

of	13C	metabolites	in	a	reasonable	timeframe	becomes	achievable,	despite	low	13C	

nucleus	gyromagnetic	ratio	and	low	in	vivo	13C	concentration.		After	the	DNP	

process,	the	13C	substrates	would	be	rapidly	dissolved	by	heated	and	pressurized	

buffer	to	bring	the	solid-state	13C	substrates	to	solutions	with	physiologically	
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acceptable	pH	and	temperature.	The	dissolved	sample	would	subsequently	

transferred	into	the	MR	scanners	for	experiments.		

	 However,	once	the	13C	substrate	leaves	the	polarizer,	the	magnetization	

starts	to	relax	to	its	thermal	equilibrium.	It	has	been	reported	in	literature	that	the	

in	vivo	T1	and	T2	relaxation	times	are	typically	in	the	range	of	20-45	seconds	and	up	

to	5	seconds,	respectively13–16.	The	following	equation17	describes	the	T1	relaxation	

of	the	longitudinal	magnetization	Mz.	

 𝑀! 𝑡 =  𝑀! + (𝑀!,!"− 𝑀!)𝑒
! !
!!   ≅  𝑀!,!"𝑒

! !
!! 	 (2.32)	

where	Mz,	HP	is	the	longitudinal	relaxation	right	after	the	hyperpolarization	process,	

and	M0	is	the	magnetization	at	thermal	equilibrium.		

	 The	hyperpolarized	magnetization	is	non-renewable,	meaning	that	signal	

averages	and	repetitive	large	flip	angles	(𝛼 = 90°)	are	not	applicable	methods	for	

hyperpolarized	13C	imaging.	Therefore,	the	use	of	magnetization	needs	to	be	

optimized	and	efficient.	Applying	variable	flip	angles18,19	and	using	efficient	readout	

gradients20,21	are	two	commonly	used	methods	for	efficient	magnetization	usage.			

	 In	addition	to	the	longitudinal	relaxation,	each	RF	excitation	would	consume	

some	magnetization	discretely.	The	following	mathematical	equations	describe	the	

relaxation	and	RF	excitation	effects	on	the	longitudinal	and	transverse	

magnetization	after	applying	n	RF	excitations	of	the	same	flip	angle	𝛼.	

 𝑀! 𝑡 = 𝑀!,!"𝑒
! !
!!   𝑐𝑜𝑠!!!𝛼	 (2.33)	

 𝑀!" 𝑡 = 𝑀!,!"𝑒
! !
!!  𝑐𝑜𝑠!!!𝛼 𝑠𝑖𝑛𝛼	 (2.34)	
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	 Specifically	for	metabolic	imaging,	two	approaches,	the	spectroscopic	

imaging	(also	called	MRSI)	and	the	metabolic-specific	imaging,	are	commonly	used	

to	encode	the	spectral	dimension.	The	main	difference	lies	in	how	the	spectral	

information	is	gathered.	The	MRSI	applies	time-dependent	gradient	during	the	

readout	to	acquire	the	spectral	dimension,	as	section	2.2.2	described.	The	

metabolic-specific	imaging	method	uses	single-band	spectral	spatial	RF	pulses	to	

excite	one	metabolite	at	a	time,	and	performs	rapid	volumetric	imaging.	For	both	of	

these	methods,	Cartesian	(echo-planar)	readout22,23	and	non-Cartesian	(spiral	and	

concentric	rings)	readout22,24	could	be	applied.	Figure	2.7	shows	examples	of	a	

spectroscopic	imaging	sequence	and	a	metabolic-specific	imaging	sequence,	along	

with	their	corresponding	k-space	trajectories.		

	

	

Figure	2.7:	(a)	An	example	of	a	spectroscopic	imaging	sequence	with	concentric	ring	

readout,	the	3D	trajectory	shows	the	k-space	readout	of	kx,	ky,	and	kf	(time)	directions.	
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(b)	An	example	of	a	metabolic-specific	imaging	sequence	with	spiral	readout	and	a	

selective	RF	pulse.	Only	kx	and	ky	directions	are	depicted	in	the	k-space	trajectory	since	

the	RF	pulse	takes	care	of	the	spectral	selection.	(Adapted	from	Jiang	et	al22,	Gordon	et	

al17,	and	Lau	et	al24)	

	

2.4 	Applications	for	Cancer	Research	

	 In	the	following	sections,	the	biological	applications	of	hyperpolarized	13C	

MRI,	specifically	on	cancer	research,	will	be	discussed.	Topics	mainly	covers	tumor	

cell	metabolism,	animal	models	commonly	used	for	these	studies,	and	recent	work	

on	clinical	translation.		

2.4.1 Cancer	Metabolism	

	 Metabolites	are	the	end	products	of	cellular	regulatory	processes,	and	their	

levels	can	be	regarded	as	the	ultimate	response	of	biological	systems	to	genetic	or	

environmental	changes25.	In	the	1920s,	Otto	Warburg	demonstrated	that	tumors	

had	high	rates	of	glucose	consumption	and	lactate	production	compared	with	the	

normal	tissue.	This	seminal	finding	created	the	field	of	tumor	metabolism26.	

Recently,	it	has	been	shown	that	cancer	cells	reprogram	their	metabolic	network	to	

support	proliferation,	survival,	and	migration,	and	hence,	the	aberrant	metabolism	

is	no	longer	considered	a	passive	result,	but	it	is	a	key	hallmark	feature	that	drives	

cancer	formation,	progression,	and	invasion27,28.		

	 The	Warburg	effect	is	one	of	the	most	notable	characteristics	of	many	cancer	

cells.	In	normal	and	differentiated	tissue,	pyruvate	is	primarily	metabolized	in	the	

mitochondria	via	oxidative	phosphorylation	and	only	in	hypoxia	(lack	of	oxygen	
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conditions)	is	pyruvate	converted	to	lactate,	namely	anaerobic	glycolysis26.	

However,	in	proliferate	tissue	and	tumors,	pyruvate	is	readily	and	preferentially	

converted	to	lactate	even	in	the	presence	of	oxygen,	by	a	process	called	aerobic	

glycolysis.	Figure	2.8	shows	the	energy	preference	difference	between	normal	cells	

and	tumor	cells.			

	

	

Figure	2.8:	Schematic	representation	of	the	differences	between	oxidative	

phosphorylation,	anaerobic	glycolysis,	and	aerobic	glycolysis	(Warburg	effect).	(Image	

courtesy	of	Heiden	et	al29)	
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2.4.2 Tumor	Murine	Models	

	 Tumor	murine	models	are	often	used	for	in	vivo	imaging	research	and	

technical	developments.	They	provide	a	similar	microenvironment	as	the	human	

tumors	and	allow	repeating	studies	for	better	control	parameters.	In	this	

dissertation,	two	mouse	models	are	studied	for	hyperpolarized	13C	applications.		

	 The	transgenic	adenocarcinoma	mouse	prostate	(TRAMP)	is	a	transgenic	

tumor	model,	and	it	contains	a	minimal	probasin	promoter	that	drives	expression	of	

SV40	large	T	and	small	t	tumor	antigens30.	The	TRAMP	mice	develop	high	grade	

prostatic	intraepithelial	neoplasia	and/or	prostate	cancer	within	12	weeks	of	birth,	

and	ultimately	develop	metastases	in	30	weeks30.	Due	to	its	similarities	to	human	

prostate	cancer,	the	TRAMP	mouse	model	has	been	widely	utilized	for	many	

studies31–33.	Chapter	3	of	this	dissertation	uses	this	mouse	model	for	tumor	

response	to	two	different	androgen	deprivation	therapies.		

	 The	other	mouse	model	used	in	this	dissertation	is	a	xenograft	model	with	

conditional	expression	of	the	MYC	oncogene.		Figure	2.9	describes	a	Tet-on	system	

that	is	essential	to	the	oncogene	conditional	expression.	The	oncogene	transcription	

is	activated	when	doxycycline	(DOX)	is	present	in	the	animal	chow,	which	

subsequently	induces	tumor	growth.	The	oncogene	transcription	is	silent	when	DOX	

is	removed	from	the	animal	chow,	and	the	tumor	would	regress	upon	DOX	removal	

due	to	de-activated	oncogene	expression34.	Specifically,	small	fractions	of	the	c-MYC	

oncogene-induced	tumor	with	the	Tet-on	system	could	be	implanted	into	different	

immunodeficient	mice	for	highly	reproducible	results35.	Chapter	4	of	this	
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dissertation	uses	this	mouse	model	for	tumor	progression,	regression,	and	

recurrence	monitoring.		

	

	

Figure	2.9:	The	Tet-on	system	allows	conditional	expression	of	the	MYC	oncogene	by	

providing	doxycycline	(DOX)	to	the	mouse	chow,	which	subsequently	induces	tumor	

growth.	(Adapted	from	Bockamp	et	al34)	

	

2.4.3 Hyperpolarized	Substrates	in	Clinical	Translations	

	 To	date,	[1	–	13C]pyruvate	has	been	the	most	widely	studied	13C	substrates	

for	in	vivo	hyperpolarization	applications36,	and	it	is	the	probe	that	has	been	applied	

to	human	imaging	in	several	clinical	trials37–39.	[1	–	13C]pyruvate	has	been	a	
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successful	substrate	due	to	ease	of	hyperpolarization,	long	in	vivo	T1	relaxation	rate,	

and	its	importance	in	cellular	metabolism40.	As	mentioned	in	section	2.4.1,	by	

investigating	the	end	product	of	pyruvate	metabolism,	important	cell	energy	

preference	could	be	revealed	to	distinguish	tumor	from	normal	cells.	With	the	

lactate	dehydrogenase	(LDH)	enzyme,	pyruvate	could	be	reduced	to	lactate.	

Pyruvate	could	form	alanine	if	catalyzed	by	the	alanine	transaminase	(ALT)	enzyme.	

In	addition,	pyruvate	dehydrogenase	(PDH)	will	catalyze	the	decarboxylation	of	

pyruvate	to	carbon	dioxide,	along	with	acetyl-CoA	production	as	a	substrate	for	the	

tricarboxylic	acid	(TCA)	cycle.	The	carbon	dioxide	is	subsequently	converted	to	

bicarbonate	via	the	carbonic	anhydrase	enzyme.	Figure	2.10	shows	a	diagram	with	

these	cellular	metabolism	that	could	be	detected	by	hyperpolarized	pyruvate.			

	

	

Figure	2.10:	Diagram	showing	the	[1	–	13C]pyruvate	metabolism.	Pyruvate	could	be	

converted	to	lactate	via	LDH,	to	alanine	via	ALT,	and	to	carbon	dioxide	via	PDH.	

(Image	courtesy	of	Kurhanewicz	et	al41)	
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	 Several	studies	have	monitored	pyruvate-to-lactate,	pyruvate-to-alanine,	and	

pyruvate-to-bicarbonate	conversions	to	investigate	tumor	aggressiveness	and	

response	to	therapy	in	preclinical	models	of	prostate	cancer42,	brain	tumor43,44,	

hepatocellular	carcinoma45,	and	breast	cancer46.	In	addition,	human	studies	have	

been	performed	for	hyperpolarized	[1	–	13C]pyruvate,	including	imaging	of	prostate	

cancer	patients38,	brain	tumor	patients37,	and	heart	of	healthy	volunteers39.		

	 In	addition	to	[1	–	13C]pyruvate,	other	probes	are	being	developed	under	

active	research.	[2	–	13C]pyruvate47,48	is	an	attractive	substrate	to	assess	the	

interesting	intermediates	in	the	TCA	cycle	and	other	byproducts,	such	as	[5	–	

13C]glutamate	and	[1	–	13C]citrate.	Metabolic	information	could	also	be	revealed	by	

[1,4	–	13C2]fumarate49,	[5	–	13C]glutamine50,	[1	–	13C]lactate51,	etc.	Perfusion	is	

another	valuable	research	application	for	hyperpolarized	substrates.	Notably,	

[13C]urea	is	a	promising	perfusion	agent	and	has	been	demonstrated	in	vivo	using	a	

balanced	steady-state	free	precession	(bSSFP)	sequence	in	a	murine	model52.		
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3 Chapter	3:	Development	and	Application	of	

Hyperpolarized	13C	Metabolic	Imaging	to	Monitor	

Treatment	Response	in	Transgenic	

Adenocarcinoma	of	the	Mouse	Prostate	(TRAMP)	

Models	

	

The	following	chapter	is	partially	adapted	from:	“Tumor	Progression	Monitoring	

with	Hyperpolarized	13C	Exchange	Spectroscopy	in	Transgenic	Adenocarcinoma	of	

Mouse	Prostate	Treated	with	Androgen	Deprivation	Therapy.”	Proceeding	of	

International	Society	of	Magnetic	Resonance	in	Medicine,	2017.	

	

3.1 Abstract	

	 The	purpose	of	this	study	was	to	monitor	two	therapy	regimes	in	the	

Transgenic	Adenocarcinoma	of	the	Mouse	Prostate	(TRAMP)	models	using	

hyperpolarized	13C	metabolic	imaging.	Two	treatment	cohorts	were	included	in	this	

study:	one	cohort	was	treated	with	the	systematic	Androgen	Deprivation	Therapy	

(ADT)	and	monitored	by	an	advanced	rapid-exchange	spectroscopy	sequence	using	

a	3	Tesla	MRI	machine,	and	the	other	cohort	was	treated	with	locally	delivered	

bicalutamide	therapy	and	imaged	using	a	spectrally	selective	echo	planar	imaging	
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(EPI)	sequence	on	a	14	Tesla	preclinical	MRI	machine.	Therapy	response	was	

successfully	monitored	by	the	hyperpolarized	13C	imaging	techniques,	with	positive	

correlations	with	the	Response	Evaluation	Criteria	in	Solid	Tumors	(RECIST)	and	

histological	staining.	This	preclinical	study	showed	that	the	hyperpolarized	13C	

metabolic	imaging	has	the	potential	to	monitor	response	to	therapy	for	future	

therapeutic	developments	and	clinical	trials.		

3.2 Introduction	

One	great	challenge	in	cancer	treatment	is	the	early	assessment	of	response	

to	therapy.	Currently,	tumor	responses	to	therapy	are	largely	assessed	from	imaging	

measurements	of	tumor	size53;	however,	it	may	take	weeks	to	observe	a	measurable	

reduction	in	tumor	volume	and	in	some	cases	it	may	not	occur	at	all,	despite	a	

positive	response	to	treatment54.	Since	metabolic	changes	reveal	tumor	biologic	

modulation	at	molecular	level	long	before	there	are	significant	changes	in	tumor	

size55,	metabolic	biomarkers	are	actively	being	sought	to	assess	tumor	

aggressiveness,	monitor	treatment	response,	and	reveal	new	therapeutic	targets56.	

Unlike	tissue	biopsies,	metabolic	imaging	is	noninvasive	and	could	be	used	

repeatedly	over	the	entire	volume;	imaging	measurements	of	tumor	activity	could	

address	the	current	clinical	need	to	provide	accurate	treatment	response	

monitoring41.		

