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wide.		
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Chapter	1	

Early	History	of	Breast	MRI	

Steven	E.	Harms,	MD,	FACR,	FSBI	
	

Origins	

Researchers	began	to	use	magnetic	resonance	to	explore	applications	in	medicine	and	biology	in	

the	early	1970s.	The	structure	of	complex	molecules	does	not	lend	itself	to	analysis	by	nuclear	

magnetic	resonance	(NMR),	similar	to	what	was	by	then	widely	used	in	organic	chemistry.	One	

window	on	biology	that	could	be	readily	measured	in	complex	systems	was	the	spin	lattice	

relaxation	time	(T1)	that	reflects	molecular	organization.	The	first	breakthrough	occurred	when	

Hazlewood	observed	that	the	T1	relaxation	time	of	immature	muscle	was	longer	than	that	of	

mature	muscle	in	1970.(1)	Shortly	afterward	in	1971,	his	colleague,	Raymond	Damadian,	showed	

that	malignant	tissue	had	a	significantly	longer	T1	than	benign	tissue.(2)	Damadian	patented	this	

idea	as	a	new	way	of	detecting	cancer	in	1972.	A	flurry	of	scientific	activity	began	across	the	world	

including	my	student	research.	As	more	data	was	compiled,	it	was	concluded	that	although	

malignancy	generally	had	a	longer	T1	compared	to	benign	tissue,	there	was	so	much	overlap	with	

benign	tissue	that	T1	alone	was	insufficient	to	be	used	as	a	diagnostic	tool.(3)	

The	intense	interest	in	T1	measurements	for	cancer	diagnosis	stimulated	other	research	ideas	in	

magnetic	resonance.	Paul	Lauterbur	reasoned	that	if	tissues	have	different	T1	values	then	imaging	

might	be	of	value.	Up	until	this	time,	clinical	imaging	(x‐rays	and	ultrasound)	were	physically	

similar	to	a	photograph.	To	make	a	radiograph,	x‐rays	were	passed	through	the	body	and	the	image	

recorded	on	the	film	reflects	the	differential	absorption	of	radiation.	Computed	tomography	(CT)	

that	was	invented	at	about	the	same	time	as	MRI	was	only	different	from	radiographs	in	the	use	of	a	

detector	and	reconstruction.	Ultrasound	only	differs	in	the	measurement	a	reflected	beam	of	sound	

waves	rather	than	through	transmission.	With	a	radiowave	length	of	about	10	meters,	one	cannot	

make	an	image	with	MR	in	a	way	similar	to	ultrasound	and	x‐rays.	The	genius	of	Lauterbur	was	to	

superimpose	on	the	homogeneous	magnetic	field	that	is	typically	used	in	NMR	another	magnetic	

field	called	a	gradient	that	would	predictably	vary	the	resonance	frequency	across	the	region	of	

interest.	Multiple	projections	at	different	angles	could	be	obtained	and	an	image	reconstructed	with	

projection	reconstruction.	The	first	image	published	in	Nature	in	1973	depicted	two	capillary	tubes	

within	an	NMR	tube.	The	entire	image	field	of	view	was	about	3mm.(4)		 	
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Breast	cancer	was	an	early	interest	for	MRI	

I	presented	my	tissue	work	at	a	Gordon	Conference	in	1976.	At	that	conference,	I	saw	Dr.	Lauterbur’s	

work	that	by	this	time	had	progressed	to	a	16x16	image	of	a	mouse	abdomen.	I	was	so	impressed	

that	I	started	graduate	work	in	his	department	the	next	year.	Because	of	the	early	interest	in	using	

NMR	tissue	samples	for	cancer	diagnosis,	much	of	the	early	clinical	attention	was	focused	on	cancer	

imaging.	Breast	cancer	imaging	was	of	high	interest	to	a	couple	of	European	researchers	who	came	

through	Dr.	Lauterbur’s	lab.	They	produced	some	of	the	first	human	images	showing	breast	cancers	

in	mastectomy	specimens.	In	fact,	these	publications	of	human	breast	cancers	predate	human	spine	

or	brain	images.(5,6)	The	first	human	breast	images	in	a	live	person	were	performed	in	Dr.	

Lauterbur’s	laboratory	in	1981	when	a	magnet	was	built	that	could	accommodate	the	human	torso.	

The	first	dedicated	breast	coil	was	built	in	our	lab	to	produce	these	images.(7)		

The	first	commercial	MRI	machine	was	made	by	Dr.	Damadian’s	company,	FONAR	Corporation,	and	

placed	in	a	clinical	site	in	Cleveland,	OH,	in	1982.	This	primitive	MRI	used	an	inhomogeneous	

magnetic	field	that	relied	on	mechanically	moving	the	patient	through	a	resonance	point	to	produce	

a	low	resolution	image.	Breast	cancer	was	thought	to	be	a	major	potential	application	for	this	new	

technology.	The	first	paper	on	clinical	breast	MRI	from	this	site	showed	that	MRI	could	not	

distinguish	cyst	from	cancer.	

Technicare	(a	division	of	Johnson	and	Johnson)	was	one	of	the	early	market	leaders	in	commercial	

MRI.	The	first	units	shipped	by	Technicare	included	breast	coils.	Coils	for	the	spine	and	knee	had	not	

yet	been	commercialized.	The	clinical	series	reported	in	the	mid‐80s	from	centers	using	breast	MRI	

were	universally	disappointing.	Cancers	that	were	easily	seen	on	mammography	and	even	palpable	

cancers	could	not	be	seen	on	MRI.	MRI	could	not	distinguish	benign	from	malignant.(8)	Interest	in	

breast	MRI	as	a	tool	for	medical	diagnosis	faded	rapidly	after	these	reports.	Breast	coils	disappeared	

as	an	accessory	for	MRI.	

 

Contrast	enhancement	is	the	key	

The	first	MRI	contrast	agent	was	introduced	in	Europe	by	Schering	AG	in	the	late	1980s.	Fortunately,	

Werner	Kaiser	ignored	the	earlier	breast	MRI	failures	and	used	the	new	gadolinium	contrast	agent	to	

image	women	with	breast	cancer	in	the	Siemens	factory	in	Germany.(9)	He	found	that	cancers	almost	

always	enhanced	and	that	often	they	could	be	distinguished	from	many	benign	lesions	by	the	time	

course	of	their	enhancement.(9)	In	Germany,	gynecologists	perform	most	breast	surgeries.	Palpable	

masses	that	were	subjected	to	surgical	biopsy	were	often	benign.	Early	breast	MRI	was	successfully	

applied	in	Germany	to	reduce	the	number	of	unnecessary	biopsies	that	were	performed	for	benign	

lesions.(10)   
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I	was	invited	to	be	a	guest	speaker	at	the	European	Society	of	Magnetic	Resonance	in	Medicine	and	

Biology	in	the	late	‘80s,	I	heard	a	paper	by	Dr.	Kaiser	demonstrating	contrast	enhancement	of	breast	

cancers	on	MRI.	This	was	the	missing	link	needed	for	breast	MRI	to	have	a	chance.	When	contrast	

agents	become	FDA	approved	and	available	in	the	US,	I	wanted	to	explore	contrast	enhanced	breast	

imaging	with	some	of	the	high	resolution	imaging	techniques	that	I	was	using	for	musculoskeletal	

imaging.	The	biggest	problem	was	where	to	obtain	a	breast	coil.	No	commercial	breast	coils	were	

available.	Our	scanner	manufacturer,	GE,	said	that	there	was	no	interest	in	breast	MRI	and	that	

previous	work	failed	to	show	any	promise.	I	had	worked	with	several	smaller	companies	on	a	

variety	of	coils	for	TMJ,	cervical	spine,	shoulder,	and	knee.		None	of	these	companies	had	any	

interest	either.	It	seemed	that	most	had	written	off	breast	MRI	as	a	dead‐end	application.	Finally	

after	many	months	of	effort,	I	convinced	an	engineer,	George	Misic,	who	worked	part‐time	for	

MedRad	to	make	a	coil	on	his	own	time	if	I	agreed	to	pay	for	the	parts.	I	convinced	a	local	breast	

cancer	activist,	Nancy	Brinker,	to	give	a	$5000	grant	to	support	coil	construction	and	some	

preliminary	patient	work.	Her	group	later	became	Komen	for	the	Cure.	To	allow	more	pulse	

sequence	options,	a	transmit‐receive	coil	was	designed	similar	to	the	knee	coil	that	was	available	on	

most	GE	machines	at	the	time.	

The	breast	coil	provided	much	higher	SNR	than	the	body	coil	and	allowed	for	high	resolution	3D	

imaging.	The	next	step	was	to	get	good	image	contrast.	I	knew	from	musculoskeletal	experience	

that	fat	suppression	would	be	highly	valuable	for	contrast	enhancing	breast	cancers.	Inversion	

preparation	was	too	time	consuming	at	the	time	as	multi‐echo	sequences	had	yet	been	developed.	

Fat	saturation	was	first	attempted,	but	the	contrast	was	suboptimal	and	it	was	time	consuming.	

Three	point	Dixon	was	considered,	but	not	used	due	to	motion	sensitivity	and	time	consumption.	A	

jump‐return	sequence	was	selected.	This	provided	excellent	fat	suppression	(water	only	excitation)	

with	a	significant	reduction	in	motion	artifacts	due	to	the	non‐selective	excitation	pulses.	In	some	

early	cases	cancers	were	obscured	by	surrounding	fibroglandular	tissue.	Magnetization	transfer	

was	added	to	suppress	fibroglandular	tissue	and	improve	contrast	performance.	The	optimal	

sequence	produced	water	excitation	(fat	suppression)	and	magnetization	transfer	contrast	and	

called	ROtating	Delivery	of	Excitation	Off‐resonance	(RODEO).(10)	

We	were	amazed	at	how	well	our	new	high	contrast,	high	resolution	images	depicted	breast	cancer.	

Not	only	could	we	see	lesions	better	than	mammography,	in	many	patients	we	were	seeing	cancers	

not	seen	by	mammography.	This	became	a	big	problem	in	designing	a	study	to	test	the	new	method.	

How	do	you	measure	truth?	Counting	cancer	detection	by	patient	or	by	breast	doesn’t	adequately	

address	the	additional	cancer	yield	that	is	achieved	on	MRI.	Most	biopsies	only	sample	that	area	

that	is	observed	on	imaging.	What	about	the	undetected	cancers	not	seen	on	conventional	imaging?	
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The	answer	came	from	Dr.	Egan’s	work	at	MD	Anderson	where	he	used	rigorous	pathology	

correlation	with	serial	section	mastectomies.	Our	office	was	two	floors	below	the	pathology	lab.	

When	a	mastectomy	was	performed,	the	pathology	resident	chilled	the	breast	and	sectioned	the	

entire	breast	with	a	meat	slicer	at	about	2mm	increments.	MRI	sections	were	generated	in	the	same	

plane	and	compared	with	the	pathology	specimens	by	radiologists	and	pathologists	together.	When	

incidental	lesions	were	seen	on	MRI,	the	specimen	area	was	reviewed	microscopically.	In	many	

cases,	enhancement	on	MRI	could	be	seen	from	cancers	that	were	occult	on	gross	pathology.	

Standard	pathology	analysis	could	never	make	this	diagnosis.	Remember	that	some	studies	that	

report	MRI	false	positives	are	really	pathology	false	negatives	due	to	inadequate	histologic	sampling.	

	

Clinical	applications	develop	

Now	that	we	have	a	great	breast	imaging	method,	how	do	we	use	it	in	a	clinical	setting?	As	opposed	

to	Germany	where	a	major	role	was	reducing	surgical	biopsies	for	benign	lesions,	needle	biopsy	had	

largely	eliminated	surgical	biopsy	by	that	time	in	our	practice.	It	seemed	that	the	most	expedient	

role	for	MRI	was	to	determine	disease	extent	in	women	with	known	cancers.	Hence	the	divergence	

in	technical	priorities;	if	your	goal	is	to	improve	specificity	to	reduce	false	positives,	then	all	you	

need	to	do	is	see	the	lesion	in	question.	If	your	goal	is	to	identify	occult	disease,	then	your	priority	is	

to	improve	sensitivity	and	reduce	false	negatives.	Our	techniques	favored	high	resolution	and	high	

contrast.	The	German	approach	favored	high	temporal	resolution	at	the	expense	of	spatial	

resolution.	The	best	approach	depends	on	the	clinical	need.		

To	demonstrate	the	poor	regard	for	breast	MRI	in	the	clinical	imaging	community,	the	first	few	

abstracts	that	were	submitted	by	our	research	team	were	rejected	despite	the	impressive	data.	In	

1991,	a	paper	was	accepted	to	the	RSNA,	but	it	was	in	a	room	that	probably	only	seated	about	50	

people.	Breast	MRI	remained	overlooked.	The	next	year,	a	paper	was	accepted	to	the	RSNA	for	a	

larger	venue.	I	got	a	call	from	the	RSNA	about	a	new	program	where	they	would	try	to	stimulate	

press	coverage	for	some	papers	that	may	have	appeal	to	a	lay	audience.	They	asked	me	to	present	

my	paper	on	MRI	of	sports	injuries.	I	told	them	that	I	would	present,	but	pleaded	with	them	that	my	

other	paper	on	breast	MRI	might	be	more	newsworthy.	In	the	end,	I	succeeded	in	getting	breast	

MRI	on	the	press	agenda	instead	of	musculoskeletal	MRI.	Breast	MRI	was	a	hit.	Media	from	the	

entire	world	including	major	TV	networks	covered	the	story.		

We	scientists	like	to	think	that	our	data	speaks	for	itself,	but	I	really	believe	that	the	media	coverage	

is	what	made	doors	open	for	breast	MRI.	The	same	people	whom	a	few	months	before	were	saying	

there	was	no	future	in	breast	MRI	started	to	ask	how	to	make	a	product.	The	National	Cancer	

Institute	funded	clinical	trials	for	breast	MRI	and	Breast	MRI	Working	Groups	to	share	ideas	among	
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researchers.	These	efforts	were	highly	successful	at	bringing	clinical	breast	MRI	to	a	reality.	One	of	

the	working	groups	focused	on	breast	MRI	as	a	screening	tool.	In	2007,	the	American	Cancer	Society	

issued	guidelines	for	screening	breast	MRI,	based	upon	ideas	conceptualized	in	the	Working	Group.		