Hyperpolarized	(HP)	13C	Magnetic	Resonance	Imaging	(MRI)	is	an	emerging	

metabolic	imaging	method,	which	provides	kinetic	information	from	a	wide	range	of	

metabolites	with	low	concentrations12.	Recently,	the	concept	of	a	new	rapid	
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exchange	spectroscopy	sequence	was	developed	to	detect	newly	converted	

metabolites	separately	from	concomitant	signals	from	original	or	diffused	molecules	

based	on	phase	differences57,58.	By	using	HP	13C	metabolic	imaging	including	this	

new	rapid	exchange	spectroscopy	sequence,	the	goal	of	this	study	was	to	evaluate	

systemic	and	local	drug	delivery	and	monitor	treatment	response	in	a	Transgenic	

Adenocarcinoma	of	the	Mouse	Prostate	(TRAMP)	model30.	

Prostate	cancer	is	the	most	common	cancer	in	men,	with	an	estimated	

number	of	>	200,000	men	being	diagnosed	with	early	stage	prostate	cancer	each	

year	in	the	US	alone59.	Metastatic	castration-resistant	prostate	cancer	(mCRPC)	is	

also	the	third	most	lethal	cause	of	cancer-related	deaths	in	American	men60.	The	

main	treatment	for	mCRPC	is	androgen	deprivation	therapy	(ADT),	which	

suppresses	androgen	production	or	inhibits	the	androgen	receptors61.	However,	

even	for	a	limited	duration,	systematic	ADT	often	has	detrimental	effects	on	the	

quality	of	life,	increases	the	risk	of	diabetes,	cardiovascular	disease,	and	cognitive	

function62,63.	Therefore,	this	study	also	proposed	a	novel	and	effective	drug-delivery	

strategy	for	local	androgen	deprivation	to	treat	prostate	cancer	in	a	mouse	model.		

3.3 Material	and	Methods	

3.3.1 Therapies	

All	animal	studies	were	performed	under	a	protocol	approved	by	the	UCSF	

Institutional	Animal	Care	and	Utilization	Committee.		

One	cohort	of	TRAMP	mice	(n	=	6)	was	treated	with	the	systematic	androgen	

deprivation	therapy	(ADT),	and	they	were	serially	studied	before	and	after	their	
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therapy.	The	specific	androgen	deprivation	therapy	that	these	mice	received	was	

dependent	on	their	tumor	stage.	Early	stage	androgen	sensitive	tumors	(n	=	2)	were	

treated	with	the	primary	androgen	deprivation	therapy	(orchiectomy).	Advanced	

androgen	insensitive	tumors	(n	=	4)	were	treated	with	a	new	potent	androgen	

pathway	inhibitor,	apalutamide.	Apalutamide	was	mixed	with	DMSO	to	form	a	fresh	

suspension	and	300	𝜇L	of	this	suspension	was	delivered	daily	by	oral	gavage.	For	all	

mice	treated	with	ADT,	baseline	and	follow-up	imaging	sessions	were	separated	by	

7	days.		

	 Another	cohort	of	TRAMP	mice	(n	=2)	was	treated	with	the	bicalutamide	

with	local	delivery	in	a	silastic	implant.	Bicalutamide	was	filled	into	a	silastic	tubing	

(HelixMark®	with	inner	diameter	of	0.058	inch	and	outer	diameter	of	0.077	inch)	

by	an	in-house	designed	apparatus	shown	in	Figure	3.1.	Bicalutamide	powder	were	

stored	in	a	reservoir	attached	to	the	top	of	the	apparatus.	When	helium	was	turned	

on,	the	mixing	chamber	is	mixed	with	the	compressed	gas	and	gravity-fed	drug	

powders,	and	the	compressed	helium	would	chase	the	bicalutamide	drug	into	the	

silastic	tubing.	The	whole	apparatus	was	placed	on	a	vibrating	unit	to	facilitate	the	

drug	mixing.	Based	on	the	in	vitro	experiment	performed	in	petri	dishes	with	fresh	

medium,	it	has	demonstrated	that	the	selected	tubing	could	continuously	release	

drugs	at	a	rate	of	200	ng/cm/day,	as	shown	in	Figure	3.2.	This	drug-contained	

tubing	was	implanted	into	TRAMP	mice	with	advanced	tumors,	with	the	two	tubing	

ends	sutured	next	to	the	tumor.	For	all	bicalutamide-treated	mice,	baseline	imaging	

was	performed	the	day	before	the	implant	surgery,	1st	follow-up	imaging	was	

performed	7	days	post	surgery,	2nd	follow	up	imaging	was	performed	on	the	14th	
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day	post-surgery,	and	tissue	harvesting	was	performed	one	day	after	the	2nd	follow-

up	imaging.		

	

	

Figure	3.1:	Drug	loading	apparatus	for	the	silastic	implants.	Drug	reservoir	(e.g.	

syringe	barrel,	micro-funnel,	etc)	could	be	attached	via	Luer-Lock	and	filled	with	drug.	

Top	of	reservoir	is	closed	to	prevent	compressed	gas	from	escaping.	With	compressed	

gas	turned	on,	the	mixing	chamber	is	gravity	fed	with	drug	from	reservoir.	Drug	

entering	mixing	chamber	is	facilitated	by	high	frequency	shaking/vibrating	of	the	

entire	apparatus.	Compressed	gas	pushes	the	drug	into	the	silastic	tubing	implant.	
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Figure	3.2:	In	vitro	experiment	performed	in	petri	dishes	with	fresh	medium	is	showing	

drug	diffusion	rates	through	various	manufacturers.	HelixMark®	was	chosen	for	this	

project	due	to	its	favorable	diffusion	properties.	

	

3.3.2 Animal	Handling	

	 Prior	to	the	imaging	sessions,	anesthesia	was	induced	with	3%	isoflurane,	

and	tail	vein	catheters	were	inserted	to	allow	intravenous	injection	of	the	

hyperpolarized	solution.	During	the	MR	imaging,	the	mice	were	placed	on	a	heating	

pad	and	were	kept	under	anesthesia	with	1	–	2%	isoflurane.	50	𝜇L	of	diluted	

heparin-saline	solution	was	injected	every	15	minutes	to	prevent	the	catheter	from	

clogging.		
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3.3.3 Hyperpolarization	

	 HyperSense	(DNP)	polarizer	(Oxford	Instruments,	Abingdon,	UK)	operating	

at	3.35	T	and	1.35	°K	was	used	to	polarize	13C	labeled	samples.		

	 For	the	bicalutamide-treated	mouse	cohort,	hyperpolarized	pyruvate	was	

used	as	a	sole	substrate	for	13C	imaging.	Neat	[1	–	13C]pyruvic	acid	(Sigma	Aldrich,	

St.	Louis,	MO,	USA)	mixed	with	15	mM	OX063	trityl	radical	(GE	Healthcare,	

Waukesha,	WI)	and	1.5	mM	Gd-DOTA	(Guerbet,	Roissy,	France)	was	polarized	for	

approximately	an	hour	before	the	dissolution.	

	 For	the	ADT-treated	mouse	cohort,	a	co-polarized	sample	was	used	for	the	

hyperpolarized	13C	studies.	The	aforementioned	pyruvic	acid	was	simultaneously	

polarized	with	13C-urea	mixed	with	the	trityl	radical	OX063.		

	 The	hyperpolarized	samples	were	dissolved	in	and	neutralized	by	the	

NaOH/TRIS	buffer	to	a	physiologically	acceptable	pH	range,	and	350	𝜇L	of	this	

solution	was	injected	into	the	animal	intravenously	over	12	seconds.		

3.3.4 Imaging	

	 The	imaging	studies	for	the	ADT-treated	cohort	was	performed	on	a	3	T	MRI	

scanner	(GE	Healthcare,	WI,	USA)	with	a	custom	built,	1H/13C	dual-tuned	mouse	

birdcage	coil	for	transmit	and	receive64.	T2-weighted	anatomical	fast	spin	echo	(FSE)	

images	(TE/TR	=	102/5820	ms)	were	acquired	to	reference	the	spectroscopic	data	

and	to	measure	the	tumor	size.	32	coronal	images	were	acquired	with	a	256	×	256	

matrix	size	in	a	field-of-view	(FOV)	of	8	×	8	cm	and	1	mm	slice	thickness.	40	axial	

images	were	acquired	with	a	256	×	256	matrix	size	in	an	FOV	of	6	×	6	cm	and	2	mm	
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slice	thickness.	Imaging	sessions	included	a	rapid	exchange	spectroscopy	

acquisition	as	previously	described	by	Larson	et	al57	and	in	Figure	3.3	(a).	The	

sequence	included	an	encoding	portion	compromised	of	two	90°	slice	selective	

pulses,	a	progressive	flip	angle	scheme	for	efficient	magnetization	usage,	and	two	

adiabatic	180°	pulses	for	phase	sensitive	reconstruction.	This	slab	dynamic	

sequence	covered	a	20	mm	axial	tumor	slab	as	shown	in	Figure	3.4	(a),	and	spanned	

a	total	of	20	seconds	with	0.5	seconds	temporal	resolution.	Spectral	bandwidth	was	

2500	Hz	with	a	spectral	resolution	of	9.8	Hz.	The	acquisition	began	at	25	seconds	

after	hyperpolarized	media	injection	started.		

	 The	imaging	studies	for	the	bicalutamide-treated	cohort	was	performed	on	a	

14.1	T	vertical	MR	pre-clinical	system	(Agilent	Technologies,	Santa	Clara,	California,	

USA)	using	a	dual-tuned	13C	–	1H	birdcage	coil	(m2m	Imaging	Corporation,	

Cleveland,	OH,	USA).	1H	T2-weighted	anatomical	imaging	was	performed	by	a	Spin	

Echo	Multi-Slice	(SEMS)	sequence	in	both	the	axial	and	coronal	direction.	In	both	

directions,	the	TE/TR	=	20/1200	ms,	and	the	slice	thickness	was	0.1	cm.	For	axial	

acquisition,	the	in-plane	FOV	was	4	×	4	cm	with	a	matrix	size	of	256	×	192,	and	24	

slices	in	the	axial	direction	were	acquired.	For	coronal	acquisition,	the	in-plane	FOV	

was	4	×	4	cm	with	a	matrix	size	of	256	×	192,	and	18	slices	in	the	coronal	direction	

were	acquired.	Both	axial	and	coronal	acquisitions	covered	most	of	the	mouse	

abdomen.	A	3D	Gradient	and	Spin	Echo	(GRASE)	sequence,	which	is	a	single-shot,	

frequency	selective	Echo	Planar	Imaging	(EPI)	plus	gradient	echo	sequence,	was	

used	to	perform	the	HP	13C	imaging.	Three	metabolites,	namely,	pyruvate,	lactate,	

and	alanine,	were	serially	excited	by	spectrally	selective	90°	radiofrequency	pulses.	
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For	each	metabolite,	a	matrix	of	16	×	16	×	16	was	acquired	with	an	FOV	of	4	×	4	×	4	

cm.	The	acquisition	started	at	35	seconds	after	hyperpolarized	media	injection	

started.		

	

Figure	3.3:	(a)	Pictorial	description	of	the	rapid	exchange	spectroscopy	sequence.	(b)	

Kinetic	model	used	for	the	metabolic	conversion	fitting.	

	

3.3.5 Data	Analysis	

	 For	the	ADT-treated	cohort,	tumor	volume	analysis	was	performed	since	the	

treatment	was	systematic.	Tumor	volume	was	measured	from	the	T2-weighted	

anatomical	images	with	OsiriX65	(Open	Source)	by	manually	outlining	the	tumor	

from	each	coronal	image.	The	Response	Evaluation	Criteria	in	Solid	Tumors	
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(RECIST)66	was	used	to	evaluate	therapy	response.	The	exchange	spectroscopic	data	

was	processed	in	MATLAB	(The	MathWorks,	Natick,	MA),	as	previously	described57.	

Briefly,	the	co-polarized	13C-urea	was	used	as	a	phase	reference	to	correct	for	the	

zero-order	spectral	phase.	Area	under	the	peaks	in	both	the	real	and	imaginary	

channels	were	integrated	for	metabolic	fitting	with	a	model	shown	in	Figure	3.3	(b).	

The	fitted	pyruvate-to-lactate	conversion	rate,	kPL,	was	calculated	for	all	mice	before	

and	after	therapy	to	assess	their	treatment	response.		

	 For	the	bicalutamide-treated	cohort,	regional	HP	13C	metabolism	

comparisons	were	performed	to	evaluate	local	therapy	response.	The	HP	13C	images	

were	first	zero-filled	to	matrices	of	32	×	32	×	32	for	coarse	image	display,	and	the	

ratio	maps	were	further	zero-filled	to	either	256	×	192	×	18	or	256	×	192	×	24	to	

match	the	coronal	and	axial	1H	T2-weighted	anatomical	images.	After	registering	the	

HP	13C	images	to	the	1H	T2-weighted	anatomical	reference,	two	regions	with	same	

size,	one	close	to	the	drug-containing	silastic	tubing,	and	one	away	from	the	tubing,	

were	selected	to	study	regional	differences	of	therapy	response.	The	average	

lactate-to-pyruvate	(L/P)	ratio	was	calculated	for	each	region,	and	the	ratio	was	

compared	between	the	baseline	and	the	follow-up	sessions.		

3.4 Results	

3.4.1 Systematic	Androgen	Deprivation	Therapy	Cohort	

The	rapid	exchange	spectroscopy	sequence	demonstrated	high	signal-to-

noise	ratio	(SNR)	in	both	real	and	imaginary	spectra	throughout	the	dynamic	

acquisition,	as	shown	in	Figure	3.4.	The	magnitude	spectra	could	be	decomposed	
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into	the	real	spectra,	containing	information	from	the	injected	original	metabolites,	

and	the	imaginary	spectra,	containing	information	from	the	newly	converted	

metabolites	during	the	Mixing	Time	(TM).	Figure	3.5	shows	a	representative	kinetic	

fitting	of	the	original	and	new	metabolites,	using	the	equation	shown	in	Figure	3.3	

(b).	In	these	tumor	datasets,	pyruvate	to	lactate	conversion	was	typically	high	due	to	

up-regulated	lactate	dehydrogenase	(LDH)	activity,	and	lactate	to	pyruvate	

conversion	was	relatively	low,	resulting	in	negligible	signal	of	pyruvate	in	the	

imaginary	channel.		

	

	

Figure	3.4:	(a)	20	mm	slice	containing	the	tumor	tissue	was	excited	for	the	rapid	

exchange	spectroscopy	acquisition;	the	resulting	magnitude	spectrum	(b)	could	be	
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further	decomposed	into	a	real	original	metabolite	spectrum	(c)	and	an	imaginary	

newly	converted	metabolite	spectrum	(d).	Peaks	from	left	to	right	are	lactate,	pyruvate	

hydrate,	alanine,	pyruvate,	and	urea.		

	

	

Figure	3.5:	Representative	kinetic	fitting	of	pyruvate	and	lactate	using	the	two-site	

exchange	model	described	in	Figure	3.3	(b).	

	

Table	3.1	summarized	all	the	related	information	and	imaging	results	for	this	

experiment.	Compared	to	the	baseline	study,	primary	tumor	volume	increased	for	

all	mice	in	this	cohort.	The	two	mice	with	androgen	sensitive	tumors,	who	received	

orchiectomy,	demonstrated	response	to	treatment	according	to	RECIST.	The	other	

four	mice	with	advanced	androgen	insensitive	tumors,	who	were	treated	with	

apalutamide,	did	not	respond	to	their	therapy.	The	13C	metabolic	imaging	results	

predicted	therapeutic	response	based	on	RECIST	criteria;	compared	to	the	baseline	

measurements,	non-responding	mice	showed	tumor	progression	with	substantial	

kPL	increases	of	up	to	127%	change	in	kPL,	and	responding	mice	showed	decreased	

kPL	of	as	large	as	a	82%	reduction.		
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Table	3.1:	Summary	of	mice	response	to	systematic	androgen	deprivation	therapy.		

	

	

3.4.2 Locally	Delivered	Bicalutamide	Therapy	Cohort	

	 This	cohort	contained	two	mice,	and	both	of	them	underwent	the	same	

therapy	during	the	same	time	frame.	Overall,	both	mice	showed	positive	treatment	

effect	measured	by	hyperpolarized	13C	MRI,	with	histology	results	in	1	mouse	

confirming	the	imaging	findings.		

	 Figure	3.6	shows	data	acquired	from	Mouse	1	and	its	5	registered	axial	slices	

with	overlaid	L/P	ratio	map	at	different	times.	At	baseline,	the	average	tumor	L/P	

ratio	was	measured	to	be	2.1,	and	this	ratio	increased	to	3.2	at	the	1st	follow-up.	This	

increase	in	L/P	ratio	suggested	disease	progression.	At	the	second	follow-up	

session,	the	average	tumor	L/P	ratio	dropped	back	to	2.1,	suggesting	response	to	

therapy.	From	the	2nd	follow-up	images,	more	tumor	heterogeneity	could	be	

observed	from	the	L/P	ratio	maps.	Specifically,	regions	closer	to	the	tubing	showed	

lower	L/P	ratio	while	regions	further	away	from	the	tubing	showed	higher	L/P	ratio.	

Figure	3.7	showed	quantified	L/P	ratio	within	one	tumor	axial	slice.	Two	regions	of	
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interest	(ROI)	with	same	area	were	selected	for	quantification.	ROI1	was	further	

away	from	the	implant,	and	ROI2	was	closer	to	the	implant.	At	the	beginning	of	

treatment,	both	ROIs	showed	similar	level	of	average	L/P	ratio	(2.29	and	2.75).	

However,	ROI1	showed	68%	increase	in	L/P	ratio	at	the	1st	follow-up	session,	and	

ROI2	showed	decreased	L/P	ratio.	At	the	2nd	follow-up	session,	both	ROIs	showed	

decreased	L/P	ratio,	suggesting	positive	response	to	therapy.		

	 Histology	study	confirmed	the	hyperpolarized	13C	MRI	finding.	From	Ki-67	

staining,	regions	closer	to	the	implant	showed	lower	average	proliferation	(50%)	

compared	to	the	regions	further	away	from	the	implant	(75%).	From	the	cleaved	

Caspase	3	staining,	regions	closer	to	the	implant	showed	slightly	higher	apoptosis	

(3%)	compared	to	the	regions	further	away	from	the	implant	(1%).	Therefore,	a	

drug	penetration	gradient	could	be	observed,	as	the	regions	closer	to	the	implant	

showed	lower	proliferation	and	higher	apoptosis.		
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Figure	3.6:	Representative	dataset	from	Mouse	1	showing	the	lactate/pyruvate	(L/P)	

ratio	maps	overlaid	on	top	of	1H	anatomical	references	monitored	at	the	three	time	

points:	baseline,	1st	follow-up,	and	2nd	follow-up.		The	L/P	ratio	maps	were	adjusted	to	

the	same	color	scale.	1st	follow-up	images	showed	heterogeneous	increase	in	L/P	ratio,	

suggesting	disease	progression.	2nd	follow-up	images	showed	more	heterogeneity	

inside	the	tumor,	with	partial	response	to	treatment.		
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Figure	3.7:	One	axial	image	slice	from	Mouse	1,	with	L/P	ratio	overlaid	on	1H	

references.	The	region	closer	to	the	implant	showed	positive	response	to	therapy	at	the	

1st	follow-up	session,	and	both	regions	responded	to	therapy	at	the	2nd	follow-up.	

	

	 A	similar	trend	could	be	observed	in	Mouse	2.	Figure	3.8	showed	a	coronal	

view	of	a	tumor	slice,	with	the	red	arrows	pointing	at	the	drug-filled	silastic	

implants.	ROI1	(further	away	from	the	implant)	showed	gradual	increase	in	L/P	

ratio,	up	to	a	64%	increase	compared	to	the	baseline.	On	the	other	hand,	ROI2	

(closer	to	the	implant)	showed	a	more	stable	disease	progression	with	only	20%	

increase	in	L/P	ratio.		
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Figure	3.8:	One	coronal	image	slice	from	Mouse	2,	with	L/P	ratio	overlaid	on	1H	

references.	The	region	closer	to	the	implant	showed	better	response	to	therapy	as	the	

L/P	ratio	increased	only	about	20%	compared	to	the	baseline.	

	

3.5 Discussions	

Both	treatment	cohorts	in	this	study	have	demonstrated	the	feasibility	of	

using	hyperpolarized	13C	MRI	techniques	to	monitor	cancer	therapy	response	and	

disease	progression	in	preclinical	tumor	models.	The	RECIST	criteria	and	tissue	

histology	performed	in	these	experiments	suggested	consistent	results	as	the	

hyperpolarized	13C	imaging	data.		

The	rapid	exchange	spectroscopy	sequence	performed	on	the	Androgen	

Deprivation	Therapy	cohort	was	a	powerful	imaging	sequence,	cooperating	

information	encoded	by	the	magnetization	phases.	The	data	processing	pipeline	also	
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included	a	more	advanced	kinetic	model	with	a	two-directional	conversion	fitting.	

These	advances	in	magnetization	encoding	and	metabolic	fitting	model	ensure	

accurate	conversion	rate	estimation.	However,	the	disadvantage	of	the	rapid	

exchange	spectroscopy	approach	was	the	limit	of	spatial	localization.	As	shown	in	

the	sequence	diagram,	the	encoding	portion	of	the	sequence	is	similar	to	a	

Stimulated	Echo	Acquisition	Mode	(STEAM)	sequence,	and	it	inherited	STEAM’s	

intrinsic	SNR	limit	of	50%	of	total	magnetization.	Because	of	this,	the	SNR	is	a	major	

limiting	factor	of	the	approach;	despite	of	providing	accurate	slab	dynamic	

information,	it	is	challenging	add	spatial	localization	to	this	acquisition	method.		

	 Similarly,	the	acquisition	used	on	the	Bicalutamide	treated	cohort	also	has	

intrinsic	limits.	At	ultra-high	magnetic	fields	such	as	the	14	Tesla	machine,	the	T1	of	

the	hyperpolarized	13C	compounds	becomes	limited	due	to	chemical	shift	anisotropy.	

Therefore,	the	studies	performed	on	the	14	Tesla	MR	instrument	only	allowed	single	

time-point	imaging	with	spatial	localization	to	observe	spatial	heterogeneity,	with	

sacrifices	in	the	dynamic	information.	The	single	time-point	imaging	approach	is	

more	prone	to	timing	error,	as	the	enzymatic	activities	are	sensitive	to	time	

differences.		

	 In	this	experiment,	the	sample	sizes	of	both	study	cohorts	were	relatively	

small,	thus	statistical	significance	was	not	calculated.	Moving	forward,	more	

replicates	of	each	cohort	should	be	performed	to	reach	conclusions	that	are	

statistically	significant.		
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3.6 Conclusions	

	 Hyperpolarized	13C	metabolic	imaging	was	applied	to	local	and	systematic	

cancer	treatment	monitoring	and	disease	progression	in	a	preclinical	tumor	model.	

The	estimated	LDH	activity	predicted	therapeutic	response	based	on	RECIST	criteria	

and	tissue	histology,	and	this	study	supported	the	potential	of	this	approach	for	

assessing	tumor	response	in	future	clinical	trials	of	new	therapeutic	approaches.	
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4 Chapter	4:	Cancer	Recurrence	Monitoring	using	

Hyperpolarized	[1	–	13C]Pyruvate	metabolic	

Imaging	in	Murine	Breast	Cancer	Model	

	

The	following	chapter	is	adapted	from:	"Cancer	recurrence	monitoring	using	

hyperpolarized	[1-13C]	pyruvate	metabolic	imaging	in	murine	breast	cancer	

model."	Magnetic	resonance	imaging	43	(2017):	105-109.	

	

4.1 Abstract	

The	purpose	of	this	study	was	to	monitor	multi-stage	tumor	progression	in	a	

murine	breast	cancer	model	using	anatomical	1H	MRI	and	hyperpolarized	13C	

metabolic	imaging.	A	switchable,	transgenic	mouse	model	of	breast	cancer	was	used	

to	simulate	tumor	progression,	regression,	and	recurrence	in	mammary	glands.	We	

monitored	the	changes	in	tumor	volume	and	glycolytic	metabolism	during	the	

oncogenic	transformation	process	using	the	conventional	proton	MRI	and	

hyperpolarized	[1-13C]pyruvate	imaging.	The	glycolytic	alterations	were	measured	

by	calculating	lactate-to-pyruvate	ratio	within	the	tumors.	We	observed	that	acute	

deinduction	of	c-MYC	transgene	in	established	tumors	results	in	rapid	tumor	

regression	as	measured	by	both	tumor	size	and	glycolytic	metabolism.	Furthermore,	

hyperpolarized	[1-13C]pyruvate	imaging	was	able	to	detect	early	metabolic	
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alteration	that	preceded	morphological	tumor	formation	in	recurrent	tumors.	This	

study	shows	that	hyperpolarized	13C	metabolic	imaging	has	the	potential	to	provide	

early	diagnosis	of	recurrent	cancers.	

4.2 Introduction		

	 One	important	factor	that	limits	the	success	of	cancer	therapy	in	achieving	

complete	cure	or	prolonged	patient	survivor	is	cancer	recurrence.	Although	surgical	

removal	and	chemotherapy	can	induce	regression	in	primary	tumors,	such	initial	

responses	are	commonly	followed	by	relapsing	malignancies,	with	the	recurrent	

cancer	often	being	much	more	aggressive	than	the	original	in	terms	of	proliferative	

and	metastatic	capacities.	Cancer	relapse	is	thought	to	stem	from	multiple	causes	

including	primary	tumors	acquiring	drug	resistance67,68,	residual	cancer	cells	

surviving	therapy69,	or	the	spreading	of	cancer	cells	to	other	parts	of	the	body	

(metastasis)70,71.	Adjuvant	systemic	therapies	are	often	done	in	clinics	immediately	

following	primary	cancer	treatment	to	prevent	the	cancer	from	coming	back72,	yet	a	

substantial	number	of	patients	remain	at	risk	for	late	recurrences73,74.	Therefore,	a	

non-invasive	diagnostic	tool	that	can	detect	local-	or	distant-site	recurrences	in	

their	early	stages	is	needed	for	improved	individual	patient	management	and	to	

guide	the	development	of	novel	therapeutics	to	counteract	cancer	relapse75,76.		

	 Cancer	cells	reprogram	metabolic	pathways	in	order	to	support	their	high	

rates	of	proliferation	and	growth77,78.	Such	shifts	in	metabolism	can	be	observed	in	

all	cancer	types,	and	hence,	is	recognized	as	a	hallmark	of	cancer28.	One	particular	

example	is	the	Warburg	effect.	It	is	the	behavior	of	cancer	cells	to	generate	energy	
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via	a	high	rate	of	glycolysis	followed	by	enhanced	conversion	of	pyruvate	to	lactate,	

which	is	markedly	different	from	the	metabolism	of	normal	non-proliferative	cells.	

This	altered	metabolism	in	cancer	can	be	monitored	using	recently	developed	

hyperpolarized	[1	–	13C]pyruvate	metabolic	MRI	methods.	This	molecular	imaging	

approach	uses	dynamic	nuclear	polarization	(DNP)	to	increase	13C	MRI	signal	more	

than	10,000-fold12,	allowing	the	detection	of	enzymatic	conversions	of	[1	–	

13C]pyruvate	to	its	subsequent	metabolites41,79.	The	technique	has	been	successfully	

applied	to	cancer	imaging	to	assess	tumor	development80–82,	and	response	to	

therapies83–85.	The	first	hyperpolarized	[1	–	13C]pyruvate	MRI	study	in	prostate	

cancer	patients	demonstrated	the	potential	and	safety	for	future	clinical	studies86.		

	 In	this	study,	we	investigated	the	application	of	hyperpolarized	[1	–	

13C]pyruvate	metabolic	imaging	for	the	first	time	to	monitor	cancer	recurrences	in	a	

switchable	c-MYC	mouse	model	of	breast	cancer.	The	goal	was	to	test	the	hypothesis	

that	glycolytic	metabolism,	as	measured	by	pyruvate-to-lactate	conversion,	would	

decrease	upon	tumor	regression	initiated	by	switching	off	MYC	expression	in	

established	tumors,	but	then	would	again	increase	even	in	relapsing	tumors	that	are	

independent	of	MYC.	We	also	experimented	to	detect	the	glycolytic	change	earlier	in	

time	before	the	recurring	tumor	showed	morphologic	changes.		

4.3 Materials	and	Methods	

4.3.1 Mouse	Model	of	Breast	Cancer	

	 All	animal	studies	were	carried	out	under	protocols	approved	by	the	local	

Institutional	Animal	Care	and	Use	Committee	(IACUC).	We	established	a	transgenic	
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mouse	line	that	conditionally	expressed	the	human	c-MYC	oncogene	in	the	

mammary	epithelium	upon	tetracycline	administration	as	previously	reported87.	

Next,	the	animals	were	chronically	treated	with	doxycycline	for	overexpression	of	

the	transgene	until	they	developed	mammary	tumors.	We	surgically	took	out	the	

tumor	masses	and	kept	them	under	cryopreservation	to	establish	a	bank	of	tumor	

grafts.	Later,	one	of	the	tumor	grafts	was	viably	thawed,	sectioned	into	small	pieces,	

and	serially	transplanted	to	isogenic	female	FVB	mice	in	the	inguinal	4R	mammary	

gland,	which	phenocopied	the	original	human	c-MYC	oncogene-induced	tumor	to	a	

cohort	of	mice.	Finally,	the	animals	that	bore	the	tumor	grafts	were	treated	with	

doxycycline	immediately	following	the	engraftments	to	induce	tumor	development	

from	the	onset.		

4.3.2 Multistage	Cancer	Development	

The	tumor-engrafted	mice	were	kept	under	doxycycline	treatment	until	their	

tumor	growth	reached	approximately	2.5	cm	in	maximum	diameter,	at	which	time	

we	performed	baseline	studies	(see	below	for	details)	and	withdrew	doxycycline	

from	the	animals’	diet	for	acute	c-MYC	deinduction.	Following	the	withdrawal,	all	

the	animals	exhibited	rapid	tumor	regression	within	two	weeks	with	the	c-MYC-

induced	mammary	tumors	shrinking	to	visually	unobservable	states.	Furthermore,	

after	varying	degrees	of	latency	period,	every	animal	exhibited	tumor	recurrences	

once	again	at	the	primary	mammary	sites	without	receiving	any	doxycycline	

treatment.		

During	the	tumor	progression,	regression,	and	recurrence	processes,	we	

performed	imaging	studies	on	each	animal	on	multiple	dates.	Each	study	included	
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1H	anatomical	MRI	scans	for	spatial	referencing	and	tumor	volume	measurements,	

and	hyperpolarized	[1	–	13C]pyruvate	magnetic	resonance	spectroscopic	imaging	

(MRSI)	scans	to	monitor	changes	in	glycolytic	metabolism	over	time.	After	the	last	

study,	the	animals	were	euthanized	and	the	tumors	were	surgically	resected.		