MRI	in	the	breast	center	

As	roles	for	breast	MRI	emerged,	many	observed	that	breast	MRI	could	be	best	implemented	in	a	

clinical	setting	if	it	were	located	in	breast	centers	and	not	general	radiology	departments.	Advanced	

NMR	was	a	small	company	in	Massachusetts	that	produced	the	first	commercial	echo	planar	MRI	

and	the	first	commercial	3T	MRI.	Advanced	NMR	decided	that	time	had	come	for	a	low	cost	breast	

MRI	that	could	be	placed	as	a	dedicated	machine	for	breast	centers.	We	obtained	one	of	these	

systems	for	research	on	breast	MRI	screening.	In	2001,	new	owners	acquired	Advanced	NMR	and	

decided	that	the	only	product	that	they	would	keep	was	the	dedicated	breast	MRI.	They	sought	my	

advice	on	addressing	the	deficiencies	of	the	original	dedicated	machine.	The	product	was	a	1.5T	

with	spiral	acquisitions	using	the	RODEO	pulse	sequence.	About	80	machines	were	sold	to	breast	

centers	throughout	the	world.	Other	manufacturers	recognized	the	need	for	breast	MRI	as	a	part	of	

routine	breast	cancer	diagnosis	and	screening.	Breast	MRI	is	now	an	integral	part	of	the	clinical	

management	of	breast	disease.	
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Chapter	2	

Organized	Nationwide	High‐risk		
Multi‐modal	MR	Screening	in	Germany	

Ulrich	Bick,	MD	

Introduction	

The	German	Consortium	of	Hereditary	Breast	and	Ovarian	Cancer	(GC‐HBOC)	was	founded	in	1996	

with	support	from	the	Germany	Cancer	Aid.	The	participating	academic	medical	centers	throughout	

Germany	offer	counseling,	genetic	testing	and	surveillance	to	women	with	a	strong	family	history	of	

breast	and/or	ovarian	cancer.	The	consortium	has	grown	from	initially	10	centers	to	now	17	

centers	across	Germany,	all	working	according	to	common	standard	operating	procedures	(SOPs).	

Since	2005	the	program	is	part	of	routine	clinical	care	and	fully	funded	by	most	insurance	carriers	

in	Germany.	

	

Entrance	criteria	for	high‐risk	surveillance	

The	GC‐HBOC	offers	intensified	breast	cancer	surveillance	with	MRI	to	all	women	with	a	pathogenic	

mutation	in	one	of	the	known	breast	cancer	risk	genes,	as	well	as	to	women	in	whom	the	affected	

index	patient	in	the	family	had	a	negative	genetic	test	and	who	have	a	calculated	remaining	breast	

cancer	lifetime	risk	of	at	least	30%	and/or	a	BRCA1/2	carrier	probability	of	at	least	20%	[1;	2].	The	

surveillance	is	offered	regardless	whether	a	woman	already	had	breast	cancer	or	not,	as	long	as	the	

patient	is	treated	with	curative	intent	and	breast	tissue	at	risk	remains.	Whereas	the	age‐specific	

breast	cancer	incidence	for	women	with	a	pathogenic	mutation	in	one	of	the	high	penetrance	breast	

cancer	risk	genes	such	a	BRCA1/2	is	well	established	[3],	prediction	of	breast	cancer	incidence	is	

much	more	difficult	in	women	with	a	strong	family	history	for	breast	cancer	but	no	known	risk	gene	

mutation.	Calculated	individual	risk	in	these	patients	will	vary	substantially	depending	on	the	

algorithm	used	[4],	rendering	patient	selection	for	intensified	surveillance	difficult.	The	GC‐HBOC	

has	traditionally	been	using	the	extended	Claus	model	[5;	6]	for	risk	calculation,	but	it	is	currently	in	

the	process	of	updating	its	guidance	for	women	without	a	known	breast	cancer	risk	gene	mutation.	
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Duration,	frequency	and	components	of	the	surveillance	program	

Core	component	of	the	GC‐HBOC	high‐risk	surveillance	program	is	an	annual	contrast‐enhanced	

MRI	of	the	breast	starting	at	age	25	for	BRCA1/2	carriers	and	from	30	for	all	remaining	high‐risk	

patients	in	the	program.	Surveillance	will	be	offered	until	age	70	to	women	with	a	known	breast	

cancer	risk	gene	mutation	and	is	discontinued	after	age	50	for	all	remaining	high‐risk	patients.	The	

MRI	is	usually	followed	by	a	brief	clinical	exam,	tailored	second‐look	ultrasound	and	from	age	40	by	

an	optional	mammography.	BRCA1/2	mutation	carriers	are	offered	an	additional	6‐month	interval	

ultrasound	between	annual	MRI	exams.	All	modalities	are	read	in	a	joint	fashion	and	the	results	of	

the	MRI	exam	are	used	to	guide	the	ultrasound	exam	and	help	decide	if	and	in	which	form	

mammography	is	needed	(e.g.	bilateral	MLO	views	only	or	additional	digital	breast	tomosynthesis).	

	

Difficulties	related	to	screening	premenopausal	women	

Screening	premenopausal	women	faces	a	set	of	challenges	unique	to	this	patient	group.	Women	in	

this	age	group	are	usually	highly	mobile	and	are	confronted	with	a	variety	of	concurrent	obligations	

which	may	interfere	with	participation	in	the	surveillance	program.	In	addition,	physiological	

changes	related	to	menstrual	cycle,	pregnancy	and	lactation	may	interfere	with	the	ability	to	

effectively	screen	for	breast	cancer.	In	premenopausal	women	it	is	usually	advisable	to	schedule	the	

MRI	in	the	second	week	of	the	menstrual	cycle,	where	background	parenchymal	enhancement	

(BPE)	will	be	the	lowest	[7].	During	pregnancy	and	at	least	during	the	initial	phase	of	lactation	

surveillance	will	be	by	clinical	exam	and	ultrasound	only,	usually	at	slightly	reduced	intervals.	Use	

of	exogenous	hormones	such	as	oral	contraceptives	and	hormone	replacement	therapy	is	in	general	

discouraged	in	high‐risk	women	attending	the	intensified	surveillance	program,	not	only	to	

optimize	conditions	for	MRI	screening,	but	also	since	it	may	further	increase	breast	cancer	risk	[8].	

	

Impact	of	individual	imaging	modalities	in	multi‐modal	screening	

MRI	has	by	far	the	biggest	impact	on	breast	cancer	detection	in	multi‐modal	high‐risk	screening	[9‐

14].	Around	90%	of	all	cancers	detected	during	high‐risk	screening	will	be	visible	on	the	MRI	and	at	

least	30%	of	cancers	will	be	detected	by	MRI	only.	A	small	number	of	cancers	(less	than	10%,	most	

often	DCIS)	will	be	missed	by	MRI	and	detected	by	mammography	only	on	the	basis	of	

microcalcifications.	This	appears	to	be	somewhat	more	common	in	BRCA2	carriers	than	in	BRCA1	

carriers	[15],	as	in	BRCA1‐carriers	DCIS	is	relatively	rare	and	may	not	be	associated	with	

microcalcifications	due	to	its	rapid	growth.	In	the	presence	of	a	high‐quality	MRI,	the	contribution	

of	an	additional	ultrasound	on	breast	cancer	detection	is	negligible	[14;	16].	However,	ultrasound	

may	be	helpful	in	correlating	non‐specific	lesions	on	MRI	and	may	thus	increase	the	specificity	of	
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MRI	[17].	In	general,	abnormalities	on	MRI	with	a	corresponding	suspicious	finding	on	targeted	

mammography	or	ultrasound	have	a	higher	probability	of	malignancy.	This	is	especially	true	for	

non‐mass	enhancement	on	MRI	[18].	However,	absence	of	a	corresponding	finding	on	

mammography	and	ultrasound	should	not	lead	to	a	delay	in	diagnosis	for	small	enhancing	masses	

on	MRI,	which	are	clearly	suspicious	based	on	morphology	or	new	compared	to	prior	exams	[19].	

	

Screening	outcomes	are	related	to	underlying	breast	cancer	incidence	

MRI‐based	screening	has	a	high	sensitivity	and	specificity	regardless	of	patient	age,	breast	

density	or	risk	constellation	[15;	20;	21]	(Fig.	1).	However,	for	a	given	sensitivity	and	specificity,	

the	positive	predictive	value	of	a	positive	screening	result	will	strongly	be	dependent	on	the	

underlying	breast	cancer	incidence	[22].	That	means,	if	the	expected	breast	cancer	incidence	in	

an	individual	patient	with	a	particular	age	is	too	low,	the	positive	predictive	value	(ppv)	will	fall	

to	unacceptably	low	levels,	even	if	the	sensitivity	and	specificity	remain	high.	Mutations	in	the	

BRCA1	gene	and	to	a	lesser	degree	BRCA2‐mutations	will	predispose	for	early‐onset	breast	

A	

B	

C	

Figure	1.	BRCA1‐positive	healthy	female	entering	
the	high‐risk	surveillance	program	with	annual	MRI	
at	age	66	(A).	The	BRCA1	mutation	in	the	family	was	
found	because	her	daughter	was	diagnosed	with	
breast	cancer	at	age	33	and	tested	positive	for	a	
BRCA1‐mutation.	Several	small	non‐specific	
enhancing	foci	are	seen	in	both	breasts,	which	are	
stable	on	follow‐up	(B,	C).	Three	years	later	at	age	
69,	MRI	demonstrated	a	suspicious	clumped	non‐
mass	enhancement	with	segmental	distribution	in	
the	left	breast	(C),	which	was	new	compared	to	the	
prior	exam	a	year	ago	(B).	No	suspicious	
calcifications	were	seen	on	mammography,	and	
ultrasound	was	normal.	In	good	concordance	with	
the	findings	on	MRI,	histology	showed	a	25‐mm	
hormone‐receptor	negative	DCIS,	high‐grade. 
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cancer	with	relative	breast	cancer	risk	of	BRCA1/2	carriers	compared	to	the	general	population,	

gradually	decreasing	with	age	from	more	than	50x	for	carriers	below	the	age	of	30	to	around	6x	

from	age	60.	Breast	cancer	incidence	in	BRCA1/2	carriers	rises	rapidly	through	early	adulthood	

and	reaches	a	relatively	stable	high	plateau	of	around	20	to	30	breast	cancer	cases	per	1000	

women‐years	between	the	age	of	30	to	40	for	BRCA1‐carriers	and	around	5	‐	10	years	later	for	

BRCA2‐carriers	[3;	23].	In	contrast	to	this,	breast	cancer	incidence	in	women	without	a	BRCA1/2	

mutation	determined	to	be	high‐risk	based	on	family	history	alone	appears	to	follow	the	age	

distribution	in	the	general	population	with	a	much	later	rise	and	peak	of	the	breast	cancer	

incidence.	For	high‐risk	screening	with	MRI	to	be	effective,	expected	risk	of	developing	breast	

cancer	within	the	next	10	years	should	be	at	least	8%	‐	10%	[24],	which	will	then	translate	into	

positive	predictive	values	of	a	positive	screening	finding	of	10%	and	more.	BRCA1/2	carriers	

will	be	well	above	this	threshold	from	age	30	throughout	the	remainder	of	their	life.	However,	

high‐risk	patients	with	a	calculated	life‐time	risk	of	30%	but	no	BRCA1/2	mutation	will	reach	

this	threshold	only	from	age	45	‐	50,	which	is	well	demonstrated	by	the	recent	individual	patient	

data	meta‐analysis	by	Phi	et	al.	[20].	In	this	study,	the	ppv	for	MRI	in	high‐risk	patients	without	a	

known	risk	gene	mutation	was	3.9%	for	women	below	the	age	of	40,	7.1%	for	women	between	

40	and	50,	and	20%	for	women	age	50	and	older.	

Influence	of	high‐risk	screening	on	overall	prognosis	and	mortality	

Breast	cancer	risk	genes	such	as	BRCA1	and	BRCA2	predispose	not	only	for	breast	cancer,	but	also	

for	a	variety	of	other	cancers,	the	most	significant	being	ovarian	cancer.	Without	prophylactic	

measures,	around	44%	of	BRCA1‐carriers	and	17%	of	BRCA2‐carriers	will	develop	ovarian	cancer	

during	their	lifetime	[3].	As	no	effective	early	detection	measures	are	available	for	ovarian	cancer,	

risk‐reducing	salpingo‐oophorectomy	is	recommended	before	the	age	of	40	for	BRCA1‐carriers	and	

before	the	age	of	45	for	BRCA2‐carriers.	Depending	on	the	type	of	genetic	abnormality,	other	

cancers	with	increased	incidence	include	e.g.	pancreatic,	gastric,	prostate,	and	colon	cancer	as	well	

as	sarcoma,	lymphoma	and	leukemia	(Fig.	2).	Breast	cancer	early	detection	efforts	in	patients	with	

a	genetic	predisposition	should	always	be	part	of	an	overall	concept	which	may	include	risk‐

reducing	surgery,	e.g.	by	combining	temporary	intensified	surveillance	with	MRI	during	the	child‐

bearing	age	with	risk‐reducing	mastectomy	thereafter	[25].	When	weighing	intensified	surveillance	

measures	against	risk‐reducing	surgery	in	BRCA1/2	mutation	carriers,	one	has	to	bear	in	mind	that	

early	detection	will	not	prevent	breast	cancer	from	occurring,	and	especially	triple‐negative	breast	

cancers	in	BRCA1‐carriers	may	be	dangerous	and	require	aggressive	chemotherapy,	even	if	

detected	early	[26].		

A	
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Chapter	3	

Association	of	Background	Parenchymal	
Enhancement	with	Breast	Cancer	Risk	

Habib	Rahbar,	MD	

Introduction	

As	the	breast	oncology	community	moves	toward	personalized	care,	it	is	imperative	that	breast	

imaging	follows	suit	and	determines	optimal	approaches	for	early	detection	for	women	based	on	

lifetime	risk.	Unfortunately,	current	risk	models	perform	well	at	a	population	level	but	less	well	for	

predicting	an	individual’s	true	lifetime	risk.	This	is	because	many	of	the	features	used	in	such	

models,	such	as	menstrual	history	and	family	history,	are	relatively	common	in	the	general	

population.	As	a	result,	with	the	exception	of	a	few	known	genetic	mutations	that	confer	a	high	

certainty	of	breast	cancer	risk,	such	as	BRCA	1	and	2,	individual	risk	assessments	remain	imprecise.	

From	an	imaging	standpoint,	it	has	been	established	that	the	amount	of	fibroglandular	tissue	within	

the	breast	as	measured	by	mammographic	density	is	associated	with	breast	cancer	risk	(1).	

However,	it	has	also	been	shown	that	density	provides	little	ability	to	further	refine	risk	for	those	

who	are	at	an	elevated	risk	of	breast	cancer,	which	includes	all	women	with	at	least	a	20%	lifetime	

risk	based	on	clinical	models.	Recently,	it	has	been	proposed	that	the	amount	of	normal	

fibroglandular	tissue	that	enhances,	also	termed	background	parenchymal	enhancement	or	BPE,	

could	be	associated	with	breast	cancer	risk.		