4.3.3 Animal	Experiment	Setup	

All	imaging	experiments	were	performed	on	a	3	T	MRI	scanner	(GE	

Healthcare,	WI,	USA)	equipped	with	50	mT/m,	200	mT/m/ms	gradients	and	a	

broadband	RF	amplifier.	We	used	a	custom	build,	1H/13C	dual-tuned	mouse	birdcage	

coil	for	RF	transmit	and	signal	receive64.	Prior	to	each	experiments,	animals	were	

anesthetized	with	2%	isoflurane,	and	a	catheter	was	inserted	and	secured	into	one	

of	the	tail	veins	of	the	animals	to	allow	for	intravenous	(i.v.)	injection	of	

hyperpolarized	media.	The	animals	were	placed	inside	the	coil	on	top	of	a	heating	

water	pad	and	were	kept	under	anesthesia	during	the	experiments.	We	injected	a	50	

𝜇L	of	diluted	heparin-saline	solution	every	15	min	to	prevent	the	catheters	from	

clogging.		

4.3.4 1H	MRI	and	13C	MRSI	

	 2D	multi-slice	anatomical	images	were	acquired	using	a	T2-weighted	fast	

spin	echo	(FSE)	sequence.	For	each	animal,	26	axial	images	were	acquired	in	256	×	

256	grids	with	a	field-of-view	(FOV)	of	4cm,	and	2mm	slice	thickness.	Additionally,	

30	coronal	images	were	acquired	in	256	×	256	grids	with	a	FOV	of	8	cm,	and	1	mm	

slice	thickness.		
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	 We	used	a	HyperSense	DNP	system	(Oxford	Instruments,	Abingdon,	UK)	

operating	at	3.35	T	and	1.35	°𝐾	to	polarize	samples	consisting	of	15	M	[1	–	

13C]pyruvic	acid	in	solution	with	15	mM	OX63	trityl	radical	and	0.5	mM	of	

gadolinium.	The	hyperpolarized	pyruvate	samples	were	dissolved	in	a	NaOH/TRIS	

buffer	to	a	targeted	pH	value	of	7.4	with	80	mM	concentration.	We	injected	350	𝜇L	

of	this	solution	into	the	animals	through	the	tail	vein	catheters	over	12	s.		

	 We	acquired	single	time-point,	13C	MRSI	data	using	a	double	spin	echo,	

symmetric	echo-planar	spectroscopic	imaging	(EPSI)	sequence57.	8	×	8	×	18	spatial	

points	were	encoded	in	the	x,	y,	and	z	direction	with	5	mm	resolution	for	a	voxel	size	

of	0.125	cm3.	The	EPSI	gradient	covered	the	data	acquisition	in	the	kz	–	t	dimension.	

The	waveform	had	102	msec	duration	with	a	spectral	resolution	of	9.8	Hz	and	a	

spectral	bandwidth	of	580	Hz.	Also,	TR	was	set	to	215	msec	and	the	flip	angle	was	

set	to	10°.	The	13C	3D-MRSI	scans	started	30	s	after	the	injection	of	hyperpolarized	

samples	and	lasted	for	14	s.		

4.3.5 Data	Processing	

	 We	used	OsiriX	to	manually	draw	region-of-interest	(ROI)	around	tumors	

and	to	measure	their	volumes65.	We	used	the	SIVIC	open-source	software	package	to	

process	the	13C	MRSI	data88.	Once	the	13C	spectra	were	reconstructed,	we	integrated	

the	area	under	each	13C	peaks	to	generate	metabolic	maps	of	lactate-to-pyruvate	

ratio.	We	then	sinc-interpolated	the	maps,	masked	out	all	the	background	13C	signals	

that	were	outside	the	imaging	subject,	and	overlaid	them	on	top	of	the	proton	

anatomical	images	to	visually	display	the	measured	metabolite	distributions	in	vivo.	

Finally,	we	performed	the	paired	ratio	t-test	for	statistical	inferences.		
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4.4 Results	

4.4.1 Representative	Data	

	 A	set	of	representative	data	that	was	acquired	from	an	animal	in	the	study	is	

shown	in	Figure	4.1.	The	animal	developed	a	tumor	in	its	inguinal	4R	mammary	

gland	while	on	doxycycline	diet.	At	the	baseline,	the	tumor	volume	was	measured	at	

2.68	cm3,	which	quickly	regressed	by	approximately	50%	to	1.24	cm3	in	four	days	

once	we	took	the	animal	off	doxycycline	treatment.	A	change	in	glycolytic	

metabolism	in	the	tumor	was	also	observed	as	measured	by	calculating	lactate-to-

pyruvate	ratio	(lac/pyr).	For	example,	the	lac/pyr	values	in	tumor	voxels	(yellow	

box)	changed	drastically	from	2.79	to	0.86	during	the	regression.	The	tumor	further	

regressed	to	a	visually	unobservable	size	over	time,	and	the	animal	remained	in	the	

regression	state	for	a	latency	period.	Finally,	in	seven	weeks,	as	shown	in	the	last	

column	of	Figure	4.1,	we	observed	a	recurrent	tumor	(3.02	cm3)	forming	once	again	

at	the	primary	site	with	elevated	lactate	production	(lac/pyr	=	2.44)	measured	in	

the	tumor.		
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Figure	4.1:	Representative	1H	anatomical	axial	images	(top	row)	and	hyperpolarized	
13C	spectra	(bottom	row)	showing	changes	in	tumor	volume	and	glycolytic	metabolism	

over	time.	Tumors	are	outlined	in	dashed	lines	with	their	measured	volume	values	

annotated	in	the	anatomical	images.	Voxel	locations	that	correspond	to	the	13C	spectra	

are	marked	with	square	boxes.	The	voxel	size	was	0.125	cm3.	The	spectra	are	shown	in	

arbitrary	units	(A.U.).	The	peaks	are	labeled	as	Lac	(lactate),	Pyr	(pyruvate),	Ala	

(alanine),	and	Pyr-Hyd	(pyruvate	hydrate).	At	the	baseline	(first	column),	the	animal	

had	a	large	tumor	that	showed	high	lactate-to-pyruvate	ratio	(lac/pyr).	Four	days	

after	taking	the	animal	off	doxycycline,	the	tumor	regressed	by	50%	and	lower	lac/pyr	

values	were	measured	(middle	column).	Finally,	after	a	latency	period,	the	tumor	

reoccurred	at	the	primary	site	showing	high	lac/pyr	in	the	recurrent	tumor	(last	

column).	

4.4.2 Monitoring	of	Multistage	Cancer	Development	
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	 All	the	animals	in	the	study	cohort	indeed	followed	the	same	pattern	of	

tumor	progression,	regression,	and	recurrence	as	shown	in	Figure	4.2.	More	

specifically,	their	tumors	increased	in	size	while	doxycycline	was	administered,	and	

quickly	regressed	within	two	weeks	once	doxycycline	was	removed.	After	the	

regression,	all	the	animals	stayed	in	dormant	state	for	a	latency	period.	Finally,	

relapses	occurred	at	the	mammary	sites	where	the	primary	tumors	were	implanted.		

	 Changes	in	the	glycolytic	metabolism	over	time,	as	measured	by	

hyperpolarized	[1	–	13C]pyruvate	imaging,	showed	the	similar	trend	as	the	volume	

changes.	Lactate	production	in	the	tumors	were	high	when	doxycycline	was	given	

and	significantly	decreased	within	two	weeks	once	the	animals	were	taken	off	

doxycycline	(P	<	0.001).	Moreover,	the	tumor	recurrences,	which	occurred	without	

doxycycline	administration,	were	accompanied	by	increased	lactate	production	in	

the	tumors	(P	<	0.05).	
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Figure	4.2:	Changes	in	glycolytic	metabolism	in	multistage	cancer	development.	Red	

lines	represent	the	changes	in	lactate-to-pyruvate	ratio	(lac/pyr)	over	time.	Tumors	

showed	decreased	glycolytic	activity	when	the	animals	were	taken	off	doxycycline	(**,	

P	<	0.001).	However,	tumors	recurred	in	a	doxycycline	independent	manner	and	

elevated	lac/pyr	values	were	observed	in	the	recurrent	tumors	(*,	P	<	0.05).		

	

4.4.3 Early	Detection	of	Cancer	Recurrence	

Given	the	above	result,	we	performed	a	case	study	in	which	we	sought	to	

detect	elevated	lactated	production	earlier	in	time	compared	to	tumor	volume	

increase	before	the	animal	reached	a	full	recurrence	state.	The	result	is	shown	in	

Figure	4.3.	Specifically,	we	made	five	measurements	over	time	including	a	baseline	

study	that	was	performed	before	putting	the	animal	off	doxycycline	at	day	0	(Fig.	
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3a).	Tumor	size	and	lac/pyr	decreased	until	the	sixteenth	day	at	which	point	both	

values	reached	their	minimum	of	0.54	cm3	and	0.84,	respectively	(point	1).	In	the	

following	days,	we	did	not	observe	changes	in	the	tumor	volume	by	visual	

inspection.	However,	at	the	thirty-third	day	(point	2),	we	measured	markedly	

increased	lac/pyr	value	of	2.00	from	the	regressed	tumor,	whereas	at	this	point	the	

tumor	volume	only	increased	minimally	to	0.75	cm3.	Finally,	the	animal	reached	its	

end-point	at	day	49	(point	3)	with	a	fully	established	tumor	volume	of	3.02	cm3	and	

further	increased	lac/pyr	value	of	2.64.		

	

Figure	4.3:	Early	detection	of	cancer	recurrence	with	hyperpolarized	[1-13C]	pyruvate	

metabolic	imaging.	a)	Graphs	of	changes	in	13C	lactate-to-pyruvate	ratio	(lac/pyr,	red	

line)	and	tumor	volume	(blue	line)	over	time.	We	used	the	maximum	lac/pyr	values	

measured	within	the	tumor	voxels.	The	baseline	study	was	performed	at	day	zero	and	

four	follow-up	measurements	were	made.	b)	1H	anatomical	images	(coronal,	top	row)	

and	hyperpolarized	13C	lac/pyr	maps	(bottom	row)	measured	at	three	different	time	

points:	16	days,	33	days,	and	49	days.	Tumors	are	outlined	in	dashed	lines	with	their	
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measured	volumes	annotated	in	the	anatomical	images.	Note	that	the	increase	in	

lactate	production	was	detected	earlier	in	time	than	the	increase	in	volume	in	the	

recurrent	tumor.		

	

4.5 Discussion	

	 In	this	study,	we	used	a	transgenic	model	of	c-MYC-driven	breast	cancer	in	

which	transplanted	tumor	cells	conditionally	expressed	the	human	c-MYC	transgene	

only	when	doxycycline	was	given.	This	allowed	us	to	switch	on	and	off	tumor	

growth	in	a	controllable	way	by	feeding	the	animals	with	and	without	doxycycline.	

We	observed	that	ceasing	c-MYC	oncogene	expression	in	established	tumors	results	

in	rapid	regression	in	terms	of	both	tumor	size	and	glycolytic	metabolism.	This	data	

supports	the	previously	described	role	of	MYC	in	directly	regulating	glycolysis78.		

	 After	being	in	the	regression	state	for	varying	degrees	of	latency	period,	all	

the	animals	developed	recurrent	tumors	at	the	location	where	the	primary	tumors	

had	once	developed.	Surprisingly,	the	relapses	occurred	even	though	the	animals	

were	not	fed	with	doxycycline.	This	suggests	that	a	secondary	driver	that	is	

independent	of	the	transgenic	c-MYC	expression	may	be	responsible	for	the	tumor	

recurrence.	Even	in	this	case,	we	observed	that	high	lactate	production	

accompanied	relapsing	tumors.	This	is	of	clinical	relevance	since	the	detection	of	

recurrence	early	and	accurately	by	current	imaging	techniques	remains	a	significant	

challenge.	This	study	supports	the	potential	use	of	hyperpolarized	13C	MR	molecular	

imaging	approach	for	“active	surveillance”	of	cancer	patients	adding	pyruvate-to-

lactate	conversion	as	metabolic	biomarker	of	recurrence.	Identifying	further	
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biological	causes	of	such	recurrences	and	their	role	in	affecting	glycolytic	

metabolism	could	be	another	area	of	future	study.		

	 As	shown	in	Figure	4.3,	hyperpolarized	[1	–	13C]pyruvate	imaging	was	able	to	

detect	increased	lactate	production	earlier	in	time	before	the	recurrent	tumor	

showed	eventual	morphologic	size	changes.	This	observation	supports	the	

hypothesis	that	glycolytic	alterations	precede	tumor	formation	in	cancer	relapses.	

The	observation	also	suggests	that	hyperpolarized	[1	–	13C]pyruvate	imaging	

combined	with	further	preclinical	and	clinical	patient	studies86	could	be	valuable	in	

testing	this	hypothesis	by	identifying	the	temporal	relationship	between	oncogenic	

signaling,	glycolytic	pathway	activity,	and	in	vivo	tumor	formation	in	cancer	

relapses.		

4.6 Conclusion	

	 In	this	work,	we	applied	hyperpolarized	[1	–	13C]pyruvate	metabolic	imaging	

to	monitor	metabolic	changes	that	accompanied	morphologic	transformations	in	a	

multistage,	murine	breast	cancer	model.	We	further	performed	experiments	that	

support	the	potential	of	hyperpolarized	13C	metabolic	imaging	to	provide	early	

diagnosis	of	recurrent	cancers.		
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5 Chapter	5:	Development	of	Hyperpolarized	13C	

Dynamic	Breath-held	MR	Techniques	and	Initial	

Feasibility	Studies	for	Metabolic	Imaging	of	Liver	

Metastases	

	

The	following	chapter	is	adapted	from:	“Development	of	Hyperpolarized	13C	

Dynamic	Breath-held	MR	Techniques	and	Initial	Feasibility	Studies	of	Metabolic	

Imaging	of	Liver	Metastases.”		(In	preparation)	

	

5.1 Abstract	

	 New	clinical	trials	are	using	hyperpolarized	(HP)	13C	molecular	imaging	

technology	to	evaluate	tumor	metabolic	activity	and	response	to	targeted	drug	

therapies.	The	goal	of	this	work	was	to	develop	and	apply	an	experimental	setup	for	

HP	13C	MR	investigations	of	cancer	metastases	to	liver.	In	this	study,	patients	with	

liver	metastases	were	imaged	and	the	results	demonstrated	sufficient	SNR	and	data	

quality	for	the	quantification	of	the	localized	conversion	rate	of	[1-13C]pyruvate	to	

[1-13C]lactate	through	lactate	dehydrogenase	(LDH),	which	is	in	a	metabolic	

pathway	targeted	by	numerous	emerging	pharmaceutical	agents.	
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5.2 Introduction	

	 Early	assessment	of	target	inhibition	is	critical	in	determining	drug	efficacy	

and	predicting	tumor	response	to	treatment.	A	major	unmet	need	in	the	clinical	

management	of	metastatic	cancers	is	an	improved	imaging	approach	for	tumor	

metabolic	characterization	and	early	assessment	of	response	to	therapy	that	

directly	impact	lactate-dehydrogenase	(LDH)	expression	and	activity41,55,83,89–91.	

Preclinical	studies	have	shown	that	hyperpolarized	(HP)	carbon-13	MR	can	detect	

significant	metabolic	changes	following	therapeutic	inhibition	of	the	PI3K92	and	

mTOR44	pathways.		

	 Hyperpolarized	13C	MR	is	a	new	molecular	imaging	technique	that	enables	

rapid,	pathway-specific	investigation	of	metabolic	and	physiologic	processes	that	

were	previously	inaccessible	by	imaging.	With	the	technological	breakthrough	of	

dissolution	dynamic	nuclear	polarization	(d-DNP),	the	signal	to	noise	ratio	(SNR)	of	

13C	metabolites	is	enhanced	by	~10,000	fold12,	enabling	fast	and	efficient	detection	

of	injected	substrates.	Initial	clinical	studies	have	shown	the	safety	and	feasibility	of	

this	technology	to	detect	HP	[1-13C]pyruvate	and	its	cellular	enzymatic	conversion	

to	[1-13C]lactate,	13C-bicarbonate,	and/or	[1-13C]alanine	in	patients	with	prostate	

and	brain	tumors37,93,94.	A	recent	report	also	demonstrated	the	application	of	HP	C-

13	MR	to	monitor	the	metabolic	response	to	androgen	deprivation	therapy	in	

prostate	cancer	patients94.		

	 The	goal	of	this	project	was	to	develop	and	translate	HP	13C	MR	techniques	

for	liver	metastases	patient	studies,	incorporating	new	RF	coil	designs,	MR	

sequences	and	analysis	methods	and	to	investigate	these	new	methods	for	tumor	
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metabolic	activity	quantification	in	patients	with	liver	metastases.	Comparing	to	

brain	and	prostate	imaging,	abdominal	HP	13C	is	challenging	since	it	requires	bigger	

field-of-view	and	more	careful	respiratory	motion	correction.	In	order	to	address	

motion	effects,	we	designed	a	rapid	acquisition	approach	during	breath-holds	and	

analysis	methods	incorporating	respiratory	motion	measurements	during	data	

acquisition.	Since	the	future	goal	of	this	research	is	to	apply	this	technology	to	

clinical	trials	that	monitor	therapeutic	effects	of	PI3Kinase/mTOR	inhibitors	on	

cancer	metastases	to	liver,	we	focused	on	optimizing	signal	detection	in	the	tumor	

rather	than	aiming	for	full	liver	spatial	coverage.	However,	for	the	purpose	of	

comparison,	we	also	designed	the	acquisition	methods	to	include	adjacent	liver	

parenchyma	in	addition	to	the	tumor.		

5.3 Material	and	Methods	

5.3.1 Imaging	Hardware	

All	studies	were	performed	on	a	whole-body	3	Tesla	MR	scanner	(GE	

Healthcare,	Waukesha,	WI,	USA),	with	multinuclear	spectroscopy	capabilities.	A	

custom	13C	figure-8	transceiver	coil,	shown	in	Figure	5.1	(a),	was	built	for	carbon	

signal	acquisition,	covering	the	targeted	liver	metastasis	and	adjacent	uninvolved	

liver	tissue.	As	the	scale	indicates	in	Figure	5.1	(a),	this	carbon	coil	could	cover	18	

cm	L/R	and	10	cm	A/P.	The	figure-8	design	provided	higher	amplitude	of	

radiofrequency	field	(B1)	uniformity	with	depth	as	compared	to	a	single	loop.	A	13C-

enriched	urea	sample	and	vitamin	E	capsules	were	placed	inside	the	carbon	coil	

housing	to	enable	accurate	coil	positioning,	power	and	frequency	calibration.	During	
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the	HP	imaging	sessions,	power	calibration	was	first	performed	using	the	thermal	

signal	of	the	embedded	urea	sample,	and	then	scaled	based	on	a	previously	acquired	

phantom	B1	map	and	the	distance	between	urea	phantom	and	liver	lesion.		

Proton	imaging	was	performed	using	the	body	coil	for	transmit	and	a	16-

channel	flexible	coil	for	receive.	The	13C	figure-8	transceiver	coil	was	placed	

between	the	patient’s	body	and	the	1H	receive	arrays,	and	both	coils	were	wrapped	

tightly	around	the	patient’s	abdomen,	as	shown	in	Figure	5.1	(b)	and	(c).		

	

Figure	5.1:	RF	coils	and	setup	for	human	studies.	(a)	Figure-8	transceiver	carbon	

surface	coil	with	fiducial	markers	(Vitamin	E	capsules)	and	urea	phantom	embedded	

in	the	coil	housing.	(b)	The	carbon	coil	was	placed	between	the	patient	and	the	1H	

phased	array	receive	coil,	which	was	wrapped	around	(c)	the	patient’s	abdomen.	

	

5.3.2 Thermal	Signal	Tests	in	Phantoms	and	Volunteers	

The	13C	transceiver	coil	performance	was	evaluated	by	thermal	signal	

acquisition	of	natural	abundance	13C.	A	B1	map	was	acquired	from	a	large	phantom	

containing	ethylene	glycol	(~340mM	13C)	using	a	13C	single-shot	echo-planar	

imaging	(EPI)	sequence	with	the	following	parameters:	40	cm	axial	slab	thickness,	
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7.5	mm	×	7.5	mm	in-plane	resolution,	24	cm	×	24	cm	field-of-view,	3	s	repetition	

time	(TR),	18.6	ms	echo	time	(TE),	100	averages,	and	60°	and	120°	flip	angles.	The	

B1	map	was	calculated	using	the	double	angle	method	previously	described	by	

Cunningham	et	al95.	

The	performance	of	the	13C	coil	was	tested	using	an	ethylene	glycol	phantom	

and	in	healthy	volunteers.	Volunteer	scanning	was	performed	after	obtaining	

informed	consent	and	using	an	Institutional	Review	Board	(IRB)-approved	protocol.	

For	these	volunteer	studies,	a	2D	CSI	sequence	with	the	following	parameters	was	

used:	5	cm	axial	slab,	90°	constant	flip	angles,	500/2.8	ms	TR/TE,	1	cm	×	1	cm	in-

plane	resolution,	and	20	cm	×	20	cm	FOV.	The	volunteers	were	asked	to	breathe	

freely	during	the	1-minute	scan	detecting	natural	abundance	13C	signals.		

5.3.3 Hyperpolarization	

	 Six	patients	were	scanned	following	an	IRB	and	FDA	IND	approved	protocol	

with	informed	consent	to	investigate	feasibility	and	initial	HP	13C	MR	results.	For	

each	metabolic	imaging	exam,	1.43	grams	of	GMP	[1-13C]	pyruvic	acid	(Millipore-

Sigma,	Miamisburg,	OH)	mixed	with	28	mg	of	trityl	radical	(GE	Healthcare,	Oslo,	

Norway)	was	pre-filled	in	a	sterile	fluid	path	under	an	ISO	5	environment.		The	fluid	

path	was	inserted	into	a	SPINlab	(General	Electric,	Niskayuna,	NY)	system	operating	

at	5	T	and	0.77	K,	and	polarized	for	approximately	2	hours	with	microwave	

irradiation	at	140	GHz.	Sterile	water	was	used	for	dissolution,	and	the	dissolved	

mixture	was	then	filtered,	neutralized,	and	diluted.	An	integrated	quality	control	

(QC)	system	analyzed	a	small	fraction	of	the	solution	for	pH,	temperature,	

concentration,	radical	concentration,	and	polarization	level	immediately	after	the	
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dissolution	process,	and	during	the	same	time,	the	bulk	solution	was	forced	through	

a	sterilizing	filter	(ZenPure,	Manassas,	VA)	before	being	collected	in	a	sterile	syringe.	

Once	the	solution	successfully	passed	the	QC	and	received	a	pharmacist’s	approval,	

0.43	mL/kg	of	the	pyruvate	solution	(250	mM)	was	injected	into	the	patient	using	a	

power	injector	(MEDRAD,	Inc,	Warrendale,	PA)	at	a	rate	of	3-5	mL/s	and	followed	

by	a	20	mL	sterile	saline	flush.		

5.3.4 HP	13C	Imaging	Acquisition	

	 The	HP	13C	acquisition	started	5	seconds	after	injection	started,	and	patients	

were	instructed	to	hold	their	breaths	at	end	of	exhalation	for	as	long	as	tolerable,	

and	then	to	repeat	breath-holding	during	the	60	seconds	scan	for	several	times.	2D	

dynamic	13C	Echo-Planar	Spectroscopic	Imaging	(EPSI)	data	were	acquired	from	an	

axial	slice	with	the	following	key	parameters:	multiband	spectral-spatial	RF	pulse	

with	10°	on	pyruvate	and	20°	on	lactate96,	130/3.5	ms	TR/TE,	3	second	temporal	

resolution	with	20	total	time	frames,	16	phase	encodes	in	the	RL	direction,	and	a	

symmetric	EPSI	readout	in	the	AP	direction.	The	EPSI	readout	provided	a	spectral	

bandwidth	of	545	Hz	with	a	spectral	resolution	of	10	Hz,	and	covered	the	spectral	

range	of	chemical	shift	from	[1-13C]	pyruvate	to	[1-13C]	lactate.	The	spatial	

resolution	varied	between	subjects	in	these	initial	patient	studies	from	2	cm3	to	5.76	

cm3,	in	order	to	accommodate	coverage,	tumor	size,	and	SNR.	Figure	5.2	shows	a	

diagram	of	this	2D	dynamic	EPSI	sequence.	
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Figure	5.2:	2D	dynamic	13C	EPSI	sequence.	A	multiband	spectral-spatial	RF	pulse	was	

used	to	excite	pyruvate	and	metabolites	with	independent	flip	angles,	and	an	echo	

planar	spectroscopic	readout	was	used	to	encode	the	magnetization.	

	

5.3.5 Data	Processing	

	 All	13C	data	were	processed	in	MATLAB	(The	MathWorks	Inc.,	Natick,	MA).	

The	free	induction	decays	(FID)	were	first	zero-filled	to	256	and	apodized	with	a	10-

Hz	Gaussian	filter,	and	then	the	gradient	ramp	samples	were	re-sampled	to	fit	a	

uniform	grid	before	the	Fourier	Transform.	This	initial	process	created	a	time	series	

of	2D	spectroscopic	data	sets.		

	 For	each	voxel,	SNR	analysis	was	performed	on	the	summed	spectra	derived	

from	all	time	frames.	SNR	was	defined	as	the	metabolite	peak	intensity	divided	by	

the	standard	deviation	of	real	component	of	noise-only	spectra.	A	line-shape	
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spectral	fitting	algorithm97	was	applied	to	each	summed	spectrum	for	accurate	ratio	

analysis,	and	on	individual	un-summed	spectra	for	kinetic	modeling.	The	summed	

areas	under	the	curve	(AUC)	of	all	metabolite	were	used	for	ratio	analysis.	The	peak	

height	of	each	dynamic	time	point	was	used	for	kinetic	modeling	analysis.		

	 A	unidirectional	two-site	exchange	model	with	hybrid	(continuous-discrete)	

dynamics,	as	illustrated	in	Figure	6b,	was	used	to	estimate	the	rate	constant,	kPL,	for	

the	metabolic	conversion	of	[1-13C]pyruvate	to	[1-13C]lactate.	Initial	lactate	

magnetization	was	assumed	to	be	zero,	and	T1	relaxation	rate	was	fixed	to	25	

seconds	for	both	metabolites18.		

5.3.6 Imaging	Protocol	and	Patient	Management	

	 The	six	patients	with	liver	metastases	were	referred	from	the	oncology	

service	at	University	of	California,	San	Francisco.	A	mix	of	male	and	female	cancer	

patients	with	liver	metastases	from	different	primary	cancers	were	imaged.	These	

patients	were	diagnosed	with	endometrial	cancer,	breast	cancer,	rectal	cancer,	and	

cholangiocarcinoma.	All	of	the	patients	met	the	study	inclusion	criteria	of	greater	

than	2	cm	tumor	size,	and	had	undergone	different	amounts	and	types	of	therapy	

prior	to	enrolling	in	the	study.	

	 During	the	imaging	session,	bellows	were	wrapped	around	the	patient’s	

abdomen	to	record	respiratory	motion.	Proton	(anatomic)	images	were	obtained	

using	a	standard	clinical	liver	imaging	protocol,	including	T2-weighted	Single	Shot	

Fast	Spin	Echo	(SSFSE)	sequences	with	and	without	fat	saturation,	diffusion	

weighted	imaging,	and	T1-weighted	spoiled	gradient	echo	images	using	Liver	
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Acquisition	with	Volume	Acquisition	(LAVA)	prior	to	and	following	the	

administration	of	gadbutrol	intravenous	contrast	at	standard	clinical	doses.		

	 Serial	hyperpolarized	13C	imaging	was	performed	before	and	after	

chemotherapy	on	one	of	the	six	patients,	who	had	liver	metastases	from	rectal	

cancer.	The	pre-therapy	scan	was	obtained	7	days	before	PI3Kinase	inhibitor	

treatment	started,	and	the	follow-up	scan	was	performed	on	the	25th	day	following	

therapy.	The	same	data	analysis	was	performed	to	both	pre-	and	post-therapy	

images	to	investigate	any	changes	following	treatment.			

5.4 Results	

5.4.1 Thermal	13C	Data	

	 The	13C	figure-8	coil	demonstrated	sufficient	metabolite	signal	from	the	

ethylene	glycol	phantom	with	a	2D	CSI	acquisition,	as	shown	in	Figure	5.3	(a).	This	

coil	provided	adequate	spatial	coverage	with	excellent	SNR	at	areas	close	to	the	coil	

and	was	able	to	reach	a	penetration	depth	of	about	7-8cm,	however,	signal	intensity	

decreased	to	50%	at	approximately	5cm	below	the	surface.	With	the	same	2D	CSI	

acquisition,	natural	abundance	13C	signal	from	lipids	was	successfully	detected	from	

a	healthy	volunteer	as	shown	in	Figure	5.3	(b).	Figure	5.3	(c)	shows	an	axial	B1	map	

of	the	ethylene	glycol	phantom	acquired	using	the	double-angle	method.	This	B1	

map	was	later	used	for	RF	power	calibration	and	estimation	of	the	hyperpolarized	

acquisition	parameters.	
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Figure	5.3:	(a)	Ethylene	glycol	phantom	testing	results	from	a	2D	CSI	sequence	

demonstrating	coil	excitation	and	reception	spatial	coverage.	(b)	2D	CSI	carbon	

spectra	acquired	from	a	healthy	volunteer	showing	natural	abundance	13C	signal	from	

subcutaneous	lipids.	(c)	Carbon	coil	B1	map	acquired	with	double-angle	method	and	

EPI	acquisition,	with	the	color	map	showing	in	units	of	degrees.	

	

5.4.2 Hyperpolarized	13C	Patient	Data	

	 No	adverse	events	were	reported	following	patient	pyruvate	injections.	The	

mean	pyruvate	concentration	was	237	±	11	mM,	mean	polarization	was	38	±	4	%,	

mean	EPA	concentration	was	1.1	±	0.5	uM,	mean	time	between	dissolution	and	

injection	was	69	±	8	seconds,	and	mean	pH	was	7.4	±	0.5.	These	results	

demonstrated	robust	sample	preparation	and	high	polarization	reproducibility,	

approximately	twice	that	in	the	first	Phase	1	clinical	trial93.	