BPE	initially	was	recognized	as	a	phenomenon	that	varied	with	menstrual	cycle/menopause	

status	and	was	purported	to	potentially	affect	breast	MRI	performance.	In	fact,	careful	studies	

examining	the	effect	of	BPE	on	MRI	diagnostic	performance	have	shown	associations	with	higher	

abnormal	interpretation	rate,	particularly	BI‐RADS	category	3	assessments,	but	less	impact	on	

cancer	detection	rate	or	sensitivity	(2‐4).	Thus,	although	BPE	can	potentially	make	a	breast	MRI	

interpretation	more	challenging,	it	does	not	appear	to	suffer	from	lower	sensitivity	when	BPE	is	

higher	in	an	analogous	way	mammographic	sensitivity	is	affected	by	increasing	density.	The	most	

common	BPE	pattern	has	been	described	to	be	that	of	“picture	framing”	or	“cortical”	

enhancement,	where	the	majority	of	normal	tissue	enhancement	occurs	at	the	periphery	of	the	

fibroglandular	tissue	(5).	It	has	been	hypothesized	that	this	is	due	to	the	inflow	of	blood	to	the	

breast,	the	majority	of	which	comes	from	branches	from	the	internal	mammary	arteries	as	well	as	

the	lateral	thoracic	arteries.	   
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Assessment	

BPE	is	assessed	qualitatively	as	minimal,	mild,	moderate,	or	marked	by	assessing	the	amount	and	

intensity	of	normal	breast	tissue	enhancement	present	on	the	early	phase	post‐contrast	series	on	

dynamic	contrast	enhanced	(DCE)	MRI	(5).	BPE	has	also	been	shown	to	increase	on	later	phases	on	

DCE	MR	images,	which	is	generally	the	opposite	pattern	seen	in	malignancies.	This	underscores	the	

importance	of	interpreting	breast	MRI	from	the	initial	phase	on	dynamic	contrast	enhanced	protocols	

where	the	center	of	k	space	is	within	the	first	one	to	two	minutes,	so	that	malignancies	are	not	less	

conspicuous	due	to	increasing	background	relative	to	decreasing	enhancement	of	the	cancer.			

Multiple	prior	studies	have	also	demonstrated	that	BPE	fluctuates	with	the	menstrual	cycle,	generally	

demonstrating	that	BPE	is	lowest	within	the	first	two	weeks	of	a	cycle	(6‐8).	However,	given	the	

limited	value	demonstrated	in	interpretation	performance	among	varying	levels	of	BPE,	routine	

“timing”	of	screening	MRIs	within	a	narrow	monthly	window	is	controversial	and	may	only	serve	to	

limit	access	without	improving	care.	BPE	is	also	known	to	increase	with	exogenous	hormone	

replacement	therapy	and	decrease	with	selective	estrogen	receptor	modifiers	(e.g.	tamoxifen)	and	

aromatase	inhibitors	(e.g.	anastrozole)	(5,	9).	Finally,	women	who	are	post‐menopausal	also	have,	on	

average,	lower	BPE	levels	than	pre‐menopausal	women.	All	of	this	evidence	points	to	an	association	

of	BPE	with	circulating	hormone	levels	and	suggests	BPE	could	be	a	marker	of	hormone‐associated	

breast	cancer	tumorigenesis.	The	exact	biological	mechanism	responsible	for	BPE	has	not	been	

elucidated,	however,	although	a	few	prior	studies	have	demonstrated	BPE	is	associated	with	elevated	

imaging	markers	of	metabolism,	such	as	elevated	fludeoxyglucose	(FDG)	PET	standardized	uptake	

values	(10‐12).	

Indeed,	two	small	retrospective	studies	have	demonstrated	an	association	with	higher	qualitative	

BPE	assessments	and	breast	cancer	diagnoses.	In	the	first	study,	King	et	al	demonstrated	in	a	

retrospective	reader	study	of	breast	MRIs	where	cancers	diagnosed	on	MRI	were	matched	to	

negative	controls	that	women	diagnosed	with	breast	cancer	were	

more	likely	to	have	higher	BPE	levels	(moderate	or	marked)	when	compared	to	either	normal	

controls	or	false‐positive	MRI	examinations	(7).	In	a	separate	retrospective	study,	Dontchos	et	al	

demonstrated	that	women	with	greater	than	minimal	BPE	assessments	were	more	associated	with	

either	a	contemporaneous	or	a	future	breast	cancer	diagnosis	(13).	Grimm	et	al	also	demonstrated	

that	using	the	qualitative	threshold	of	>	minimal	BPE,	a	link	to	future	risk	of	breast	cancer	could	be	

identified	(14).	These	associations	have	recently	been	verified	in	a	larger	study	including	3,223	

women	using	data	from	the	Breast	Cancer	Surveillance	where	qualitative	BPE	assessments	greater	

than	minimal	were	incrementally	associated	with	breast	cancer	risk.	Given	the	likely	high	
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variability	in	qualitative	assessments,	active	research	is	now	focusing	on	methods	of	BPE	

quantitation	and	their	correlations	to	qualitative	BPE	assessments	and	breast	cancer	risk.		

There	are	also	promising	data	to	support	BPE	as	an	independent	risk	marker	of	treatment	

outcomes	in	women	diagnosed	with	breast	cancer.	Van	der	Velden	and	colleagues	demonstrated	

in	a	retrospective	cohort	of	extent‐of‐disease	MRIs	that	quantitative	assessments	of	BPE	were	

associated	with	improved	survival	in	women	diagnosed	with	estrogen	receptor	(ER)	positive,	

her2	negative	breast	malignancies	(15).	You	et	al	also	demonstrated	that	a	decrease	in	BPE	after	

2	cycles	of	neoadjuvant	chemotherapy	was	associated	with	a	pathological	complete	response	in	

women	with	her2+	disease	and	treated	with	trastuzumab	(16).	Finally,	Luo	et	al	demonstrated	

that	ipsilateral	BPE	measures	in	women	diagnosed	with	DCIS	may	also	serve	as	a	marker	of	

recurrence	after	surgery,	and	elevated	BPE	may	help	determine	which	patients	require	radiation	

or	other	adjuvant	therapies	(17).		

	

Summary	

In	summary,	BPE	has	rapidly	evolved	from	primarily	being	an	incidental	variably	present	finding	

with	minimal	impact	on	breast	MRI	performance	to	a	highly	studied	marker	of	breast	cancer	risk	

and	treatment	outcomes.	Multiple	retrospective	studies	have	identified	BPE	to	be	a	promising	

marker	that	could	be	used	to	personalize	both	screening	and	treatment	approaches.	Future	

research	should	focus	on	identifying	reproducible	methods	to	quantify	BPE	and	examining	its	

clinical	value	in	prospective	trials.		 	
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Chapter	4	

MRI	Density	and	BPE	Measurements	in	
Association	with	Breast	Cancer	Risk	
	
Despina	Kontos,	PhD	
 

Introduction	

Mammographic	density	has	been	shown	to	be	a	strong	risk	factor	for	breast	cancer.1	As	breast	

density	has	been	reported	to	be	a	risk	factor	based	on	population‐level	evidence,	attempts	have	

been	made	to	incorporate	density	measurement	in	risk	assessment	models,	however	with	limited	

discrimination.2	This	may	partly	be	due	to	the	fact	that	not	all	“density”	is	equal.	Mammography	

cannot	differentiate	the	fibrous,	inert	breast	tissue	from	the	hormonally	responsive	glandular	

tissue,	which	may	be	more	related	to	the	inherent	risk	of	breast	cancer,	as	both	types	of	tissue	

appear	as	“radio	opaque”	areas	on	a	mammogram.		On	the	other	hand,	DCE‐MRI	is	able	to	

differentiate	non‐enhancing	fibrous	tissues	from	the	hormonally	responsive	glandular	tissue,3	

which	enhances	in	the	image	as	the	background	parenchymal	enhancement	(BPE).4	Therefore,	

although	breast	density	is	a	risk	factor	for	breast	cancer,	BPE	may	be	a	better	determinant	of	risk	

and	become	the	basis	for	personalized	risk	assessment,	and	monitoring	of	risk.	Recent	studies	

suggest	that	MRI	BPE	may	be	a	more	specific	biomarker	of	risk	than	conventional	mammographic	

density,	especially	for	high‐risk	women.5,	6	In	women	taking	aromatase	inhibitors	and	Tamoxifen,	

BPE	is	also	shown	to	decrease	significantly	with	treatment.7,	8	Studies	from	our	institution	also	

suggest	that	changes	in	DCE‐MRI	BPE	after	treatment	with	oophorectomy	may	be	able	to	indicate	

treatment	response	and	the	subsequent	risk	for	breast	cancer.9‐12	

Specifically,	in	the	context	of	risk‐reduction	for	high‐risk	women,	few	indicators	of	individualized	

response	to	such	risk‐reduction	interventions	are	currently	available,	as	there	are	currently	no	

established	methods	to	determine	an	individual	woman’s	response	to	such	risk‐reduction	

interventions.	The	available	surveillance	and	risk‐reduction	options	for	high‐risk	women	can	

range	from	less	aggressive,	such	as	breast	MRI	screening	and	chemoprevention,	to	more	

aggressive,	such	as	oophorectomy	and	prophylactic	mastectomy.	Therefore,	individual	women	and	

clinicians	face	a	difficult	decision	on	selecting	a	level	of	intervention	that	is	truly	effective.		In	

addition,	there	is	currently	no	way	to	monitor	the	response	of	an	individual	woman	to	such	

interventions	over	time.	Given	the	current	lack	of	individualized	risk	information	among	high‐risk	

women	or	measures	of	response	to	specific	risk‐reduction	interventions,	women	at	high‐risk	lack	
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an	evidence‐based	approach	to	making	risk	

management	decisions.	As	a	result,	some	

women	are	over‐treated,	by	undergoing	

unnecessary	prophylactic	mastectomies,	

while	others	may	be	undertreated.	As	it	is	

currently	recommended	high‐risk	women	

undergo	annual	breast	MRI	screening,13,	14	

there	is	a	unique	opportunity	to	utilize	

imaging	approaches	to	quantitatively	

measure	breast	tissue	properties	indicative	

of	an	individual	woman’s	response	to	risk‐

reduction	interventions.		

Assessment	

This	talk	will	review	recent	advances	in	the	

assessment	of	DCE‐MRI	FGT	and	BPE	as	a	

biomarker	of	the	risk	for	developing	breast	

cancer,	and	specifically	as	a	marker	of	

response	to	risk‐reduction	interventions	for	

high‐risk	women.	Stemming	from	compelling	

evidence	from	on‐going	studies	reported	in	the	literature,9‐12	the	rationale	is	that	breast	DCE‐MRI	

BPE	is	a	dynamic	biomarker	of	the	risk	to	develop	breast	cancer	and	response	to	risk‐reduction	

therapies	by	reflecting	related	physiologic	and	hormonal/functional	effects	on	the	breast	tissue.	

We	will	particularly	focus	on	quantitative	measurements	of	DCE‐MRI	FGT	and	BPE,	which	could	

result	in	more	sensitive	imaging	biomarkers	of	breast	cancer	risk,	leading	also	to	evidence‐based	

risk	management	approaches	for	high‐risk	women,	by	providing	measures	of	individualized	

response	to	risk‐reduction	interventions.	

	

Computational	approaches	for	quantitative	MRI	FGT/BPE	estimation	

We	have	developed	a	fully‐automated	image	segmentation	algorithm	to	estimate	the	volumetric	

amount	of	fibroglandular	tissue	(FGT)	in	breast	MRI.15‐18	Our	method	first	goes	through	a	pre‐

processing	step	where	the	breast	and	chest	wall	boundaries	are	automatically	delineated	(Fig.1a),	

and	the	total	volume	of	the	breast	(VB,	unit:	cm3)	is	estimated.19	Then	a	fuzzy‐c‐means	(FCM)	

clustering	step	is	applied	in	the	image	intensity	space	to	produce	a	voxel‐wise	fibroglandular	

Figure	1.	Example	of	FGT/BPE	estimation	(a)	
FGT	segmentation	(green)	on	T1	non‐fat	
suppressed	MR	image,	(b)	post‐contrast	T1	fat‐
supressed	subtraction	image	(d)	color‐coded	
BPE	with	relative	enhancement	to	pre‐contrast	
DCE‐MRI	≥0,	and	(e)	color‐coded	BPE	with	
relative	enhancement≥40%.	
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tissue	likelihood	map.16	A	fibroglandular	tissue	a‐priori	likelihood	atlas	is	further	incorporated	to	

refine	the	initial	FCM	likelihood	map	and	achieve	the	final	segmentation,15	from	which	the	absolute	

total	volume	(VFGT,	unit:	cm3)	and	the	relative	(i.e.,	percent)	volumetric	amount	of	the	

fibroglandular	tissue	(FGT%)	in	the	breast	is	computed	as	follows:	

FGT% ൌ
|୚ూృ౐|

|୚ా|
	ൈ 100							(1)	

Once	the	FGT	is	segmented,	we	estimate	the	background	parenchymal	enhancement12	through	

identifying	the	enhancing	voxels	within	the	segmented	FGT	region	in	each	DCE‐MRI	image	by	

measuring	the	relative	voxel‐wise	enhancement,	and	specifically	by	examining	how	much	a	voxel’s	

intensity	in	the	subtraction	(ISUB)	image	(SUB=post‐contrast	–	pre‐contrast	DCE‐MRI	image)	has	

changed	due	to	the	contrast	agent	injection,	relative	to	the	intensity	of	corresponding	voxels	in	the	

pre‐contrast	image	(IPRE	).	We	define	the	voxel‐wise	relative	enhancement	ratio	(ER%),	which	

measures	the	relative	image	intensity:		

ER% ൌ ሺI୮୭ୱ୲ െ I୮୰ୣሻ I୮୰ୣ⁄ ൈ 100 ൌ Iୱ୳ୠ I୮୰ୣ⁄ 	ൈ 100							(2)	

The	voxels	(i.e.,	volume	elements)	that	have	an	ER%	value	equal	or	greater	than	a	predefined	

enhancement	ratio	threshold	R	are	then	identified	as	the	BPE	voxels.	Different	parameterization	of	

R	will	subsequently	lead	to	varying	amounts	of	BPE	estimation	(Fig	1.	d‐e);	however,	no	

consensus	value	for	selecting	the	ratio	R	is	currently	broadly	established	for	the	BPE	estimation.	