	 Figure	5.4	shows	the	T1-weighted	1H	image	with	corresponding	summed	HP	

13C	magnitude	spectra	obtained	from	a	subject	with	liver	metastases	from	



	 75	

endometrial	cancer.	The	anatomical	image	includes	the	fiducial	markers	embedded	

in	the	coil	housing,	shown	on	the	image	as	three	bright	dots.	An	array	of	HP	13C	

spectra	with	a	voxel	size	of	5.76	cm3	is	shown	in	Figure	5.4	(middle).	All	voxels	

demonstrated	sufficient	metabolite	SNR	for	enzymatic	activity	analysis.	Among	all	

tumor	voxels,	the	highest	pyruvate	and	lactate	SNR	calculated	from	summed	

magnitude	spectra	was	112	and	39,	respectively.	Both	the	normal-appearing	liver	

and	tumor	voxels	demonstrated	high	lactate	signal,	but	the	tumor	voxels	showed	

relatively	low	alanine	level.	Figure	5.5	shows	three	representative	patient	cases	

with	their	corresponding	summed	HP	13C	spectra.	Similarly,	despite	the	SNR	

differences,	sufficiently	high	metabolite	intensities	were	observed	in	all	three	cases,	

and	high	pyruvate	to	lactate	conversion	was	observed.		

	

Figure	5.4:	Representative	patient	dataset.	(a)	Anatomical	1H	T1-weighted	liver	image	

with	(b)	an	array	of	HP	13C	temporal	summed	spectra	corresponding	to	the	grid	shown	

in	(a),	and	highlighting	the	normal-appearing	liver	and	the	metastasis	from	

endometrial	cancer.	
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Figure	5.5:	Three	representative	patient	cases	with	anatomical	1H	T2-weighted	images	

(top)	and	HP	13C	temporal	sum	spectra	of	tumor	voxels	(bottom).	The	black	elipses	

outline	the	tumor,	and	the	red	squares	show	the	corresponding	tumor	voxel	location.	

(a)	Data	from	a	cholangiocarcinoma	patient	with	liver	metastases,	HP	13C	spatial	

resolution	was	4.3	cm3.	(b)	Images	and	spectra	from	an	endometrial	cancer	patient	

with	liver	metastases,	HP	13C	spatial	resolution	was	5.2	cm3.	(c)	Data	from	a	

cholangiocarcinoma	patient	with	liver	metastases,	HP	13C	spatial	resolution	was	4.32	

cm3.	

	

	 The	sequentially-repeated	dynamic	acquisition	with	a	3	second	temporal	

resolution	provided	kinetic	information	for	enzymatic	modeling	analysis.	Figure	5.6	

(a)	and	(b)	demonstrate	ways	of	visualizing	the	dynamic	spectra	and	evolution	of	

metabolite	signals	originating	from	a	single	tumor	voxel.	For	this	tumor	voxel,	

pyruvate	signal	peaked	approximately	9	seconds	after	the	start	of	imaging,	and	the	

lactate	signal	reached	its	maximum	18	seconds	after	the	start	of	imaging.	The	

metabolite	SNR	values	were	sufficient	for	LDH	activity	kinetic	fitting.	After	fitting	
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with	the	two-site	exchange	model,	the	line	in	Figure	5.6	(b)	represents	the	fitted	

lactate	signal,	and	the	estimated	tumor	kPL	yielded	from	the	modeling	was	0.021	s-1.	

Figure	5.6	(c)	shows	dynamics	of	the	HP	13C	metabolite	peaks	from	a	different	

subject,	who	had	liver	metastasis	from	breast	cancer.	As	the	subject	was	instructed	

to	hold	breath	at	expiration	at	the	beginning	of	the	exam	and	then	as	often	as	

tolerated	during	the	scan,	the	bellows	recorded	the	respiratory	movements,	which	

showed	close	correspondence	with	the	changes	in	the	13C	signal	detection.	During	

post-processing,	time	points	corresponding	to	breathing	motion	were	removed	for	

accurate	ratio	and	kinetics	calculations.		

	

Figure	5.6:	Representative	datasets	of	a	single	tumor	voxel	showing	the	full	HP	13C	

signal	evolution	during	the	acquisition.	(a)	Stack	plot	of	the	magnitude	spectra.	(b)	

Plot	showing	peak	intensity	vs	time	and	illustration	of	the	two-site	exchange	modeling	

used	to	fit	the	lactate	peak.	(c)	Dynamics	of	HP	13C	metabolite	peaks	from	a	tumor	

voxel	of	a	different	patient	with	breast	cancer	metastasis	to	the	liver,	and	the	

respiratory	recording	data	is	shown	on	the	same	time	scale	with	good	correspondence	

of	the	sudden	13C	signal	changes.	
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	 This	experimental	approach	also	demonstrated	a	difference	in	tumor	

pyruvate	metabolism	in	repeat	exams	following	treatment.	One	patient	was	imaged	

before	and	after	therapy,	with	the	resulting	HP	13C	data	shown	in	Figure	5.7.	The	

follow-up	anatomical	1H	scan	showed	no	obvious	differences	in	tumor	size	or	

enhancement	compare	to	the	baseline	1H	images,	as	the	longest	diameter	of	the	

tumor	was	measured	to	be	4	cm	in	both	scans.	With	a	voxel	size	of	4.32	cm3,	the	

lactate-to-pyruvate	ratio	from	the	summed	spectra	decreased	from	0.13	to	0.08	

after	therapy,	demonstrating	an	approximately	40%	reduction	in	pyruvate	

conversion	to	lactate.	Kinetic	modeling	was	not	performed	in	this	due	to	relatively	

low	lactate	SNR.		

	

Figure	5.7:	Serial	imaging	data	acquired	from	a	rectal	cancer	patient	with	liver	

metastasis	before	and	after	chemotherapy.	Carbon	spectra	locations	are	marked	by	

the	squares	(with	a	voxel	size	of	4.32	cm3),	overlaid	on	T2-weighted	1H	images.	

	

5.5 Discussions	

	 This	work	demonstrates	the	feasibility	of	dynamic	HP	13C	spectroscopic	

imaging	of	the	human	liver,	including	patients	with	liver	metastases,	for	the	first	
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time.		Through	the	application	of	specially	customized	MRI	acquisition	methods	of	

accelerated	MRSI,	multi-band	RF	pulses,	and	a	custom	RF	coil,	both	the	local	

dynamic	uptake	of	HP	[1	–	13C]pyruvate	and	its	metabolic	conversion	to	lactate	and	

alanine	were	visualized	with	good	SNR.		

	 Currently,	tumor	responses	to	therapy	are	mainly	assessed	from	imaging	

measurements	of	tumor	size53,66.	However,	it	may	take	weeks	to	observe	a	

measurable	reduction	in	tumor	volume	during	which	patient	comfort	can	be	

significantly	compromised98–100.	Furthermore,	in	some	cases,	tumor	shrinkage	may	

not	occur	at	all	despite	a	positive	response	to	treatment55.		Since	metabolic	changes	

reveal	tumor	biologic	modulation	at	the	molecular	level	long	before	there	is	any	

evidence	of	changes	in	tumor	size101,	metabolic	biomarkers	are	actively	being	

sought	to	assess	tumor	aggressiveness,	monitor	treatment	response,	and	reveal	new	

therapeutic	targets.	There	are	a	number	of	key	characteristic	attributes	of	the	tumor	

metabolome	including	the	Warburg	effect	whereby	high	amounts	of	lactate	are	

produced	from	aerobic	glycolysis,	a	result	of	cellular	energetics	reprogramming.	

Studies	have	shown	that	cancer	cells	have	up-regulated	lactate	dehydrogenase	(LDH)	

enzyme	activity	and	the	LDH	mRNA	expression	increases	in	tumor	and	decreases	

with	regression102,103,	making	the	LDH	activity	an	indicative	biomarker	for	cancer	

characterization	and	therapeutic	monitoring.		

	 The	coil	setup	with	the	surface	transceiver	figure-8	design	provided	

adequate	local	coverage	of	the	liver	metastases.	Although	the	surface	coil	nature	

determined	B1	inhomogeneity,	the	multi-band	RF	pulse	and	the	metabolite	ratio	

analysis	used	in	this	study	were	relatively	insensitive	to	B1.	It	only	posed	challenges	
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during	patient	cases	where	tumors	were	more	than	8cm	deep	below	the	skin,	due	to	

low	excitation	and	reception	sensitivity.	In	addition,	care	must	be	taken	when	using	

B1-sensitive	excitation	pulses,	especially	in	the	cases	of	applying	variable	flip	angle	

schemes	to	maximize	metabolite	magnetization	and	optimize	dynamic	modeling.		

	 We	applied	a	2-dimensional	dynamic	EPSI	sequence	with	constant	spectral-

spatial	pulses	throughout	the	time	course,	demonstrating	the	feasibility	of	detecting	

hepatic	pyruvate	metabolism	in	human	subjects	in	vivo	by	HP	13C	MR.	In	the	future,	

expanding	to	a	sequence	with	3D	coverage	would	be	ideal	for	multi-lesion	coverage.	

In	addition,	as	previously	demonstrated	in	brain	and	prostate	cancer	research18,37,	

the	use	of	a	variable	flip	angle	scheme	may	be	a	more	efficient	way	of	utilizing	the	

fast	decaying	magnetization	and	provide	higher	metabolites	signal	for	improved	

spatial	resolution	and	coverage,	but	requires	uniform	B1	excitation.	Methods	with	

faster	and	more	sophisticated	acquisitions,	such	as	compressed	sensing6,104,105,	

frequency-specific	echo	planar	imaging23,106,	and	metabolic	activity	

decomposition57,58,	may	also	advance	future	human	liver	imaging	applications.		

	 Serial	studies	of	the	same	tumor	before	and	after	therapy	demonstrated	the	

feasibility	of	monitoring	treatment	response	with	HP	13C	MRI.	The	current	

processing	pipeline	consisted	of	basic	SNR	threshold	and	anatomical	image	

registration.	Although	this	simple	approach	enabled	repeated	voxel	selection	and	

serial	comparison,	other	methods	with	more	sophisticated	image	registration	could	

be	explored	in	the	future	for	precise	patient	data	analysis107.		

	 The	alanine	signals	observed	in	the	patient	studies	suggest	that	

hyperpolarized	13C	imaging	may	be	valuable	for	alanine	transaminase	(ALT)	activity	
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measurements	in	the	liver.	Although	with	relatively	low	alanine	SNR	and	small	

sample	size	in	the	current	study,	the	liver	metastases	voxels	did	not	detect	

significant	[1-13C]alanine	signal	from	the	injected	HP	[1-13C]pyruvate.	One	possible	

reason	is	that	the	metastases	were	from	primary	tumor	tissue	that	do	not	express	

significant	ALT	compare	to	normal	liver	cells.	Although	more	rigorous	and	in-depth	

studies	will	be	needed	to	assess	the	clinical	value	of	alanine	imaging,	this	

observation	suggests	that	this	technique	might	be	valuable	for	other	liver	imaging	

applications.		

	 The	main	focus	of	these	initial	patient	studies	were	to	develop	and	translate	

hyperpolarized	[1-13C]pyruvate	imaging	techniques	to	investigate	their	feasibility	

for	imaging	pyruvate	metabolism	in	patients	with	liver	metastases,	and	to	measure	

the	bolus	delivery	time	and	SNR	detected	by	the	current	sequence	and	coil	setup	

with	varying	acquisition	parameters.	The	patient	population	included	in	this	study	

was	heterogeneous,	with	four	different	cancer	types	demonstrating	the	feasibility	of	

detecting	pyruvate	to	lactate	conversion	consistent	with	the	Warburg	effect.	For	the	

patient	case	with	before	and	after	therapy	imaging,	the	results	demonstrated	that	

the	current	technology	has	the	potential	to	detect	a	difference	for	the	same	tumor	

pre-	and	post	treatment.	However,	the	implication	of	the	difference,	whether	it	is	

due	to	therapy	and	its	statistical	significance,	is	not	the	focus	of	this	current	study.	

The	purpose	of	this	study	was	to	develop	and	test	a	new	experimental	strategy	for	

human	liver	hyperpolarized	13C	MR	spectroscopy	imaging	and	to	report	initial	

results	from	metastatic	liver	cancer	patient	exams.	In	addition,	this	study	

demonstrated	the	feasibility	of	this	experimental	approach	for	future	clinical	trials	
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to	monitor	therapy	effect	of	PI3Kinase/mTOR	inhibitors	on	cancer	patients	with	

liver	metastases.		

5.6 Conclusions	

	 An	experimental	strategy	using	a	specialized	transceiver	carbon	coil	was	

successfully	developed,	tested	in	phantoms	and	applied	in	human	hyperpolarized	

13C	MR	studies	of	liver	metastases.	The	patient	research	demonstrated	the	feasibility	

of	using	hyperpolarized	13C	pyruvate	to	investigate	the	metabolism	of	liver	

metastases	in	vivo	in	a	key	metabolic	pathway	targeted	by	new	therapeutics.	Our	

results	demonstrated	the	feasibility	of	this	technique	to	be	applied	in	clinical	trials	

of	new	drugs	for	treating	advanced	cancer	patients	with	liver	metastases.	
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6 Chapter	6:	Coil	Combination	Methods	for	Multi-

Channel	Hyperpolarized	13C	Imaging	Data	of	

Human	Studies	

	

The	following	chapter	is	adapted	from:	“Coil	Combination	Methods	for	Multi-

Channel	Hyperpolarized	13C	Imaging	Data	of	Human	Studies.”		(In	preparation)	

	

6.1 Abstract	

	 Effective	coil	combination	methods	for	human	hyperpolarized	13C	

spectroscopy	data	remain	relatively	unexplored.	This	study	implemented	several	

coil	combination	methods,	including	1)	the	sum-of-squares	(SOS),	2)	singular	value	

decomposition	(SVD),	3)	Roemer	method	by	using	reference	peak	area	as	a	

sensitivity	map	(RefPeak),	and	4)	Roemer	method	by	using	ESPIRiT-derived	

sensitivity	map	(ESPIRiT).	These	methods	were	evaluated	by	numerical	simulation,	

thermal	phantom	experiment,	and	human	cancer	patient	studies.	Overall,	the	SVD,	

RefPeak,	and	ESPIRiT	methods	demonstrated	better	accuracy	and	robustness	than	

the	SOS	method.	Extracting	complex	pyruvate	signal	provides	an	easy	and	excellent	

approximation	of	the	coil	sensitivity	map	while	maintaining	valuable	phase	

information	of	the	coil-combined	data.		
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6.2 Introduction	

	 Recently,	with	more	ongoing	and	planned	clinical	applications	of	the	

hyperpolarized	(HP)	13C	human	imaging,	the	safety	and	efficacy	of	this	emerging	

technique	have	been	demonstrated37–39,94.	HP	13C-pyruvate	MR	metabolic	imaging	is	

being	investigated	for	identifying	tumor	metabolism89,	assessing	aggressiveness42,	

evaluating	responses	to	treatment83,	and	probing	cardiac	functions39.	One	of	the	

major	technical	developments	is	the	application	of	phased	array	coils,	which	

provide	large	field-of-view	(FOV)	and	volumetric	coverage,	and	more	excitingly,	

enables	parallel	imaging	capabilities.		