To	determine	an	optimal	value	for	the	threshold	R,	we	have	tested	a	range	of	R	from	0%‐100%	and	

compared	the	algorithm	estimated	BPE	with	manual	BPE	segmentation	based	on	the	correlation	

with	the	corresponding	manual	segmentation	from	experienced	breast	radiologists,	as	well	as	by	

examining	preliminary	associations	to	breast	cancer	risk.12	Based	on	the	FGT	segmentation	and	

the	voxel‐wise	ER%	estimation	obtained	as	described	above,	we	can	then	compute	the	following	

quantitative	BPE	measures:	1)	the	absolute	total	volume	of	BPE	identified	over	the	segmented	FGT	

region	(|BPE|,	unit:	cm3),	computed	as	the	total	volume	of	the	identified	enhancing	voxels:	

BPE ൌ ∑ ሺER% ൒ R୲୦୰ୣୱ୦୭୪ୢሻ୴୭୶ୣ୪∈୊ୋ୘ 							(3)	

and	2)	the	percentage	of	|BPE|	relative	to	the	absolute	volume	of	the	breast	(BPE%),	computed	as	

follows:	

BPE% ൌ
|୆୔୉|

|୆୰ୣୟୱ୲|
	ൈ 100									(4)	
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Conclusion	 	

Validation	has	shown	that	a	high	correlation	of	r=0.88‐0.89	can	be	achieved	between	the	computer	

method	and	the	radiologists’	estimates	for	FGT%.17,	18	For	BPE	the	highest	correlations	are	in	a	

range	of	ER%	between	30%‐50%.20	Specifically,	for	ER%=50%,	there’s	a	correlation	of	0.88,	and	

0.85,	for	|BPE|,	and	BPE%,	respectively.		Our	fully	automated	method	also	runs	efficiently	at	~1	

minute	required	for	processing	each	DCE‐MRI	scan,	compared	to	~20	minutes	needed	for	a	human	

rater’s	manual	segmentation.		
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Chapter	5	

Screening	Breast	MRI	Outcomes		
in	Clinical	Practice	
	

Roberta	M.	Strigel,	MD,	MS	

	
Background	

Breast	MRI	is	the	most	sensitive	imaging	test	for	identifying	breast	cancer,	detecting	malignancy	

that	is	occult	to	clinical	exam	and	other	imaging	modalities	[1].	This	has	led	to	a	rapid	increase	in	

the	use	of	breast	MRI	across	the	country	[2‐4],	particularly	for	screening	in	those	patients	at	high	

risk	for	the	development	of	breast	cancer.	The	American	College	of	Radiology	(ACR)	Breast	MRI	

Accreditation	Program	provides	requirements	performing	high	quality	imaging	including	staff	

qualifications	(radiologists,	technologists,	and	physicists),	equipment	standards,	quality	control,	

quality	assurance,	MR	safety	policies,	and	image	quality	[5].	The	program	requires	that	interpreting	

radiologists	use	the	breast	imaging	reporting	and	data	system	(BI‐RADS)	breast	MRI	final	

assessment	categories	and	review	examinations	as	part	of	the	overall	quality	assurance	and	

improvement	program	at	the	given	facility.	This	includes	establishing	and	maintaining	a	medical	

outcomes	audit	program	to	follow‐up	positive	assessments	and	to	correlate	pathology	results	with	

the	diagnostic	breast	MRI	interpretation	[5].	The	ACR	BI‐RADS	Atlas	defines	the	appropriate	use	of	

BI‐RADS	assessment	categories	and	management	recommendations,	facilitates	outcomes	

monitoring,	and	publishes	audit	benchmarks	[6].	

	

To	appropriately	define	the	audit	metrics	for	screening	breast	MRI	examinations,	screening	exams	

and	appropriate	indications	must	first	be	defined.	A	screening	breast	MRI	examination	includes	

those	performed	on	an	asymptomatic	woman	to	detect	otherwise	unsuspected	breast	cancer	[7].	

Several	prospective	studies	have	demonstrated	an	increase	in	the	detection	of	breast	cancer	with	

breast	MRI	over	mammography	alone	in	asymptomatic	patients	with	a	familial	or	genetic	

predisposition	for	breast	cancer	[8‐14].	   
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Thus,	screening	breast	MRI	is	recommended	in	women	at	highest	risk	for	breast	cancer,	including	

those	with	a	known	genetic	mutation	which	predisposes	them	to	develop	breast	cancer,	women	

with	a	lifetime	risk	of	20‐25%	or	greater	based	on	models	dependent	on	family	history,	and	chest	

radiation	when	younger	than	30	years	old	[15,16].	Another	important	group	of	patients	at	higher	

than	average	risk	for	breast	cancer	who	may	consider	breast	MRI	for	screening	are	patients	with	a	

treated	personal	history	of	breast	cancer,	particularly	those	diagnosed	at	less	than	age	50	or	with	

dense	breasts	[16‐19].	Finally,	patients	with	a	history	of	a	high	risk	lesion	which	predisposes	to	

breast	cancer	development	(atypical	lobular	hyperplasia,	atypical	ductal	hyperplasia,	and/or	

lobular	carcinoma	in	situ)	may	also	consider	supplemental	screening	with	MRI	[16,20,21].		

	
BI‐RADS	assessment	categories	

BI‐RADS	category	0	should	rarely	be	used	when	interpreting	breast	MRI	exams.	There	is	almost	

always	enough	information	on	the	screening	MRI	exam	to	render	a	final	assessment.	Rarely,	a	final	

assessment	of	category	0	is	helpful	when	a	finding	on	MRI	is	suspicious,	but	a	correlative	benign	

finding	has	a	high	likelihood	of	being	confirmed	on	another	modality	(i.e.	lymph	node	on	

ultrasound	or	fat	necrosis	on	mammography)	[22].	Note	that	BI‐RADS	category	0	is	considered	

positive	at	screening	breast	MRI	and	will	affect	the	abnormal	interpretation	rate,	however	since	

this	category	is	rare,	this	should	not	have	a	substantial	impact.	

BI‐RADS	category	3	findings	(probably	benign)	should	have	a	≤	2%	likelihood	of	malignancy	

with	a	recommendation	for	short‐interval	follow‐up.	Overall,	pooled	study	analysis	

demonstrates	a	≤	2%	malignancy	rate	[23]	is	achievable,	however	the	exact	lesion	descriptors	

that	can	safely	be	categorized	as	BI‐RADS	3	remain	unclear.	When	categorized	as	BI‐RADS	

category	3,	non‐mass	enhancement	has	a	higher	rate	of	malignancy	than	either	masses	or	foci.	

Thus,	the	literature	does	not	support	the	use	of	category	3	assessment	for	non‐mass	

enhancement	[22,23].	The	BI‐RADS	atlas	states	that	the	use	of	category	3	at	MRI	“remains	

intuitive	for	radiologists	who	lack	extensive	(audited)	personal	experience	with	any	given	

specific	type	of	lesion	[22].”		Although	not	a	designated	benchmark,	BI‐RADS	states	a	desirable	

category	3	goal	for	MRI	of	10%	which	should	decrease	over	time	to	a	rate	much	closer	to	that	

currently	achieved	at	mammography	of	1‐2	%	[22].	This	was	demonstrated	in	a	study	by	Niell	

et	al.,	where	21%	of	the	screening	MRI	exams	during	the	study	interval	were	assessed	as	BI‐

RADS	category	3,	but	in	subsequent	years	the	BI‐RADS	category	3	rate	at	their	institution	fell	to	

less	than	5%	[18].	Since	BI‐RADS	category	3	is	counted	as	positive	in	the	audit	(see	below),	

reducing	the	rate	of	BI‐RADS	category	3	is	important	to	achieve	an	appropriately	low	abnormal	

interpretation	rate.	Importantly,	benign	background	parenchymal	enhancement	should	not	be	

assessed	as	BI‐RADS	category	3,	but	rather	BI‐RADS	category	2	(benign)	[22].    
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BI‐RADS	category	4	(suspicious)	and	5	(highly	suggestive	of	malignancy)	have	a	

recommendation	for	tissue	diagnosis,	typically	a	percutaneous	core	needle	biopsy.	BI‐RADS	

category	5	findings	have	a	≥	95%	likelihood	of	malignancy.	BI‐RADS	category	4	findings	have	a	

wide	range	of	malignancy	from	>	2%	to	<	95%	likelihood	of	malignancy.	Although	category	4	

subdivisions	are	not	routinely	recommended	for	MRI	as	they	are	for	mammography	and	

ultrasound,	some	institutions	have	chosen	to	subdivide	BI‐RADS	category	4	to	better	inform	

patients	and	providers,	facilitate	clinical	management	and	radiologic‐pathologic	concordance,	

and	to	provide	meaningful	practice	audits	[24].	Our	practice	found	that	the	use	of	BI‐RADS	

category	4	subdivisions	from	MRI	yielded	malignancy	rates	within	the	BI‐RADS	specified	ranges	

for	mammography	and	ultrasound	including	category	4A	(>	2%	to	≤	10%),	category	4B		

(>	10%	to	≤	50%),	and	category	4C	(>	50%	to	<	95%),	supporting	subcategory	use	in	clinical	

practice	for	MRI	[24].		

Screening	audit	definitions	and	benchmarks	

For	breast	MRI	specifically	(as	opposed	to	other	modalities),	there	has	traditionally	been	no	

difference	in	the	technique,	protocol,	and	images	obtained	for	screening	versus	diagnostic	

breast	MRI.	Thus,	additional	imaging	does	not	typically	need	to	be	performed	prior	to	a	

definitive	recommendation	and	positive	results	at	MRI	include	those	assessments	with	

recommendations	for	additional	biopsy	or	imaging	prior	to	the	next	routine	screening	MRI	

exam	[7].	This	and	other	metrics	for	screening	breast	MRI	are	described	below	[7].	

 

Positive	exams	
Abnormal	Interpretation	Rate	(AIR):	BI‐RADS	Categories	0,	3,	4,	and	5	[7]	
	
Cancer	
Tissue	diagnosis	of	either	ductal	carcinoma	in	situ	(DCIS)	or	any	type	of	primary	
(not	metastatic)	invasive	breast	carcinoma	within	one	year	of	the	screening	exam	
	
PPV2	(biopsy	recommended)	
Percentage	of	all	screening	examinations	recommended	for	tissue	diagnosis	or	surgical	
consultation	that	result	in	a	tissue	diagnosis	of	cancer	within	one	year	=	cancers	/	(BI‐RADS	
categories	4	and	5)	
	
PPV3	(biopsy	performed)	
Percentage	of	all	screening	examinations	recommended	for	tissue	diagnosis	or	surgical	
consultation	that	result	in	a	tissue	diagnosis	of	cancer	within	one	year	=	cancers	/	
(number	of	biopsies)	
	
Cancer	Detection	Rate	(CDR)	
number	of	cancers	detected	per	1,000	exams	
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The	most	recent	edition	of	the	BI‐RADS	Atlas	

introduced	breast	MRI	screening	

benchmarks	[7].	The	metrics	are	based	on	

five	prospective	screening	MRI	clinical	trials	

of	women	with	a	hereditary	predisposition	

for	breast	cancer	performed	in	specialized	

practices	[8,10,14,25,26]	outside	the	United	

States,	and	BI‐RADS	acknowledged	that	

these	benchmarks	may	not	be	applicable	

across	practices	[7].	Included	metrics	were	CDR,	PPV2,	PPV3,	sensitivity,	specificity,	percentage	

minimal	cancer,	and	percentage	node‐negative	invasive	cancers.	Median	size	of	invasive	cancers,	

percentage	stage	0	or	1	cancer,	and	AIR	were	to	be	determined.	There	have	now	been	multiple	

studies	publishing	audit	results	from	routine	clinical	practice	[18,19,27‐29].	Analysis	of	Breast	

Cancer	Surveillance	Consortium	data	[27]	and	a	single	site	study	[19]	suggest	that	10	mm	may	be	a	

reasonable	benchmark	for	median	size	of	invasive	cancers.	Table	1	demonstrates	a	summary	of	

studies	including	an	AIR	as	defined	by	BI‐RADS	edition	5	(BI‐RADS	categories	0,	3,	4,	5).	Strigel	et	al.	

[19]	suggested	an	AIR	benchmark	of	6	–	17%	based	on	a	CDR	of	20‐30	per	1,000	exams,	PPV	of		

20	–	50%,	and	up	to	2%	of	examinations	designated	BI‐RADS	0	or	3.	However,	BI‐RADS	3	rates	have	

typically	been	higher	in	clinical	practice	(5%	in	the	Strigel	et	al.	study)	and	this	likely	explains	the	

composite	total	AIR	of	19%.	The	AIR	is	expected	to	decrease	over	time	as	the	percentage	of	BI‐

RADS	3	exams	decrease	in	mature	clinical	practices	[22].	

Table	2	demonstrates	the	ACR	BI‐RADS	benchmarks	and	the	results	of	multiple	studies	evaluating	

screening	MRI	audit	results.	In	combination	the	studies	met	the	BI‐RADS	benchmarks	with	the	

exception	of	cancer	detection	rate,	which	is	slightly	below	the	defined	threshold	of	20	per	1,000	

examinations.		

	
Breast	MRI	indications	and	performance	

It	is	known	that	audit	metrics	differ	significantly	between	screening	and	diagnostic	indication	

for	breast	MRI	[18,27,30].	However,	several	studies	also	suggest	differences	in	audit	results	

between	different	screening	indications,	particularly	between	patients	screening	for	a	personal	

history	of	breast	cancer	versus	those	with	a	genetic	predisposition	or	family	history	of	breast	

cancer.	Although	at	higher	than	average	risk	for	breast	cancer,	patients	with	a	personal	history	

of	breast	cancer	have	not	been	routinely	recommended	to	receive	screening	MRI	by	major	

organizations	such	as	the	National	Comprehensive	Cancer	Network	[31]	or	the	American	

Cancer	Society	[15].	However,	multiple	studies	have	shown	that	a	personal	history	for	breast	

Table	1:	Abnormal	Interpretation	Rate		
(BI‐RADS	Categories	0,	3,	4,	5)	

C.	Lee	(BCSC)	2014	[27]	 (839/3989)	21%	

J.	Lee	(BCSC)	2017	[28]	 (1552/8387)	19%	

Sedora	Roman	2017	[29]	 (227/1563)	15%	

Strigel	2017	[19]	 (134/860)	16%	

TOTAL:		 (2752/14799)	19%	
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cancer	is	a	common	indication	for	screening	breast	MRI,	greater	than	40%	of	screening	

indications	[17‐19].	The	recently	published	ACR	guidelines	for	screening	patients	at	higher	than	

average	risk	for	breast	cancer	recommend	breast	MRI	in	women	with	a	personal	history	of	

breast	cancer	and	dense	tissue	or	those	diagnosed	by	age	50	[16].	Additionally,	some	studies	

have	shown	better	breast	MRI	performance	metrics	in	patients	with	a	personal	history	of	breast	

cancer	compared	with	those	with	a	family	history	of	breast	cancer	[17,19,32,33].	

In	summary,	defining	appropriate	benchmarks	for	screening	breast	MRI	is	important	to	define	

the	expected	use	and	frequency	of	the	BI‐RADS	assessment	categories,	to	facilitate	outcomes	

monitoring,	and	to	maintain	a	meaningful	audit	program	for	quality	assurance	purposes.		

	 	

Table	2:	Summary	of	MRI	screening	benchmarks	and	comparison	with	BI‐RADS

Benchmark	
Cancer	detection	
rate	per	1000	

exams	
PPV2	 PPV3	

%	node‐	
negative	
invasive		
cancers	

%	minimal	
cancer	

BI‐RADS	Atlas	[7]	 20‐30	 15	 20	‐	50	 >	80	 >	50	

Niell	2014	[18]	 (18/1313)	14	 (18/75)	24	 (18/67)	27	 	 	

Lee	BCSC	2017	[28]	 (146/8387)	17	 (132/680)	19	 (115/558)	21	 (95/108)	88	 (110/160)	69	

Sedora	Roman	2017	[29]	 (37/1563)	24	 (24/99)	24	 (24/99)	24	 (25/32)	78	 (18/24)	75	

Strigel	2017	[19]	 (19/860)	22	 (19/88)	22	 (19/80)	24	 (8/13)	61	 (12/17)	71	

Total	 (220/12123)	18	 (193/942)	20	 (176/804)	22	 (128/153)	84	 (140/201)	70	

PPV	=	positive	predictive	value	
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Chapter	6	

Impact	of	Hormone	Use	and	Tamoxifen	RX	on	
Screening	Results	
Ulrich	Bick,	MD	

Background	parenchymal	enhancement	(BPE)	

BPE	is	defined	as	the	physiological	enhancement	of	normal	fibro‐glandular	tissue	in	contrast‐

enhanced	MRI	of	the	breast	[1].	The	intensity,	distribution	and	pattern	of	BPE	varies	widely	

between	patients	and	may	be	influenced	by	a	number	of	factors	such	as	menopausal	status,	

menstrual	cycle	phase,	exogenous	hormone	intake,	endocrine	treatment	and	radiation	therapy.	In	

general	BPE	is	more	pronounced	in	premenopausal	women	(especially	in	the	second	half	of	the	

menstrual	cycle)	and	women	receiving	hormone	replacement	therapy	(HRT).	BPE	is	often,	but	not	

always,	symmetrical	and	may	involve	the	entire	breast	parenchyma	or	just	smaller	focal	areas.	

BPE	may	be	more	pronounced	in	the	periphery	of	the	breast	due	to	vascular	inflow,	especially	in	

the	upper‐outer	quadrant	and	inferior.	The	intensity	of	BPE	usually	increases	with	the	time	after	

contrast	administration	and	will	be	less	in	the	early	phase	of	dynamic	imaging.	Especially	in	the	

early	phase	after	contrast	administration	BPE	may	have	a	nodular	appearance,	which	becomes	

more	and	more	confluent	over	time.	If	BPE	is	focal	in	nature,	distinction	from	non‐mass	

enhancement	(NME)	can	be	difficult.	

	

Timing	of	MRI	performed	for	screening	purposes	in	premenopausal	women	

BPE	in	premenopausal	is	usually	stronger	in	the	second	half	(luteal	phase)	of	the	menstrual	cycle,	

when	levels	of	both	estrogen	and	progesterone	are	elevated.	It	is	usually	recommended	to	

perform	elective	MRI`s	for	screening	purposes	in	premenopausal	women	during	the	second	week	

of	the	menstrual	cycle,	where	BPE	will	be	lowest	[2].	However,	in	many	premenopausal	women	

BPE	will	be	low	even	in	the	second	half	of	the	cycle	without	negatively	affecting	the	diagnostic	

accuracy	of	the	MRI.	It	is	therefore	rarely	necessary	to	repeat	a	MRI	inadvertently	performed	in	

the	wrong	menstrual	cycle	phase.	For	women	with	an	irregular	menstrual	cycle	length,	in	whom	

high	levels	of	BPE	are	known	from	prior	MRI	exams,	measurement	of	serum	progesterone	levels	

may	be	helpful	in	the	optimal	timing	of	the	MRI	exam	[3].	  
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Influence	of	oral	contraceptives	and	HRT	on	BPE	

There	is	a	strong	correlation	between	serum	estrogen	levels	and	BPE	[4].	It	is	therefore	not	

surprising	that	exogenous	hormone	intake	containing	estrogens	‐	regardless	of	the	type	of	

application	‐	may	lead	to	an	increase	in	BPE.	This	correlates	well	with	the	fact	that	tamoxifen	as	an	

estrogen	antagonist	will	lower	BPE	levels	[5;	6].	It	has	been	postulated	that	the	influence	of	

estrogens	on	BPE	is	mediated	through	the	histamine‐like	effect	of	estrogens,	causing	vasodilatation	

and	an	increase	in	vascular	permeability	[7].	This	would	also	explain	why	the	effect	of	estrogens	on	

BPE	can	relatively	rapidly	be	reversed	by	discontinuation	of	exogenous	hormone	intake	(Fig.	1)	or	

by	administration	of	tamoxifen,	which	will	block	the	estrogen	effect.	The	effect	of	progesterone	on	

BPE	is	less	well	understood,	as	this	is	very	difficult	to	study	in	isolation	from	other	hormones.	At	

least	in	vitro,	progesterone	may	

both	stimulate	as	well	as	inhibit	cell	

proliferation	of	breast	cancer	cell	

lines	[8].		

In	a	recently	published	large	

Danish	cohort	study	on	the	

effects	of	hormonal	

contraception	on	breast	cancer	

incidence	[9],	women	with	

Levonorgestrel‐releasing	

intrauterine	devices	had	an	

elevated	breast	cancer	risk	

compared	to	women	who	never	

used	oral	contraceptives,	with	an	

adjusted	relative	risk	of	1.21	

(95%	CI	1.11‐1.33)	[9].	In	

addition,	Vreemann	et	al.	found	a	

strong	positive	correlation	

between	contralateral	breast	

BPE	and	progesterone	receptor	

(PR)	status,	which	may	also	

support	a	combined	effect	of	

progesterone	on	breast	

proliferation	and	BPE	[10]. 

Figure	1.	25‐year‐old	asymptomatic	female	with	known	BRCA1	
mutation	entering	the	high‐risk	surveillance	program	with	MRI.	
The	patient	is	on	oral	contraceptives	at	the	initial	screening	MRI	
exam	in	the	program	(A)	showing	strong	BPE	with	asymmetric,	
multifocal	distribution.	Six‐month	short‐term	follow‐up	exam	
after	discontinuation	of	oral	contraception	(B)	with	almost	
complete	resolution	of	the	hormone‐induced	changes	in	the	prior	
exam.	In	both	cases,	the	second	dynamic	sequence	obtained	in	the	
second	minute	after	contrast	administration	is	shown.	Remaining	
subtle	changes	in	the	left	breast	were	stable	on	further	follow‐up	
and	proved	to	be	benign	(fibrosis	and	blunt	duct	adenosis)	on	
bilateral	prophylactic	mastectomy	performed	3	years	later. 

A	

B	
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Effect	of	endocrine	therapy	on	BPE	

The	effect	of	tamoxifen	on	BPE	in	contrast‐enhanced	MRI	of	the	breast	is	well	documented.	[5;	6].	

Initiation	of	tamoxifen	treatment	will	lead	in	the	majority	of	women	to	a	marked	reduction	in	BPE,	

both	in	terms	of	the	overall	degree	of	parenchymal	enhancement	as	well	as	the	number	of	non‐

specific	enhancing	foci.	This	effect	can	be	observed	already	relatively	early	(less	than	3	months)	

after	the	start	of	treatment	and	persists	during	the	entire	duration	of	treatment.	It	has	been	

speculated	that	failure	of	suppression	of	BPE	by	tamoxifen	in	a	small	number	of	women	may	be	

related	to	a	genetic	variant	of	the	CYP2D6	allele,	causing	poor	metabolization	of	tamoxifen	into	its	

biologically	active	form	endoxifen	[5].	Discontinuation	of	tamoxifen	treatment	may	lead	again	to	an	

increase	in	BPE	in	the	form	of	a	rebound	phenomenon	(Fig.	2).	Treatment	with	aromatase	

inhibitors	in	postmenopausal	women	may	also	reduce	BPE,	but	this	effect	appears	to	be	less	

pronounced	than	with	tamoxifen	[5;	11].	This	may	lead	to	a	slight	increase	in	BPE	after	switching	

endocrine	therapy	from	tamoxifen	to	aromatase	inhibitors	as	reported	by	Schrading	et	al.	[5]. 	

Figure	2.	High‐risk	patient	(no	known	mutation)	with	S/P	left	mastectomy	for	breast	cancer	in	2013	at	age	35.	
Regular	surveillance	MRI’s	in	May	2015	receiving	adjuvant	endocrine	treatment	with	tamoxifen	(A,	D),	March	
2016	two	months	after	discontinuation	of	tamoxifen	to	prepare	for	a	possible	pregnancy	(B,	E),	and	May	2017	
after	reinitiation	of	tamoxifen	treatment	(C,	F).	A	temporary	increase	in	BPE	can	be	seen	while	the	patient	is	off	
tamoxifen	(B,	E). 

A	 B C

D	 E F
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Impact	of	BPE	on	MRI	screening	accuracy	

Especially	focal	or	asymmetric	BPE	may	be	difficult	to	distinguish	from	malignant	NME	and	thus	

may	lead	to	false‐positive	findings	on	a	screening	MRI	[12].	Compared	to	malignant	changes,	

enhancement	related	to	physiological	changes	or	hormonal	stimulation	is	usually	less	pronounced	

on	early	images	obtained	within	the	first	two	minutes	after	contrast	enhancement	[13]	and	tends	to	

gradually	increase	over	time.	Short‐term	follow‐up	in	a	different	menstrual	cycle	phase	or	after	

discontinuation	of	hormonal	medication	will	often	show	a	varying	intensity	or	changing	location	of	

the	BPE	changes,	thus	making	it	easy	to	distinguish	the	physiologic	enhancement	from	malignant	

changes.	In	a	recent	large	cohort	study	[14],	MRI	screening	exams	with	moderate	or	marked	BPE	

had	a	significantly	higher	abnormal	interpretation	rate	(26%	vs.	12%),	higher	biopsy	

recommendation	rate	(13%	vs.	7%),	and	lower	specificity	(75%	vs.	95%)	than	exams	with	minimal	

or	mild	BPE.	In	contrast,	sensitivity	of	screening	MRI	appears	to	be	relatively	unaffected	by	BPE	

[14],	as	most	invasive	breast	cancers	with	a	growth	rate	high	enough	to	develop	into	a	symptomatic	

interval	cancer	within	12	months	of	the	screening	MRI	will	be	readily	visible	on	the	early	post‐

contrast	images,	where	BPE	will	be	less	intense.	Nevertheless,	it	appears	prudent	in	asymptomatic	

healthy	women	undergoing	MRI	for	screening	purposes	to	try	to	minimize	the	possible	negative	

influence	of	BPE	on	diagnostic	accuracy	by	scheduling	exams	for	premenopausal	women	in	the	

optimal	menstrual	cycle	phase	and	by	avoiding	exogenous	hormone	stimulation	of	the	breast	as	

much	as	possible.		
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Chapter	7	

How	New	Screening	Guidelines		
Are	Developed	

Robert	A.	Smith,	PhD	

	
Introduction	

In	1973,	early	favorable	results	from	the	Health	Insurance	Plan	of	Greater	New	York	randomized	

control	trial	of	breast	cancer	screening	study	(HIP)	1	led	the	American	Cancer	Society	(ACS)	and	the	

National	Cancer	Institute	(NCI)	to	launch	the	Breast	Cancer	Detection	Demonstration	Project	

(BCDDP)	to	determine	if	breast	cancer	screening	could	be	effectively	implemented	at	the	

community	level.		Because	early	HIP	study	results	for	women	under	age	50	were	not	encouraging,	

in	1977	a	decision	was	made	by	the	ACS	and	NCI	to	restrict	BCDDP	participation	to	average	risk	

women	ages	50	years	and	older,	and	only	include	younger	women	if	they	were	at	higher	than	

average	risk.2	Annual	mammography	was	recommended	for	women	aged	50	years	and	older;	

annual	mammography	was	recommended	for	women	aged	40‐49	only	if	they	had	a	personal	

history	of	breast	cancer,	or	a	family	history	of	breast	cancer	(mother	or	sister);	annual	screening	

was	recommended	for	women	aged	35‐39	if	they	had	a	personal	history	of	breast	cancer.3	

Additionally,	the	ACS	endorsed	the	importance	of	periodic	clinical	breast	examination	(CBE)	and	

monthly	breast	self‐examination	(BSE).	In	effect,	40	years	ago,	this	joint	statement	issued	by	the	

ACS	and	NCI	was	the	first	formal	breast	cancer	screening	guideline	for	average	risk	women,	and	the	

first	guideline	for	women	at	higher	risk.3	

In	1980,	the	ACS	adopted	a	formal	evidence‐based	approach	to	guideline	development	that	was	led	

by	David	Eddy,	MD,	an	early	leader	in	the	evidence‐based	medicine	movement.4		Since	this	early	

period,	numerous	North	American	groups	have	issued	breast	cancer	screening	guidelines	for	

average	risk	women,	including	the	ACS,	U.S.	Preventive	Services	Task	Force	(USPSTF),	American	

College	of	Radiology	(ACR),	American	College	of	Physicians	(ACP),	American	Academy	of	Family	

Physicians	(AAFP),	Canadian	Task	Force	on	Preventive	Health	Care	(CTF),	and	others.	Over	time,	

these	groups	have	tended	to	adhere	to	different	guideline	development	methodology,	ranging	from	

little	evidence	of	any	systematic	methodology	to	a	well‐documented,	formal	process;	they	have	

examined	different	evidence,	with	different	rules	for	study	inclusion	and	exclusion;	and	they	have	

brought	different	values	and	judgments	to	assessing	the	balance	of	benefits	and	harms.		
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These	differences	have	contributed	to	a	long	history	of	variance	in	recommendations	for	breast	cancer	

screening	(Appendix)	that	has	fueled	controversies	about	breast	cancer	screening	and	frustrated	policy	

makers,	referring	physicians,	and	women.		

	
A	new	era	in	guideline	development	

In	2011,	two	reports	from	the	Institute	of	Medicine	(IOM)	established	guidelines	for	systematic	evidence	

review	and	guideline	development.5,6	These	two	reports	represent	not	only	guidance	for	guideline	

development,	but	a	new	benchmark	for	evaluating	the	trustworthiness,	transparency,	and	rigor	of	an	

evidence‐based	guideline.	In	2011,	the	ACS	also	revised	its	guideline	development	process	to	be	

adherent	with	the	IOM	recommendations,	and	outlined	8	developmental	principles	and	procedures	for	

guideline	development	going	forward	that	were	consistent	with	the	IOM	recommendations	(Table	1).7		

	
Transparency		

The	importance	of	transparency	is	to	ensure	that	the	guideline	development	process,	including	the	

systematic	review	methodology,	protocols,	rules	for	decision	making,	disclosures	and	real	or	potential	

conflicts	of	interest,	sources	of	funding	support,	etc.,	are	clearly	and	completely	disclosed.	In	other	

words,	who	developed	the	guideline,	who	supported	its	development,	and	how	was	it	derived.	It	also	is	

important	to	explain	the	rules	for	inclusion	and	exclusion	of	evidence,	how	the	data	were	interpreted,	

and	the	basis	for	judgments	about	the	assessment	of	the	benefits	and	harms,	and	judgments	about	the	

balance	of	these.		