	 Broadly	speaking,	many	coil	combination	methods	have	been	proposed	for	

proton	(1H)	and	phosphorous	(31P)	imaging	applications.	There	are	generally	three	

categories	of	coil	combination	methods:	direct	combination,	data-driven	

combination,	and	using	reference	information	for	combination.	Under	direct	

combination,	the	most	commonly	used	is	sum-of-squares	(SOS)	algorithm	with	

equal	coil	weights.	The	Singular	Value	Decomposition	(SVD)	based	methods108,109	

are	examples	of	the	data-driven	coil	combinations.	In	addition,	coil	phases	and	

weights	have	often	been	estimated	by	calculating	𝐵!!	110	or	by	using	a	reference	

peak111,112.		

	 In	the	field	of	hyperpolarized	13C	MRI,	a	number	of	published	clinical	and	

pre-clinical	studies	have	used	phased	arrays	for	spectroscopy	and	imaging	

applications21,37,39,113–116,	and	the	choice	of	coil	combination	techniques	varied	

between	these	studies	and	sometimes	not	mentioned.	Among	these	studies,	the	

sum-of-squares	algorithm	remains	the	most	used	and	easiest	coil	combination	



	 85	

method	to	roughly	investigate	the	acquired	data,	despite	the	fact	that	it	is	not	SNR	

optimal	and	does	not	preserve	any	phase	information.	Notably,	Dominguez-Viqueira	

et	al115	proposed	to	use	the	Biot-Savart	Law	and	fiducial	markers	to	numerically	

calculate	the	sensitivity	estimates	of	each	coil	for	hyperpolarized	13C	heart	imaging	

applications.	This	analytical	estimates	of	coil	weights	were	shown	to	be	an	effective	

method	of	combining	multi-channel	data,	with	only	minor	intrinsic	limits	of	the	

Biot-Savart	law,	which	neglects	detailed	factors	such	as	coil	loading	and	current	

distribution115.	Lau	et	al116	mentioned	using	the	ESPIRiT	method	to	estimate	coil	

sensitivity	maps	for	natural	abundance	13C	phantom	imaging,	and	Park	et	al37	

mentioned	using	both	the	sum-of-squares	algorithm	and	the	hyperpolarized	[1-	13C]	

pyruvate	map	to	combine	data	for	human	brain	imaging	applications.	However,	the	

coil	combination	methods	were	not	the	focus	of	their	works,	and	the	specific	

advantages	and	disadvantages	of	these	methods	were	not	evaluated	and	discussed	

in	depth.		

	 The	accuracy	and	robustness	of	HP	13C	data	quantification	is	more	important	

than	ever	to	translate	this	technique	into	clinical	research,	and	to	compare	results	

between	studies	conducted	at	different	sites.	In	this	study,	the	goals	were	to	

investigate	and	evaluate	four	coil	combination	methods	from	simulation,	phantom	

studies,	and	in	vivo	experiments,	and	to	develop	a	robust	framework	for	multi-

channel	clinical	hyperpolarized	13C	spectroscopic	and	imaging	data	combination.		
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6.3 Material	and	Methods	

6.3.1 Coil	Combination	Theory		

	 Four	coil	combination	methods	were	evaluated	in	this	study:	1)	the	sum-of-

squares	(SOS),	2)	singular	value	decomposition	(SVD)109,	3)	Roemer	method117	by	

using	reference	peak	area	as	a	sensitivity	map	(RefPeak)111,	and	4)	Roemer	method	

by	using	ESPIRiT118-derived	sensitivity	map	(ESPIRiT).		

	 Table	6.1	provided	a	summary	of	the	methods	and	the	key	parameters	used	

in	this	study.		

Table	6.1:	Summary	of	coil	combination	methods	with	spectroscopy	and	imaging	

applications.	

	

I:	original	data;	xi:	ith	voxel	in	one	spatial	dimension	(RL);	yj:	jth	voxel	in	the	other	

spatial	dimension	(AP);	f:	spectral	points;	ck	and	K:	kth	channel	with	a	total	of	K	
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channels;	N:	metabolites	acquired	by	imaging	approach;	∅:	arbitrary	phase	for	each	

voxel;	S:	sensitivity	map;	*:	conjugate;	H:	conjugate	transpose;	

fRef:	reference	peak	picked	from	spectroscopic	datasets	for	coil	combination;	

NRef:	metabolite	image	used	for	imaging	datasets	coil	combination;	

kspcalib:	part	of	k-space	data	used	for	ESPIRiT-derived	sensitivity	map	calculation	

ISOS,	ISVD,	IRefPeak,	IESPIRiT:	combined	spectroscopy	or	imaging	datasets	with	the	SOS,	SVD,	

RefPeak,	and	ESPIRiT	methods.	

	

6.3.2 Numerical	Simulations	

	 Simulations	were	performed	to	evaluate	the	different	coil	combination	

methods.	Coil	combination	methods	were	evaluated	on	a	simulated	single-voxel	

spectroscopy	dataset.	A	spectrum	with	two	resonances,	mimicking	the	lactate	and	

pyruvate	signal	(lactate	on	the	left	side	and	pyruvate	on	the	right	side	of	spectrum),	

was	simulated	for	a	16-channel	case	by	scaling	the	spectrum	with	16	normalized	

and	randomly	generated	complex	scaling	factors.	Complex	Gaussian	noise	with	

various	standard	deviations	was	added	to	each	channel	to	create	nominal	peak	

pyruvate	SNR	between	14	and	283.	Figure	6.1	(a)	shows	the	simulated	16-channel	

data	with	different	sensitivity	weighting	and	phase,	and	Figure	6.1	(b)	shows	a	

representative	dataset	after	adding	noise	to	each	channel	with	nominal	peak	

pyruvate	SNR	of	57.		
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Figure	6.1:	Simulation	was	performed	by	(a)	scaling	a	spectrum	with	16	normalized	

and	randomly	generated	complex	factors,	and	by	(b)	adding	complex	Gaussian	noise	

with	various	standard	deviations.	
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	 Four	coil	combination	methods	(ESPIRiT,	RefPeak,	SVD,	and	SOS)	were	

applied	to	combine	the	spectra.	Pyruvate	was	used	as	the	reference	peak	for	the	

RefPeak	and	ESPIRiT	methods.	After	combining	the	multi-coil	data,	the	ratio	of	two	

peak	areas	(Lactate/Pyruvate	Ratio)	was	calculated	by	integrating	the	area	under	

each	resonance	of	the	magnitude	spectrum.	This	process	was	repeated	200	times	for	

each	coil	combination	method	at	each	noise	level,	and	the	median	and	25th	–	75th	

quartile	of	each	method	were	documented	and	plotted	in	comparison	to	the	

simulation	ground	truth,	as	shown	in	Figure	6.2	(g).		

6.3.3 Phantom	Experiment	

	 All	imaging	studies	were	performed	on	a	whole-body	3	T	MRI	scanner	(GE	

Healthcare,	Waukesha,	WI,	USA),	with	multi-nuclear	excite	and	32-channel	receive	

capability.			

	 For	the	phantom	study,	proton	imaging	was	performed	using	the	body	coil	

for	excitation	and	a	4-channel	surface	coil	for	reception.	Carbon	imaging	was	

performed	using	a	clamshell	volume	transmitter119	and	a	16-channel	bi-lateral	

receive	array	(Rapid	Biomedical,	Rimpar,	Germany).	The	two	receive	paddles,	each	

housed	8	coil	elements	with	a	4	×	2	layout,	were	placed	anterior	and	posterior	to	

the	phantom	for	whole	volume	coverage,	as	shown	in	Figure	6.2	(f).		

	 A	20	cm	diameter	phantom	containing	natural	abundance	ethylene	glycol	

was	imaged	by	a	1H	T2-weighted	sequence	and	a	13C	spectroscopy	sequence.	The	13C	

data	was	acquired	from	a	10	cm	axial	slice	with	in-plane	field-of-view	(FOV)	of	27	

cm	×	24	cm	(RL	×	AP),	in-plane	resolution	was	1.5	cm	×	1.5	cm.	An	echo-planar	

spectroscopic	imaging	(EPSI)	readout	gradient	was	applied	to	encode	one	spatial	
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(RL)	dimension	and	the	spectral	dimension	and,	with	a	readout	bandwidth	of	545	

Hz	and	a	spectral	resolution	of	10	Hz.		16	phase	encodes	were	applied	in	the	AP	

direction,	and	each	was	excited	by	a	constant	90°	sinc	pulse	(TBW	=	4)	with	TR/TE	

=	130/3.5	ms.	A	total	of	5	repetitions	were	acquired,	resulting	in	a	25-second	scan	

time.	

6.3.4 Hyperpolarization	

	 Approximately	1.43	grams	of	[1-13C]	pyruvic	acid	(Millipore-Sigma,	

Miamisburg,	OH)	mixed	with	28	mg	of	trityl	radical	(GE	Healthcare,	Oslo,	Norway)	

was	pre-filled	in	a	sterile	fluid	path,	and	polarized	for	at	least	2	hours	in	a	SPINlab	

system	(General	Electric,	Niskayuna,	NY),	which	operated	at	5	T	and	0.77	Kelvin	

with	140	GHz	microwave	irradiation.	Sterile	water	was	used	for	dissolution,	and	

followed	by	the	filtering,	neutralizing,	and	diluting	process.	Following	the	quality	

control	system	testing	and	a	pharmacist’s	approval,	0.43	mL/kg	of	the	dissolved	

pyruvate	solution	(250mM)	and	20mL	of	fresh	saline	were	injected	intravenously	at	

a	rate	of	5	mL/s	using	a	power	injector	(MEDRAD,	Inc).		

6.3.5 Patient	Studies	

	 All	human	studies	followed	an	IRB	and	FDA	IND-approved	protocol	with	

informed	consent.		

	 A	breast	cancer	patient	with	metastases	to	the	liver	was	imaged	with	a	

standard	clinical	liver	1H	imaging	protocol	and	a	2D	dynamic	13C	EPSI	sequence.	The	

16-channel	coil	setup	was	similar	to	the	phantom	experiment,	and	the	two	13C	

receiver	arrays	were	placed	anterior	and	posterior	to	the	patient’s	abdomen.	The	HP	
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13C	imaging	parameters	were	as	follows:	multiband	spectral-spatial	RF	pulse	with	

10°	excitation	on	pyruvate	and	20°	excitation	on	lactate	within	a	2	cm	axial	slab,	

TR/TE	was	130/3.5	ms,	3	seconds	temporal	resolution	with	20	total	time	frames,	16	

phase	encodes	in	AP	direction,	a	symmetric	EPSI	readout	in	the	RL	direction,	and	an	

in-plane	resolution	of	1.8	cm	×	1.8	cm.	The	EPSI	readout	bandwidth	was	545	Hz	and	

with	a	spectral	resolution	of	10	Hz.		

	 A	brain	cancer	patient	was	imaged	using	a	custom-built	32-channel	13C	

coil120.	Volumetric	data	were	acquired	with	a	metabolite-specific	EPI	sequence23	

using	a	spectral-spatial	RF	pulse	(130Hz	FWHM,	868Hz	stopband	peak-to-peak).	

Eight	2cm	slices	were	acquired	with	a	24	×	24cm2	FOV,	16	×	16	matrix,	(1.5	×	

1.5cm2	in-plane	resolution),	62.5ms	TR,	21.7ms	TE,	20	kHz	BW,	and	1.03ms	echo-

spacing.	Ramp	sampling	was	not	employed.	The	center	frequency	was	alternated	

between	[1-13C]pyruvate	(Δf	=	0Hz),	[1-13C]lactate	(Δf	=	390Hz)	and	13C	bicarbonate	

(Δf	=	-320	Hz)	to	independently	encode	each	metabolite	volume,	and	a	1.5s	delay	

was	inserted	after	the	bicarbonate	volume	to	yield	a	3s	temporal	resolution.	Twenty	

total	timeframes	per	metabolite	were	acquired,	yielding	a	total	imaging	time	of	60s.		

6.3.6 Data	Analysis	

	 All	13C	spectroscopic	imaging	data	were	processed	in	MATLAB	(The	

MathWorks	Inc.,	Natick,	MA).	A	2D	dynamic	spectroscopic	dataset	was	

reconstructed	after	zero-filling	the	free	induction	decays	(FIDs)	to	256	points,	

apodizing	with	a	10-Hz	Gaussian	filter,	re-sampling	to	create	a	uniform	data	grid,	

pre-whitened121,	and	lastly	Fourier	transformed.		
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	 The	four	coil	combination	methods	were	each	applied	to	the	phantom	and	

human	HP	13C	datasets	to	compare	performance.		For	the	phantom	experiment,	the	

summed	center	peak	ethylene	glycol	triplet	was	served	as	the	reference	peak	for	the	

RefPeak	and	ESPIRiT	methods.	After	coil	combination	using	the	four	methods	in	the	

spectral	domain,	each	method	was	displayed	as	an	image	by	summing	the	

magnitude	spectral	region	of	the	center	peak	of	the	ethylene	glycol	triplet,	as	shown	

in	Figure	2	a-d,	for	direct	image	comparison.		For	the	human	HP	13C	spectroscopic	

dataset,	the	summed	pyruvate	peak	was	integrated	as	the	reference	peak	for	these	

two	coil	combination	methods.		

	 13C	EPI	data	was	first	processed	using	the	Orchestra	reconstruction	toolbox	

(GE	Healthcare).	Data	were	first	corrected	for	Nyquist	ghost	artifacts	by	choosing	

the	appropriate	phase	coefficients	via	an	exhaustive	search	and	then	pre-whitened	

in	k-space	prior	to	coil	combination.	Due	to	the	nature	of	imaging	approach,	the	SVD	

method	was	not	applicable	since	spectral	selection	was	performed	during	excitation.	

The	three	methods,	ESPIRiT,	RefPeak,	and	SOS,	were	applied	to	multi-channel	data.	

Three	metabolites,	pyruvate,	lactate,	and	bicarbonate	from	the	4	central	slices	were	

displayed	for	each	method,	as	shown	in	Figure	6.5.	In	Figure	6.6,	the	lactate-to-

pyruvate	ratio	and	bicarbonate-to-pyruvate	ratio	maps	were	generated	after	

thresholding	by	pyruvate	SNR,	along	with	scatter	plots	of	the	ratios	by	the	three	coil	

combination	methods.		

	 The	Berkeley	Advanced	Reconstruction	Toolbox	(BART)122	was	used	for	

ESPIRiT	reconstruction.	The	same	ESPIRiT	parameters	were	used	for	all	datasets	as	
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follows:	kernel	size	of	4,	calibration	region	of	8,	soft	SENSE,	Eigen	value	threshold	of	

0.9.	

6.4 Results	

	 Computer	simulation	demonstrated	the	performance	of	each	of	the	four	coil	

combination	methods	at	different	noise	levels	in	the	case	of	a	single	voxel	

spectroscopy	dataset,	as	shown	in	Figure	6.2.	Figure	6.2	a-d	shows	a	representative	

dataset	with	SNR	of	57	reconstructed	with	different	coil	combination	methods.	After	

normalizing	each	magnitude	spectra	to	pyruvate,	minor	differences	could	be	

observed	in	terms	of	lactate	peak	magnitude	among	different	coil	combination	

methods	as	shown	in	Figure	6.2	(e).	In	addition,	SOS	method	showed	obvious	

elevated	spectral	baseline	compare	to	the	ground	truth.	Figure	6.2	(f)	shows	the	

phase	of	the	ground	truth	spectrum	and	the	coil	combined	spectra.	In	this	

representative	case,	the	ESPIRiT,	RefPeak,	and	SVD	methods	preserved	the	phase	

well	compared	to	the	ground	truth,	and	the	SOS	method	completely	lost	such	

information.		