	

Conflicts	of	interest	and	group	composition	

In	2009,	the	IOM	defined	a	conflict	of	interest	(COI)	as	“A	set	of	circumstances	that	creates	a	risk	that	

professional	judgment	or	actions	regarding	a	primary	interest	will	be	unduly	influenced	by	a	secondary	

interest.”8	These	potential	COIs	may	be	financial,	professional	(the	latter	may	be	intertwined),	

institutional,	or	ideological.	Financial	COI	occur	when	income	is	directly	tied	to	guideline	issues,	i.e.,	

clinical	services,	industry	sponsored	research,	investments,	consulting,	etc.	These	COI	may	exist	with	

individuals,	or	the	organization	sponsoring	the	development	of	the	guideline.	With	professional	conflicts	

of	interest,	decisions	about	utilization	of	screening	tests	may	be	perceived	as	going	beyond	evidence	to	

promote	greater	use	of	a	screening	technology,	which	may	also	may	be	perceived	as	a	financial	COI.	This	

judgment	does	not	presume	that	COI	is	inherent,	only	that	it	may	be,	and	even	if	there	is	only	the	

perception	of	a	COI,	confidence	in	the	trustworthiness	of	a	guideline	can	be	diminished.	Institutional	COI	

may	occur	when	a	guideline	panel	member	is	associated	with	an	organization	with	an	interest	in	the	

guideline	topic,	or	an	institutional	COI	may	exist	if	the	organization	developing	the	guideline	has	a	

financial	relationship	with	commercial	entities	with	an	interest	in	the	guideline	outcome.	
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Table	1.	A	summary	of	eight	standards	for	creating	trustworthy	clinical	practice	guidelines	presented	by	the	Institute	of	
Medicine,	and	corresponding	features	of	the	new	process	to	be	used	by	the	American	Cancer	Society	for	creating	cancer	
screening	guidelines.	Adapted	from	JAMA	2011;306(22):2495‐2499.	

Standards	 IOM	Recommendations New	ACS	process	for	cancer	screening	
guideline	development	

Transparency	 The	process	and	funding	of	guideline	
development	should	be	completely	
specified.	
	

This	paper	defines	the	new	ACS	process,	
and	all	ongoing	and	planned	work	in	cancer	
screening	guideline	production	and	revision	
will	be	posted	on	the	ACS	website.	

Conflicts	of	
interest	

Conflicts	of	interest	include	commercial,	
institutional,	professional,	and	intellectual	
conflicts,	all	of	which	must	be	openly	
declared.		Members	should	divest	
conflicting	financial	relationships.	

ACS	guideline	developers	will	publicly	
declare	financial	and	institutional	conflicts,	
and	all	will	be	expert	generalists	to	avoid	
the	appearance	of	professional	conflicts.		

Group		
composition	

The	guideline	group	should	include	multi‐
disciplinary	methodological	experts,	
clinicians,	and	patient	advocates.			

Guidelines	will	be	developed	by	a	12‐person	
panel	of	multi‐disciplinary	experts	in	
clinical	screening,	including	a	patient	
advocate.		

Systematic	review	
of	evidence	

The	guidelines	should	be	based	on	a	
systematic	literature	review	that	meets	the	
standards	set	by	the	IOM.	

ACS	will	commission	high	quality	and	
independent	systematic	evidence	reviews	to	
serve	as	the	basis	for	all	guidelines.	

Grading	strength	of	
recommendations	
	

For	each	recommendation,	the	text	should	
explain	the	evidence	and	the	reasoning,	the	
balance	of	benefits	and	harms,	and	should	
indicate	the	level	of	confidence	in	the	
recommendation.	

ACS	will	be	explicit	about	harms	as	well	as	
benefits,	will	develop	a	grading	scheme	to	
rate	their	confidence	in	recommendations	
that	will	be	consistent	with	methods	used	
by	other	organizations.		

Articulation	of	
recommendations	
	

Recommendations	should	be	clearly	stated	
and	actionable.				
	

ACS	guidelines	will	be	written	for	audiences	
of	primary	care	providers,	the	general	
public,	and	policy	makers.		

External	review	
	

The	draft	guidelines	should	be	posted	for	
public	comment,	and	the	final	guidelines	
should	be	revised	as	appropriate	before	
peer	review.		

Prior	to	publication	all	draft	guidelines	will	
be	vetted	with	relevant	experts,	
organizations,	and	societies,	and	any	
differences	will	be	explicitly	discussed	in	
the	published	guideline.	

Updating	 Guidelines	should	be	updated	when	new	
evidence	could	result	in	modifying	the	
recommendations.	

ACS	guidelines	will	be	briefly	updated	as	
needed,	and	at	a	minimum	at	least	annually	
online	with	relevant	new	studies,	and	fully	
re‐written	every	five	years.			
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A	shortcoming	of	the	IOM	statement	on	COI	in	guideline	development	is	the	neglect	of	professional	

specialization	or	ideological	bias	where	there	is	no	direct	or	indirect	potential	for	financial	gain.	A	

professional	specialization	may	also	be	associated	with	a	bias	for	or	against	screening,	or	an	

individual	may	have	an	ideological	bias	associated	with	a	career‐long	orientation	that	has	been	

unwavering	in	support	or	lack	of	support	for	screening.		

Management	of	COI	was	a	cornerstone	of	the	IOM	report,6	although	the	recommendations	do	not	

entirely	overcome	the	tradeoffs	between	avoiding	real	or	potential	COI	and	the	need	for	the	clinical	

expertise	of	specialists.	The	IOM	report	cited	strategies	taken	by	some	organizations	to	address	COI,	

including	omission	from	guideline	development	panels	for	any	COI,	a	financial	threshold,	balancing	

membership	in	a	guideline	panel	to	minimize	the	number	of	members	with	COI,	and	allowing	

participation,	but	requiring	recusal	from	specific	deliberations	and/or	decision	making.	The	IOM	

report	recommended	that	prior	to	selection	of	a	guideline	development	panel,	potential	members	

should	disclose	“…all	current	and	planned	commercial	(including	services	from	which	a	clinician	

derives	a	substantial	proportion	of	income),	noncommercial,	intellectual,	institutional,	and	patient–

public	activities	pertinent	to	the	potential	scope	of	the	CPG.”6	The	IOM	report	concluded	that	when	

possible,	guideline	development	panel	members	should	not	have	any	COIs.	However,	the	IOM	

recognized	that	exclusion	of	experts	because	of	COI	could	leave	a	panel	without	needed	expertise,	

and	recommended	that	experts	with	COI	should	be	a	minority	of	members,	and	that	chairs	and	co‐

chairs	of	the	panel	should	not	have	any	COI.6	While	this	recommendation	appears	straightforward	

enough,	it	is	not	entirely	feasible	for	a	specialty	organization	that	wishes	to	develop	a	clinical	

practice	guideline,	and	avoid	all	potential	COI.	It	is	not	realistic	to	expect	that	a	specialty	

organization	would	recruit	a	non‐specialist	panel	from	outside	the	organization	to	develop	their	

guideline,	so	a	reasonable	approach	to	avoiding	COI	can	be	based	on	recruiting	some	non‐conflicted	

methodologists	to	be	on	the	guideline	development	panel,	with	remaining	members	being	

specialists	with	minimum	COI	(i.e.,	excluding	members	with	investments,	significant	consulting	

relationships,	etc.).		An	external,	non‐voting	advisory	group	can	provide	additional	expertise.	

The	ACS	approach	to	COI	includes	full	disclosure	of	all	potential	financial,	professional,	institutional,	

and	ideological	COI,	for	which	the	latter	includes	a	history	of	academic	writing	and	presentations	

that	are	pertinent	to	a	guideline	under	development.	The	ACS	also	separates	the	process	of	

receiving	expert	input	from	the	process	of	writing	the	guideline.		Members	of	the	ACS	guideline	

development	group	include	one	patient	advocate,	and	the	remaining	11	members	are	generalist	

health	care	professionals	and	clinical	and	population	health	professionals	with	expertise	in	the	

interpretation	of	evidence	regarding	benefits,	limitations,	and	harms	of	clinical	interventions,	with	

some	experience	in	the	evaluation	of	screening	when	possible.		For	each	new	guideline,	the	ACS	

establishes	an	expert	advisory	committee	who	is	asked	to	consult	with	the	guideline	development	
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panel	on	a	regular	basis,	review	draft	protocols	and	systematic	review	methodology,	and	early	and	

final	drafts	of	the	guideline.	This	approach	provides	the	guideline	writing	group	with	appropriate	

specialty	expertise	while	also	protecting	it	from	the	appearance	of	specialty	COI.		

	

Systematic	evidence	review	

A	systematic	review	of	relevant	evidence	is	an	essential	component	of	a	credible,	trustworthy	

guideline	development	process,	and	the	companion	report	to	Clinical	Practice	Guidelines	We	Can	

Trust6	was	Finding	What	Works	in	Health	Care:	Standards	for	Systematic	Reviews.5	The	IOM	defines	

a	systematic	review	as	“..a	scientific	investigation	that	focuses	on	a	specific	question	and	uses	

explicit,	preplanned	scientific	methods	to	identify,	select,	assess,	and	summarize	the	findings	of	

individual,	relevant	studies.”6	The	same	principles	we’ve	just	described	for	ensuring	transparency	

and	trustworthiness	by	avoiding	bias	and	COI	also	apply	to	systematic	evidence	reviews.	First,	it	is	

important	to	avoid	bias	and	COI	in	the	choice	of	review	team,	and	second,	the	systematic	review	

must	be	guided	by	a	detailed	methodology	for	identification	of	evidence,	criteria	for	inclusion	and	

exclusion	of	evidence,	and	how	the	evidence	will	be	evaluated.	The	IOM	report	summarizes	1)	

standards	for	initiating	a	systematic	review,	which	mostly	pertain	to	defining	the	scope	of	the	topic	

and	developing	the	protocol;	2)	standards	for	literature	searches	and	critical	appraisal	of	studies;	3)	

standards	for	synthesizing	the	body	of	evidence;	standards	for	reporting	the	results	of	systematic	

reviews;	and	4)	issues	related	to	the	relationship	between	the	systematic	review	team	and	the	

guideline	writing	panel.	With	respect	to	the	relationship	between	the	review	team	and	the	writing	

panel,	the	IOM	describes	various	degrees	of	interaction,	from	complete	isolation	to	the	guideline	

development	panel	conducting	the	systematic	review.	While	the	IOM	report	tends	to	favor	more	vs.	

less	isolation	between	the	two	groups,	there	is	clear	value	to	interaction	to	ensure	that	the	final	

systematic	review	meets	the	needs	of	the	guideline	development	panel.	

Perhaps	the	best‐known	example	of	this	process	are	the	systematic	evidence	reviews	conducted	for	

the	USPSTF	by	Agency	for	Health	Care	Research	and	Quality	(AHRQ)	Evidence‐Based	Practice	Centers	

(EPC).	These	systematic	reviews	are	the	basis	for	the	USPSTF’s	assessment	of	the	scientific	evidence	

for	clinical	preventive	services.	A	condensed	version	of	the	review	usually	accompanies	the	

publication	of	the	recommendation	statement.	Systematic	reviews	are	archived	in	the	National	

Library	of	Medicine	and	can	be	accessed	at	https://www.ncbi.nlm.nih.gov/books/NBK43437/.	These	

reviews	usually	are	published	as	a	companion	article	to	the	publication	of	the	recommendation.	The	

USPSTF	recently	updated	their	methods	for	evidence	reviews	and	recommendation	development.9	

The	American	Cancer	Society’s	guideline	development	methodology	was	last	updated	in	2011.7		
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Grading	the	strength	of	the	evidence	and	recommendations	

It	has	become	increasingly	accepted	that	a	key	methodological	element	of	a	high	quality	clinical	

practice	guideline	is	an	assessment	of	the	quality	of	the	evidence,	which	is	tied	to	the	strength	of	the	

recommendation.	Ultimately,	the	strength	of	the	recommendation	reflects	the	possibility	that	new	

evidence	might	result	in	a	different	recommendation,	the	degree	of	certainty	that	desirable	

outcomes	outweigh	undesirable	outcomes,	and	the	degree	of	confidence	that	all	patients	would	

accept	the	intervention	as	worth	undertaking.	

The	assessment	of	the	quality	of	the	evidence	essentially	is	a	measure	of	the	confidence	in	the	

conclusions	derived	from	the	appraisal	of	the	evidence.	This	degree	of	confidence	is	linked	to	

research	designs,	which	means	that	the	highest	quality	evidence	derives	from	randomized	

controlled	trials	(RCTs),	followed	by	controlled	trials	without	randomization,	cohort	studies	or	

case‐control	studies,	and	uncontrolled	case	series.	Each	of	these	methodologies	must	also	be	

assessed	for	the	quality	of	their	design,	sample	size,	etc.,	to	arrive	at	an	overall	quality	rating.	In	a	

well‐designed	systematic	review,	if	a	study	is	accepted	for	initial	inclusion,	at	least	two	individuals	

independently	will	rate	the	quality	of	the	study,	and	if	there	is	disagreement,	a	final	determination	

will	be	reached	by	consensus,	or	by	another	reviewer.	Studies	will	then	receive	a	score	(1‐4,	with	

subdivisions),	a	rating	(good,	fair,	poor),	or	a	letter	grade	(A,	B,	C).	Other	factors	that	may	be	

considered	in	the	overall	assessment	of	the	evidence	are	the	generalizability	of	the	studies,	number	

of	good	quality	studies,	and	consistency	of	the	findings	in	the	literature.	Rating	evidence	is	intended	

to	ensure	that	studies	receive	systematic	scrutiny	that	study	strengths	and	weaknesses	are	

identified,	and	subjectivity	minimized.	Still,	as	would	be	expected,	there	is	considerable	subjectivity	

and	variation	in	judgment	about	the	strength	of	evidence,	even	when	using	the	same	system,	and	

quite	often	a	key	step	in	a	systematic	evidence	review	that	is	intended	to	convey	transparency,	i.e.,	

how	judgments	about	study	quality	were	reached,	is	not	transparent	at	all.		

The	most	common	system	for	grading	evidence	and	recommendations	is	the	Grades	of	

Recommendation,	Assessment,	Development,	and	Evaluation	(GRADE),	which	is	used	by	more	than	

100	organizations	in	19	countries.10,11	While	use	of	GRADE	is	straightforward,	it	shares	a	common	

feature	with	most	grading	systems	in	that	the	system	of	evidence	grading,	and	the	strength	of	the	

recommendation,	is	highly	dependent	on	the	ranking	of	the	study	methodology.	Most	of	these	

systems	were	designed	to	evaluate	clinical	interventions	in	individuals	who	are	being	treated	for	a	

condition,	and	thus	ideally	there	should	be	a	sufficient	number	of	RCTs	from	which	to	assess	the	

efficacy	of	the	intervention.	   
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In	contrast,	there	are	very	few	RCTs	of	screening,	they	vary	considerably	in	their	quality,	and	may	

reflect	older	technology	and	protocols.	Since	new	RCTs	are	unlikely	to	be	funded,	and	face	ethical	

challenges	anyway,	further	modern	evaluations	of	screening	after	confirmatory	RCTs	will	be	

carried	out	with	observational	studies.	Further,	initial	trials	will	be	conducted	in	average	risk	

populations,	with	demonstrations	of	efficacy	applied	to	higher	risk	populations,	for	which	RCTs	

are	especially	difficult.	This	means	that	under	these	grading	systems,	the	only	acceptable	study	

designs	are	inherently	judged	to	be	moderate	to	low	quality	(typically	“low”),	and	the	strength	of	

the	recommendations	rarely	qualify	as	“strong;”	rather,	the	next	recommendation	rating	in	the	

scale	is	“weak,”	although	it	is	acceptable	to	substitute	“qualified”	for	“weak.”	A	weak	

recommendation	means	“trade‐offs	[between	benefits	and	harms]	are	less	certain,	either	because	

of	low‐quality	evidence	or	because	evidence	suggests	that	desirable	and	undesirable	effects	are	

closely	balanced.”6	Essentially,	when	using	the	GRADE	system,	even	against	the	backdrop	of	

evidence	from	RCTs,	a	very	well	designed	observational	study	that	has	favorable	findings	usually	

will	be	judged	as	low	or	moderate	quality	evidence,	resulting	in	a	weak	recommendation.	GRADE	

does	allow	for	a	strong	recommendation	if	the	study	is	well	designed	and	there	is	a	clear	dose‐

response	relationship	or	a	large	observed	effect),	but	it	seems	clear	that	among	users	of	GRADE,	a	

strong	evidence	grade	is	reserved	for	RCTs.	Observational	studies	commonly	are	judged	to	be	

second‐class	citizens.	While	guideline	developers	understand	that	their	recommendation	carries	

the	full	confidence	of	the	issuing	organization	that	the	intervention	is	recommended	fully	and	not	

with	hesitation,	referring	physicians	and	patients	may	interpret	the	recommendation	language	as	

conveying	low	confidence.	This	is	a	situation	that	must	be	the	focus	of	further	development	in	

guideline	development	methodology.	

	

Articulation	of	benefits	and	harms	

Guideline	developers	are	expected	to	assess	the	evidence	for	harms	associated	with	screening	and	

there	is	an	expectation	that	there	should	be	an	assessment	of	whether	benefits	outweigh	harms.	

This	assessment	may	be	associated	with	considerable	subjectivity.	Challenges	include	the	

comparison	of	different	data	sources,	i.e.,	intention‐to‐treat	effects	of	benefit	from	a	meta‐analysis	

vs.	observational	data	from	adults	all	of	whom	were	exposed	to	the	intervention.	It	also	is	clear	that	

benefits	associated	with	screening,	such	as	avoiding	a	diagnosis	of	an	advanced	breast	cancer,	or	

death	from	breast	cancer,	are	very	different	metrics	compared	with	being	recalled	for	further	

evaluation	or	undergoing	a	biopsy.	Studies	of	harms	may	also	have	subjective	elements	in	their	

methodology	not	easily	discerned	by	the	systematic	review	team,	who	may	place	greater	scrutiny	

on	study	methodology	influences	on	estimates	of	benefit	than	they	do	on	studies	of	harms.	
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Subjectivity	is	unavoidable	in	the	assessment	of	the	balance	of	benefits	and	harms,	and	thus	what	is	

important	is	clear	articulation	of	the	basis	for	subjective	judgments.	For	example,	the	USPSTF	

places	strong	emphasis	on	the	recall	rate	and	overdiagnosis	as	important	harms	in	breast	cancer	

screening.12	In	contrast,	the	ACS	stated	that	it	did	not	regard	recall	for	further	evaluation	as	an	

important	harm,	and	while	overdiagnosis	was	judged	to	be	an	important	harm,	the	data	were	

insufficient	to	estimate	the	magnitude	of	overdiagnosis	as	a	harm	with	any	measurable	

confidence.13	

	

External	review	

Once	a	guideline	is	developed,	there	is	value	in	subjecting	it	to	external	review	from	subject‐matter	

experts	(including	those	who	may	have	been	advisors	during	the	guideline	development	process),	

likely	guideline	advocates	as	well	as	likely	detractors,	and	key	stakeholder	organizations	that	

represent	a	broad	spectrum	of	positions.	The	ACS	and	the	USPSTF	each	subject	their	draft	guideline	

to	external	review	prior	to	finalization,	and	these	reviews	not	only	have	resulted	in	changes	in	

narrative	to	improve	clarity,	but	in	a	few	instances	external	reviews	have	resulted	in	significant	

changes	in	the	recommendation	statements.	These	outcomes	also	are	a	reminder	to	organizations	

who	are	asked	to	review	a	guideline	to	take	the	opportunity	seriously	and	not	regard	it	as	pro	forma.	

In	addition	to	favorable	feedback,	external	reviewers	may	identify	small	details	that	require	

correction,	logic	that	is	unclear	and	poorly	explained,	or	gaps	in	logic	and	flaws	in	methodology.	

Reviewers	may	identify	flaws	in	the	underlying	evidence	for	a	recommendation	that	may	

appropriately	weaken	the	strength	of	the	recommendation.	External	reviewers	may	identify	

implications	and	consequences	of	a	new	guideline	or	guideline	change	that	may	not	have	been	

anticipated	or	fully	appreciated.	The	review	period	should	be	regarded	as	a	key	opportunity	to	

correct	errors,	improve	the	narrative,	and	even	rethink	a	recommendation.	It	provides	an	

opportunity	for	the	guideline	development	panel	to	reflect	on	the	entirety	of	their	effort,	and	to	be	

sure	that	the	guideline	development	process	and	the	recommendations	stand	up	to	scrutiny.	To	be	

sure,	some	feedback	may	be	inflammatory,	baseless	and	ideological,	and	thus	entirely	useless,	other	

than	providing	a	preview	to	how	some	organizations	will	respond	to	the	new	guideline	once	it	is	

released.	However,	it	is	important	to	remember	that	guideline	development	is	a	rather	insular	

endeavor;	guideline	implementation	takes	a	village,	so	there	is	value	in	hearing	from	end	users.			

	

Guideline	updates	

At	the	most	basic	level,	a	clinical	practice	guideline	should	reflect	the	current	state	of	the	evidence.	

Clinicians,	policy	makers,	and	the	public	expect	that	a	guideline	reflects	that	state	of	the	art,	and	
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reasonably	expect	that	if	it	doesn’t,	that	it	will	be	promptly	updated.	Shekelle,	et	al.	outlined	six	

situations	that	should	lead	to	updating	a	guideline:	a	change	in	evidence	related	to	benefits	and	

harms;	a	change	in	important	outcomes;	a	change	in	available	interventions;	a	change	in	evidence	

that	current	practice	is	optimal;	a	change	in	values	placed	on	outcomes	(benefits	or	harms);	and	a	

change	in	available	resources.14	

Given	that	guideline	development	is	a	major	investment	in	time	and	resources,	and	more	now	

than	ever	given	new	IOM	guidance,	a	guideline	should	be	updated	periodically,	and	in	the	interim,	

there	should	be	periodic	reassurance	that	the	current	guideline	still	reflects	best	practice.	If	not,	

there	should	be	public	notice	that	an	update	is	underway.	The	IOM	emphasized	the	following	best	

practices	to	reflect	the	currency	of	an	existing	guideline,	and	considerations	for	periodic	updates.	

First,	a	guideline	must	clearly	identify	the	period	from	which	the	existing	evidence	is	drawn.	

Second,	the	scientific	literature	must	be	monitored	to	identify	relevant	new	evidence	that	could	

alter	existing	recommendations,	or	reaffirm	the	current	recommendation.	Third,	when	new	

evidence	may	lead	to	a	modification	of	the	current	guideline	(new	technology,	new	evidence	

related	to	the	intervention	protocol,	new	evidence	on	harms,	or	modification	of	the	target	

population),	a	guideline	update	should	be	initiated.		

	

Conclusion	

The	IOM	reports	on	standards	for	systematic	reviews	and	guideline	development	were	prompted	

by	a	growing	body	of	evidence	revealing	serious	shortcomings	in	transparency	and	trustworthiness	

in	the	development	of	clinical	practice	guidelines.	Some	organizations	may	have	met	these	

standards,	but	they	were	poorly	documented;	others	had	serious	deficiencies	ranging	from	glaring	

neglect	of	COI	to	weak	scientific	justification	of	recommendations.	The	IOM	standards	and	the	

Appraisal	of	Guidelines	Research	and	Evaluation	(AGREE)15	each	provide	useful	guidance	for	

ensuring	that	a	clinical	practice	guideline	is	credible,	trustworthy,	and	can	measure	up	to	scrutiny.		

However,	these	recommendations	should	be	regarded	as	a	yardstick	for	both	best	practices	and	

how	the	guideline	may	be	assessed	by	outside	groups.	Ransohoff	and	colleagues	published	a	

commentary	on	the	new	IOM	standard	for	trustworthiness	that	acknowledged	the	importance	of	

the	8	principles,	but	rightfully	pointed	out	that	(1)	they	mostly	represented	consensus	judgments	

rather	than	being	based	on	evidence,	and	(2)	that	collectively,	they	imposed	an	impractical	and	

inflexible	standard	for	trustworthiness.16	Ransohoff,	et	al.	cited	a	recent	study	that	showed	poor	

adherence	to	the	new	IOM	standards	among	114	clinical	practice	guidelines.	He	and	his	co‐authors	

posed	the	question,	“Having	failed	to	meet	all	of	the	new	standards,	were	they	all	untrustworthy?”		
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Guideline	development	methodology	will	continue	to	evolve.	It	is	important	to	recognize	that	

guidelines	differ	not	only	due	to	variations	in	methodology,	including	not	only	what	evidence	is	

included	in	the	guideline	review	and	how	it	is	interpreted,	but	also	the	judgment	that	a	guideline	

developing	group	brings	to	their	conclusion	about	the	balance	of	benefits	and	harms.	What	is	

essential	in	producing	a	trustworthy	guideline	is	that	both	the	process	of	guideline	development,	

and	the	values	and	judgments	that	are	the	basis	for	the	recommendations,	are	thoroughly	and	

clearly	described.	
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Appendix	

	

A	History	of	Breast	Cancer	Screening	Guidelines	in	North	America	

1978:	NCI	&	ACS1,2	
 Women	aged	35‐39	should	undergo	annual	mammography	if	they	had	a	personal	history	of	
breast	cancer.	

 Women	aged	40‐49	should	undergo	annual	mammography	if	they	had	a	personal	history	of	
breast	cancer,	or	a	family	history	of	breast	cancer	(mother	or	sister).	Women	aged	50+	should	
undergo	annual	mammography.	

	
Additionally,	the	ACS	endorsed	the	importance	of	periodic	clinical	breast	examination	(CBE)	and	
monthly	breast	self‐examination	(BSE).	
	
1980:	ACS3	
 Women	ages	20+	should	perform	monthly	BSE.	
 Women	ages	20	to	40	should	have	CBE	every	three	years,	and	women	over	40	should	have	CBE	
annually.	

 Women	should	have	a	baseline	mammogram	between	the	ages	of	35	and	40.	
 Women	under	50	should	consult	their	personal	physicians	about	the	need	for	mammography	in	
their	individual	cases.	

 Women	over	50	should	have	a	mammogram	every	year.	
 Women	with	personal	or	family	histories	of	breast	cancer	should	consult	their	physicians	about	
the	value	of	more	frequent	examinations,	or	about	the	need	to	begin	mammography	before	the	
age	of	50.	

	
1982:	ACS2	
Same	as	1980,	except	for	the	following	change:	Women	over	50	should	have	a	mammogram	
every	year	when	feasible.	

	
1983:	ACS4	
Same	as	1980,	except	that	women	ages	40‐49	are	recommended	to	undergo	mammography	
every	1‐2	years.	

	
1985:	Canadian	Task	Force5		
 Women	ages	40+	should	have	a	CBE	annually.	
 Annual	mammography	and	CBE	for	women	aged	50‐59	
 BSE	not	recommended		

	
1987:	NCI6	
 Women	ages	20+	should	perform	monthly	BSE.	
 Women	ages	20	to	40	should	have	CBE	every	three	years,	and	annually	after	age	40.	
 Women	should	have	a	baseline	mammogram	between	the	ages	of	35	and	40.	
 Women	ages	40‐49	should	have	mammography	every	1‐2	years.	
 Women	over	50	should	have	a	mammogram	every	year.	
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1988:	AMA,	ACOG,	ACR,	ACS2	
 Women	ages	20+	should	perform	monthly	BSE.	
 Women	ages	20	to	40	should	have	CBE	every	three	years,	and	annually	after	age	40.	
 Women	should	have	a	baseline	mammogram	between	the	ages	of	35	and	40.	
 Women	ages	40‐49	should	have	mammography	every	1‐2	years.	
 Women	over	50	should	have	a	mammogram	every	year.	

	
1989:	USPSTF7	
 Women	over	age	40	should	receive	an	annual	clinical	breast	examination.	Mammography	

every	year	beginning	at	age	50	and	concluding	at	approximately	age	75	unless	pathology	has	
been	detected.		

 It	may	be	prudent	to	begin	mammography	at	an	earlier	age	for	women	at	high	risk	for	breast	
cancer	(see	Clinical	Intervention).		

	
Teaching	of	breast	self‐examination	is	not	specifically	recommended	at	this	time;	there	is	
insufficient	evidence	to	recommend	any	change	in	current	breast	self‐examination	practices.		
	
1992:	ACS2	
 Recommendation	for	a	baseline	mammogram	between	ages	35‐40	dropped.		

	
1993:	NCI8	
 Same	as	1987,	but	recommendation	for	screening	in	the	40s	withdrawn	based	on	NCI	

workshop	held	after	publication	of	first	results	from	NBSS	trials	in	1992.9	
	
1996:	USPSTF10	
 Screening	for	breast	cancer	every	1‐2	years,	with	mammography	alone	or	mammography	

and	annual	clinical	breast	examination	(CBE),	is	recommended	for	women	aged	50‐69		
(“A”	recommendation).		

 Recommendations	for	or	against	routine	mammography	or	CBE	for	women	aged	40‐49	
cannot	be	made	based	on	the	current	evidence	(“C”	recommendation).	

 Recommendations	for	screening	women	aged	70	and	over	who	have	a	reasonable	life	
expectancy	may	be	made	based	on	other	grounds,	such	as	the	high	burden	of	suffering	in	this	
age	group	and	the	lack	of	evidence	of	differences	in	mammogram	test	characteristics	in	older	
women	versus	those	aged	50‐69	(“C”	recommendation).			

 There	is	insufficient	evidence	to	recommend	for	or	against	teaching	BSE	in	the	periodic	health	
examination	(“C”	recommendation).			

	
1997:	ACS11	
 Women	ages	20+	should	perform	monthly	BSE.	
 Women	ages	20	to	40	should	have	CBE	every	three	years,	and	annually	after	age	40.	
 Annual	mammography	beginning	at	age	40	
 Cessation	of	annual	screening	should	not	be	age‐related,	but	is	a	function	of	co‐morbidity.	