	 After	repeating	each	coil	combination	method	200	times	at	7	different	SNR	

levels,	the	peak	area	ratio	(Lactate/Pyruvate	Ratio)	median	and	25th	–	75th	

percentiles	of	each	method	were	plotted	in	Figure	6.2	(f)	to	compare	to	the	ground	

truth.	All	four	methods	performed	very	similarly	and	accurately	when	SNR	is	higher	

than	100,	with	less	than	15%	error	from	the	ground	truth.	However,	as	SNR	

decreases,	all	methods	showed	overestimated	Lactate/Pyruvate	ratio	compare	to	

the	ground	truth.	At	low	SNR	of	19,	the	SOS	method	was	the	least	robust	to	noise	
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and	overestimated	the	Lactate/Pyruvate	ratio	by	180%,	while	the	ESPIRiT,	RefPeak,	

and	SVD	methods	had	significantly	lower	bias	and	only	overestimated	the	ratio	by	

roughly	30%.		

	

Figure	6.2:	Simulated	single-voxel	spectroscopic	data	combined	by	(a)	ESPIRiT	method,	

(b)	RefPeak	method,	(c)	SVD	method,	and	(d)	SOS	method	at	a	representative	noise	

with	nominal	SNR	of	57.	(e)	and	(f)	shows	the	normalized	magnitude	spectra	and	

spectral	phase	compared	to	simulation	ground	truth.	Lactate-to-pyruvate	ratio	was	

quantified	for	each	coil	combination	method	at	each	noise	level,	and	the	medium	and	

25th	–	75th	quantiles	were	displayed	in	(g)	after	repeating	for	200	times.	
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	 The	spectroscopic	phantom	data	was	coil	combined	by	the	four	methods	in	

the	spectral	dimension,	and	displayed	in	Figure	6.3	a-d	as	images	by	integrating	the	

center	peak	of	the	ethylene	glycol	triplet	and	normalizing	to	the	maximum	pixel.	The	

line	profile	of	the	same	column	of	each	image	was	plotted	in	Figure	6.3	(e).	All	

comparisons	made	from	this	experiment	were	mainly	qualitative,	due	to	the	lack	of	

ground	truth.	Overall,	the	ESPIRiT	method	was	the	best	at	suppressing	the	

background	noise,	and	ESPIRiT,	RefPeak,	and	SVD	methods	performed	similarly	

under	different	noise	levels	throughout	the	phantom.	Consistent	with	the	simulation	

results,	the	SOS	method	tended	to	overestimate	the	signal	at	high	noise	regions,	and	

the	background	noise	was	elevated	compared	to	the	other	methods.			
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Figure	6.3:	Ethylene	glycol	phantom	(f)	was	acquired	by	a	13C	spectroscopic	sequence	

using	a	clamshell	transmitter	and	a	16-channel	receive	array.	(a)	–	(d)	shows	the	four	

coil	combination	results	as	images	after	integrating	the	middle	peak	of	ethylene	glycol.	

(e)	shows	the	line	profile	of	the	same	column	of	images	(a)	–	(d).	

	

	 The	human	HP	13C	spectroscopic	data	provided	similar	results	as	the	

simulation	and	phantom	experiments.	Figure	6.4	shows	the	13C	spectroscopic	grid	

overlaid	on	top	of	a	T2-weighted	1H	image,	and	the	four	coil	combined	spectra	of	a	

tumor	voxel	and	a	kidney	voxel.	In	the	tumor	voxel,	four	peaks	could	be	observed,	

namely	lactate,	pyruvate	hydrate,	alanine,	and	pyruvate	(from	left	to	right).	

Qualitatively,	the	ESPIRiT,	RefPeak,	and	SVD	methods	performed	similarly;	and	the	

SOS	method	showed	elevated	spectral	baseline	and	posed	more	deteriorating	effects	

on	low	SNR	peaks,	such	as	alanine.	In	the	kidney	voxel,	only	three	peaks	were	

observed,	lactate,	pyruvate	hydrate,	and	pyruvate,	and	the	relative	difference	among	



	 97	

the	coil	combination	methods	were	similar	to	that	of	the	tumor	voxel.	The	kidney	

voxel	lactate-to-pyruvate	ratio	was	quantified	by	dividing	the	summed	magnitude	

spectra	regions	of	the	two	metabolites,	and	ESPIRiT	and	RefPeak	methods	provided	

the	same	ratio	quantification,	while	the	SVD	method	showed	slightly	lower	ratio	and	

the	SOS	overestimated	the	ratio.		

	

Figure	6.4:	Human	HP	13C	16-channel	spectroscopic	data	registered	to	1H	T2-weighted	

image,	acquired	from	a	breast	cancer	patient	with	liver	metastases.	The	red	box	and	

red	spectra	correspond	to	a	tumor	voxel,	and	the	blue	box	and	blue	spectra	correspond	

to	a	kidney	voxel.	Lactate-to-pyruvate	ratio	was	quantified	and	displayed	next	to	each	

coil-combined	spectrum.	1H	T2-weighted	image	was	acquired	with	a	Single	Shot	Fast	

Spin	Echo	(SSFSE)	sequence	with	fat	saturation.	

	

	 Only	three	coil	combination	methods	were	evaluated	using	the	HP	13C	EPI	

data,	and	the	images	of	each	metabolite	are	shown	in	Figure	6.5.	Overall,	the	image	

from	the	injected	pyruvate	represented	the	high	SNR	case,	while	the	downstream	
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metabolites,	lactate	and	bicarbonate,	each	represented	the	medium	and	low	SNR	

situation.	Under	the	high	SNR	case,	the	pyruvate	images	from	the	three	coil	

combination	methods	showed	high	levels	of	similarity,	except	the	ESPIRiT	method	

presented	a	nulled	signal	region	in	the	left	frontal	lobe	as	pointed	out	by	the	red	

arrow	in	Figure	6.5,	and	this	nulled	region	could	be	observed	in	ESPIRiT	images	of	

lactate	and	bicarbonate	as	well.	This	was	due	to	the	choice	of	high	Eigen	value	

threshold	of	the	ESPIRiT	parameters,	and	it	could	potentially	be	avoided	by	fine-

tuning	the	ESPIRiT	input.		The	green	arrow	pointed	to	the	patient’s	surgical	

resection	region	with	low	levels	of	13C	signal,	which	was	consistent	with	low	blood	

perfusion.	From	the	lactate	images,	which	represented	the	medium	SNR	case,	better	

lateral	ventricle	contrast	could	be	observed	from	the	RefPeak	method,	as	pointed	

out	by	the	white	arrow.	Both	ESPIRiT	and	RefPeak	methods	outperformed	the	SOS	

method	in	the	low	SNR	bicarbonate	images,	showing	better	image	SNR	and	contrast.	

Ratio	maps	of	lactate-to-pyruvate	and	bicarbonate-to-pyruvate	of	each	method	were	

displayed	in	Figure	6.6,	along	with	scatter	plots	of	the	ratios	by	different	methods.	

With	medium	lactate	SNR,	the	three	methods	showed	almost	identical	lactate-to-

pyruvate	ratios.	However,	the	low	SNR	bicarbonate	showed	a	more	scattered	

pattern,	especially	with	the	SOS	method	derived	ratios.	Consistent	with	the	

simulation,	the	SOS	method	overestimated	the	ratios	in	low	SNR	cases	when	

compared	to	the	other	two	methods.		
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Figure	6.5:	Brain	tumor	patient	data	with	1H	T2-FLAIR	images	(tumor	was	pointed	out	

by	the	green	arrow)	and	AUC	images	acquired	with	EPI	of	three	metabolites	acquired	

by	a	32-channel	13C	coil.	Each	metabolite	was	reconstructed	with	three	different	coil	

combination	methods.	Note	the	white	and	red	arrows	pointing	to	the	minor	differences	

of	each	method.	The	white	arrow	points	at	the	different	lateral	ventricle	contrast	

shown	by	the	RefPeak	method.	The	red	arrow	points	out	a	region	with	nulled	signal	by	

the	ESPIRiT	reconstruction,	a	result	of	high	algorithm	threshold.	

	

	

Figure	6.6:	Quantified	ratios	(L/P	and	B/P)	of	each	voxel	were	plotted	as	scatter	plots	

to	compare	three	coil	combination	methods.	The	masks	were	selected	based	on	

pyruvate	SNR	(voxels	with	SNR	greater	than	10),	and	for	each	slice,	the	same	mask	
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was	applied	to	the	three	metabolites.	Scatterplots	on	the	right	show	that	the	SOS	

method	tends	to	overestimate	the	ratios	when	SNR	is	low.	

	

6.5 Discussions	

	 The	computer	simulation,	phantom	testing,	and	human	in	vivo	experimental	

data	in	this	project	comparing	multi-channel	combination	methods	all	provided	

consistent	results.	Among	the	four	coil	combination	methods	being	evaluated	in	this	

study,	while	the	SOS	method	is	straightforward	and	easy	to	compute,	it	showed	the	

worst	results	while	the	other	three	methods	performed	similarly.		

	 For	spectroscopic	reconstruction,	the	SOS	method	did	not	preserve	phase	

information,	while	the	other	three	methods	all	used	the	pyruvate	phase	of	each	

voxel	as	reference	phase.	This	phase	correction	step	was	intrinsic	to	the	RefPeak	

method	as	phase	was	preserved	as	complex	coil	weights.	Phase	correction	was	

performed	for	ESPIRiT	and	SVD	methods	after	coil	combination,	by	applying	

constant	spectral	phase	of	a	non-noise	reference	point	on	a	voxel-by-voxel	based	

operation.	All	three	methods	will	be	prone	to	phase	errors	for	low	SNR	voxels,	thus	

consideration	must	be	given	for	phase-sensitive	and	SNR-limited	acquisitions.		

	 The	SOS	method	showed	the	least	desirable	results	for	both	spectroscopy	

and	imaging	applications.	This	method	was	more	prone	to	error	in	terms	of	

metabolite	ratio	quantifications,	since	low	SNR	signals	were	contaminated	by	

elevated	bias.	In	the	cases	of	lactate-to-pyruvate	and	bicarbonate-to-pyruvate	ratios,	

the	ratios	tend	to	be	overestimated	by	SOS	in	the	low	SNR	voxels.	In	addition	to	the	
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quantification	advantage,	the	RefPeak,	SVD,	and	ESPIRiT	methods	all	showed	greatly	

enhanced	apparent	SNR,	especially	for	metabolites	with	relatively	low	intrinsic	

concentration	such	as	bicarbonate	and	alanine.	Compared	to	the	SOS	coil	

combination	method,	the	RefPeak,	SVD,	and	ESPIRiT	also	enhanced	image	and	

spectral	quality	of	dynamic	data,	which	will	enable	robust	kinetic	quantification	of	

the	HP	13C	metabolites.		

	 In	this	study,	all	phantom	and	in	vivo	data	were	pre-whitened	prior	to	the	

rest	of	reconstruction.	This	pre-whitening	step	removed	the	correlation	between	

noises	for	each	channel,	and	scaled	the	noise	to	identical	amplitudes.	The	pre-

whitening	step	provided	significant	benefits	in	terms	of	precision	and	efficiency109,	

and	should	be	considered	as	a	routine	pre-processing	step	for	HP	13C	data	

reconstructions.		

	 Care	must	be	taken	when	choosing	parameters	for	the	ESPIRiT	method	

during	the	sensitivity	map	calculation.	Fine-tuning	the	ESPIRiT	parameters	could	

potentially	improving	the	results,	but	could	also	risk	biased	and	misleading	results.	

As	demonstrated	in	Figure	6.5	by	the	red	arrow,	the	thresholding	step	mistakenly	

removed	signal	from	areas	with	low	signal	profile.	To	this	aspect,	the	RefPeak	

method	is	more	advantageous	due	to	its	input-less	nature.		

6.6 Conclusions	

	 In	this	study,	we	have	successfully	developed	a	robust	framework	for	multi-

channel	hyperpolarized	13C	multi-channel	MR	data	combination,	with	both	in	vivo	

spectroscopic	and	imaging	acquisitions.	Extracting	complex	pyruvate	signal	
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provides	an	easy	and	excellent	approximation	of	the	coil	sensitivity	map	while	

maintaining	valuable	phase	information	of	the	coil-combined	data.			
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7 Chapter	7:	Summary	and	Conclusions	

	 This	dissertation	project	mainly	focused	on	preclinical	applications	of	

hyperpolarized	13C	metabolic	MRI	techniques,	in	addition	to	the	technical	

developments	for	their	translation	to	human	cancer	patient	studies.		

	 In	Chapter	3,	two	therapies,	systematic	androgen	deprivation	therapy	and	

locally	delivered	bicalutamide,	were	used	to	treat	a	total	of	six	Transgenic	

Adenocarcinoma	of	the	Mouse	Prostate	(TRAMP)	mice.	Hyperpolarized	13C	

metabolic	MRI	successfully	detected	response	to	therapy,	with	positive	correlations	

with	the	Response	Evaluation	Criteria	in	Solid	Tumors	(RECIST)	and	histological	

staining.		

	 Chapter	4	presented	a	hyperpolarized	[1	–	13C]pyruvate	metabolic	MRI	study	

of	an	oncogene-switchable	mouse	model,	with	early	detected	tumor	progression,	

regression,	and	recurrence.		

	 Chapter	5	translated	the	preclinical	imaging	work	to	an	experimental	setup	

for	hyperpolarized	13C	MR	investigations	of	cancer	metastases	to	liver.	With	a	new	

transceiver	coil	design,	a	spectral-spatial	pulse,	and	an	efficient	spectroscopic	

readout	gradient,	initial	patient	studies	(n	=	6)	were	successful	with	high	signal-to-

noise	ratio,	high	lactate-to-pyruvate	ratio	in	tumor	voxels,	and	no	adverse	effects.	

	 Chapter	6	builds	on	part	of	the	developments	done	in	Chapter	5,	with	the	13C	

acquisition	improvement	of	using	a	volume	exciter	and	a	multi-channel	receive	coil.	

In	order	to	evaluate	the	currently	relatively	unexplored	topic	of	hyperpolarized	13C	

data	combination,	several	coil	combination	methods	were	implemented	and	
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evaluated	by	numerical	simulation,	thermal	phantom	experiment,	and	human	

cancer	patient	studies.	An	innovative	method,	based	on	complex	pyruvate	signal	

extraction,	has	shown	to	be	easy	and	efficient	while	preserving	the	most	phase	and	

magnitude	information	of	the	coil-combined	data.		

	 As	shown	by	the	bioengineering	research	performed	in	this	dissertation,	

hyperpolarized	13C	MRI	is	an	emerging	medical	imaging	technology	that	provides	

valuable	metabolic	information	for	cancer	research	and	potential	clinical	

applications,	especially	in	the	management	of	cancer	treatment	and	therapy	

response	monitoring.	With	the	ongoing	clinical	trials	at	UCSF,	this	technique	will	be	

applied	on	monitoring	response	to	chemotherapy	for	breast	cancer	patients	with	

liver	metastases.	Technically,	application	of	more	advanced	imaging	techniques,	

such	as	respiratory-gating	acquisitions,	compressed	sensing	under-sampling,	

parallel	imaging,	optimized	flip	angle	trains	and	radiofrequency	pulse	shapes,	will	

all	be	extremely	valuable	to	improve	the	data	quality	and	ultimately	increase	the	

clinical	potential	and	value	of	this	emerging	imaging	technique.		
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