	
2002:	USPSTF12	
 The	U.S.	Preventive	Services	Task	Force	(USPSTF)	recommends	screening	mammography,	with	

or	without	clinical	breast	examination	(CBE),	every	1‐2	years	for	women	aged	40	and	older.	
 Grade:	B	Recommendation	
 The	USPSTF	concludes	that	the	evidence	is	insufficient	to	recommend	for	or	against	routine	

CBE	alone	to	screen	for	breast	cancer.	Grade:	I	Statement	
 The	USPSTF	concludes	that	the	evidence	is	insufficient	to	recommend	for	or	against	teaching	

or	performing	routine	breast	self‐examination	(BSE).	Grade:	I	Statement    
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2003:	ACS13	 	
 Begin	mammography	at	age	40.	
 For	women	in	their	20s	and	30s,	CBE	conducted	during	periodic	health	examination,	

preferably	at	least	every	three	years.	For	women	40+,	CBE	as	part	of	a	periodic	health	
examination,	preferably	annually.	

 Beginning	in	their	20s,	women	should	be	told	about	the	benefits	and	limitations	of	BSE.	The	
importance	of	prompt	reporting	of	any	new	breast	symptoms	to	a	health	professional	should	
be	emphasized.	Women	who	choose	to	do	BSE	should	receive	instruction	and	have	their	
technique	reviewed	on	the	occasion	of	a	periodic	health	examination.	It	is	acceptable	for	
women	to	choose	not	to	do	BSE	or	to	do	BSE	irregularly.	

 Women	should	have	an	opportunity	to	become	informed	about	the	benefits,	limitations,	and	
potential	harms	associated	with	regular	screening.	

 Screening	decisions	in	older	women	should	be	individualized	by	considering	the	potential	
benefits	and	risks	of	mammography	in	the	context	of	current	health	status	and	estimated	life	
expectancy.	As	long	as	a	woman	is	in	reasonably	good	health	and	would	be	a	candidate	for	
treatment,	she	should	continue	to	be	screened	with	mammography.	

 Women	at	increased	risk	of	breast	cancer	might	benefit	from	additional	screening	strategies	
beyond	those	offered	to	women	of	average	risk,	such	as	earlier	initiation	of	screening,	shorter	
screening	intervals,	or	the	addition	of	screening	modalities	other	than	mammography	and	
physical	examination,	such	as	ultrasound	or	magnetic	resonance	imaging.	However,	the	
evidence	currently	available	is	insufficient	to	justify	recommendations	for	any	of	these	
screening	approaches.	

	
2003:	ACOG14	 	
The	following	recommendations	are	based	on	limited	and	inconsistent	scientific	evidence	(Level	B):		
 Women	aged	40	to	49	years	should	have	screening	mammography	every	1	to	2	years.	Women	

aged	50	years	and	older	should	have	annual	screening	mammography.	
The	following	recommendations	are	based	primarily	on	consensus	and	expert	opinion	(Level	C):	
 Despite	a	lack	of	definitive	data	for	or	against	breast	self‐examination,	breast	self‐examination	

has	the	potential	to	detect	palpable	breast	cancer	and	can	be	recommended.	All	women	
should	have	clinical	breast	examinations	annually	as	part	of	the	physical	examination.	

	
2007:	ACP15	 	
 In	women	40	to	49	years	of	age,	clinicians	should	periodically	perform	individualized	

assessment	of	risk	for	breast	cancer	to	help	guide	decisions	about	screening	mammography.	
 Clinicians	should	inform	women	40	to	49	years	of	age	about	the	potential	benefits	and	harms	

of	screening	mammography.	
 For	women	40	to	49	years	of	age,	clinicians	should	base	screening	mammography	decisions	

on	benefits	and	harms	of	screening,	as	well	as	on	a	woman's	preferences	and	breast	cancer	
risk	profile.	

	
2009:	USPSTF16	 	
 The	USPSTF	recommends	biennial	screening	mammography	for	women	aged	50	to	74	years.		

The	decision	to	start	regular,	biennial	screening	mammography	before	the	age	of	50	years	
should	be	an	individual	one	and	take	patient	context	into	account,	including	the	patient's	
values	regarding	specific	benefits	and	harms.	

 The	USPSTF	concludes	that	the	current	evidence	is	insufficient	to	assess	the	additional	
benefits	and	harms	of	screening	mammography	in	women	75	years	or	older.	

 The	USPSTF	recommends	against	teaching	breast	self‐examination	(BSE).	
 The	USPSTF	concludes	that	the	current	evidence	is	insufficient	to	assess	the	additional	

benefits	and	harms	of	clinical	breast	examination	(CBE)	beyond	screening	mammography	in	
women	40	years	or	older.    
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2010:	ACR17	
 Women	aged	40‐74:	Annual	mammography	
 Women	aged	75+:	Screening	with	mammography	should	stop	when	life	expectancy	is	less	

than	5	to	7	years	on	the	basis	of	age	or	comorbid	conditions.	
	
2011:	ACOG18	 	
 Annual	mammography	with	clinical	breast	exam	beginning	at	age	40	
 Women	75+:	Women	should,	in	consultation	with	their	physicians,	decide	whether	or	not	to	

continue	mammographic	screening.	
	
2011:	Canadian	Task	Force19	
 For	women	40–49	years	of	age,	routine	screening	for	breast	cancer	with	mammography		is	

not	recommended.	
 For	women	aged	50–74	years,	routine	screening	for	breast	cancer	with	mammography	is	

recommended	every	two	to	three	years.	
 Recommend	not	routinely	screening	with	MRI	scans	
 Recommend	not	routinely	performing	clinical	breast	examinations	alone	or	in	conjunction	

with	mammography	to	screen	for	breast	cancer	
 Recommend	not	advising	women	to	routinely	practice	breast	self‐examination	

	
2015:	ACP20	 	
 Clinicians	should	discuss	the	benefits	and	harms	of	screening	mammography	with	average‐

risk	women	aged	40	to	49	years	and	order	biennial	mammography	screening	if	an	informed	
woman	requests	it.	

 Clinicians	should	encourage	biennial	mammography	screening	in	average‐risk	women	aged	
50	to	74	years.	

 Clinicians	should	not	screen	average‐risk	women	younger	than	40	years	or	aged	75	years	or	
older	for	breast	cancer	or	screen	women	of	any	age	with	a	life	expectancy	less	than	10	years.	

 High‐value	care	advice	4:	Clinicians	should	not	screen	average‐risk	women	of	any	age	for	
breast	cancer	with	MRI	or	tomosynthesis.	

	
2015:	ACS21	
 Women	aged	45‐54	‐	annual	mammography;	women	aged	40‐44	should	have	the	opportunity	

to	initiate	mammography	screening	before	age	45.	
 Women	aged	55	should	transition	to	biennial	mammography,	or	they	may	continue	with	

annual	screening	if	that	is	their	preference.	
 Women	should	continue	with	regular	mammography	screening	as	long	as	they	are	in	good	

health	and	have	at	least	10	years	of	expected	longevity.	
	
2016:	USPSTF22	 	
 Women	aged	50‐74	‐	biennial	screening	mammography.	There	is	insufficient	evidence	to	

recommend	screening	in	women	75+.	
 The	decision	to	start	screening	mammography	in	women	prior	to	age	50	years	should	be	an	

individual	one.	
	
2016:	AAFP23	
 Women	aged	40‐49:	The	decision	to	start	screening	mammography	should	be	an	individual	

one.	Women	who	place	a	higher	value	on	the	potential	benefit	than	the	potential	harms	may	
choose	to	begin	screening.	

 Women	aged	50‐54:	Biennial	screening	with	mammography.	
 Women	75+:	Current	evidence	is	insufficient	to	assess	the	balance	of	benefits	and	harms	of	

screening	with	mammography.    
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2017:	ACOG24	
 Women	at	average	risk	of	breast	cancer	should	be	offered	screening	mammography	starting	at	

age	40	years.	If	they	have	not	initiated	screening	in	their	40s,	they	should	begin	screening	
mammography	by	no	later	than	age	50	years.	The	decision	about	the	age	to	begin	mammography	
screening	should	be	made	through	a	shared	decision‐making	process.	This	discussion	should	
include	information	about	the	potential	benefits	and	harms.	

 Women	at	average	risk	of	breast	cancer	should	have	screening	mammography	every	one	or	two	
years	based	on	an	informed,	shared	decision‐making	process	that	includes	a	discussion	of	the	
benefits	and	harms	of	annual	and	biennial	screening	and	incorporates	patient	values	and	
preferences.		

 Women	at	average	risk	of	breast	cancer	should	continue	screening	mammography	until	at	least	
75	years.	Beyond	age	75	years,	the	decision	to	discontinue	screening	mammography	should	be	
based	on	a	shared	decision‐making	process	informed	by	the	woman's	health	status	and	
longevity.	

	
2017:	ACR25	
 The	ACR	recommends	annual	mammographic	screening	starting	at	age	40.	
 The	ACR	does	not	recommend	a	stopping	age	for	screening.	Screening	recommendations	

should	be	tailored	to	individual	circumstances	such	as	life	expectancy,	comorbidities,	and	the	
intention	to	seek	(and	ability	to	tolerate)	treatment	if	a	cancer	is	detected.	

	
2018:	ACR26	
 For	women	with	genetics‐based	increased	risk	(and	their	untested	first‐degree	relatives),	

with	a	calculated	lifetime	risk	of	20%	or	more	or	a	history	of	chest	or	mantle	radiation	
therapy	at	a	young	age,	supplemental	screening	with	contrast‐enhanced	breast	MRI	is	
recommended.	Breast	MRI	is	also	recommended	for	women	with	personal	histories	of	breast	
cancer	and	dense	tissue,	or	those	diagnosed	by	age	50.	Others	with	histories	of	breast	cancer	
and	those	with	atypia	at	biopsy	should	consider	additional	surveillance	with	MRI,	especially	if	
other	risk	factors	are	present.	Ultrasound	can	be	considered	for	those	who	qualify	for	but	
cannot	undergo	MRI.	All	women,	especially	black	women	and	those	of	Ashkenazi	Jewish	
descent,	should	be	evaluated	for	breast	cancer	risk	no	later	than	age	30,	so	that	those	at	
higher	risk	can	be	identified	and	can	benefit	from	supplemental	screening.	
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Chapter	8	

Breast	MRI	Interpretation	

Gillian	M.	Newstead,	MD,	FACR		

	

A	standard	reading	method	for	breast	MRI	examinations	should	provide	structure	and	uniformity	

of	interpretation,	including	details	of	the	examination	technique,	a	description	of	normal	breast	

tissue	and	identification,	and	characterization	of	an	enhancing	lesion	or	other	abnormal	finding.		

1. Technical	description	of	the	MR	acquisition	

2. Type	and	amount	of	GBCA	administered	

3. Volume	of	fibroglandular	tissue	(FGT)		

4. Amount	of	background	parenchymal	enhancement	(BPE)	

5. Identification	and	characterization	of	abnormal	enhancing	findings	

6. Final	assessment	category	

Given	that	breast	MRI	is	usually	the	last	study	to	be	performed	in	the	diagnostic	chain,	knowledge	

of	the	patient’s	medical	history	and	review	of	all	prior	imaging	studies	are	essential	for	optimal	

interpretation	of	a	breast	MR	examination.	Evaluation	of	the	various	series	that	comprise	a	

complete	diagnostic	MRI	protocol,	and	interpretation	of	these	series	in	the	order	listed	below,	is	

recommended	as	a	standard	interpretation	method.	

	

Maximum	intensity	projection	(MIP)	image			

The	MIP	image	is	usually	the	first	to	be	assessed	for	technical	quality	and	overview	of	breast	

enhancement.	Technical	requirements	include	an	initial	rapid	bolus	injection	of	contrast	with	rapid	

imaging	thereafter,	an	excellent	dynamic	sequence	being	essential	for	interpretation.		
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The	MIP	image	can	allow	

confirmation	of	a	contrast	bolus	to	

the	heart	and	enhancing	vessels	on	

the	first	post	contrast	series.	If	

contrast	agent	is	not	visible	on	the	

first	post‐contrast	images,	then	the	

series	is	suboptimal	and	a	repeat	

study	is	usually	necessary.	Contrast	

injection	into	the	subcutaneous	

tissue	of	the	arm	may	account	for	

the	lack	of	contrast	and	the	

technologist	should	check	the	

injection	site.	A	rupture	in	the	tubing	delivery	mechanism	is	another	cause	of	an	unsuccessful	

injection.	In	some	cases,	slow	delivery	of	contrast	agent	to	the	heart	may	be	seen	in	patients	with	

cardiac	insufficiency.	The	MIP	image	provides	an	excellent	review	of	technique	and	may	also	reveal	

enhancing	lesions	and	other	abnormal	findings.	Evaluation	of	source	and	subtracted	images	within	

the	complete	dynamic	series	will	further	elucidate	these	findings.	The	amount	of	BPE	is	generally	

assessed	on	the	first	post‐contrast	MIP	image	(Fig.	1).	

	

T2w	sequence		

The	T2w	series	can	be	acquired	with	fat	saturation	(a	lower	spatial	resolution	sequence)	or	without	

fat	saturation	(a	higher	spatial	resolution	sequence).	The	amount	of	FGT	can	be	assessed	on	this	

series	and	should	be	included	in	the	report.	The	advantage	of	a	high‐spatial	resolution	T2w	series	

allows	multi‐planar	reformatting	(a‐c),	slice‐by‐slice	matching	with	the	T1w	DCE	images	and	also	

may	shorten	the	overall	protocol	timing	by	accomplishing	the	need	for	both	a	T2w	series	and	a	non‐

fat	T1w	suppressed	pre‐contrast	series	into	a	single	acquisition	(Fig.	2).	

Figure	1.	Maximum	Intensity	Projection	(MIP)	image.	MIP	
image	(subtracted),	obtained	at	the	first,	post‐contrast	time	
point	(70s),	reveals	a	round	enhancing	mass	with	associated	
increased	vascularity.	

Figure	2.	T2w	series	(non‐fat	suppressed)	shows	a	correlative	hypointense	mass	shown	in	MPR	format.	
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Additional	advantages	of	a	high	resolution	T2w	

series	include	improved	assessment	of	pre‐

contrast	mass	morphology	and	identification	of	

peritumoral	and	pre‐pectoral	edema,	findings	that	

usually	indicate	an	aggressive	cancer	and	may	only	

be	visualized	on	thin	slices	(<	1mm).	Although	the	

T2w	sequence	may	not	be	helpful	for	evaluation	of	

non‐invasive	cancer	(because	NME	exhibits	very	

few	pre‐contrast	findings)	it	is	very	useful	for	

visualization	of	normal	or	abnormal	axillary,	intra‐

mammary	and	internal	mammary	lymph	nodes,	

skin	thickening,	post‐surgical	changes,	presence	of	

post‐biopsy	marker	clips,	and	assessment	of	breast	

reconstruction	surgery.	

	

T1w	dynamic	sequence		
(Source	and	subtracted	images)	

The	pre‐contrast	images	should	be	checked	to	

assess	homogeneous	fat	saturation,	and	

subtraction	images	should	be	evaluated	for	lack	of	

motion	artifact.	The	search	for	abnormal	

enhancement	is	usually	best	seen	on	the	first	and	

second	time	point	series	when	subtraction	images	

are	obtained	and	the	enhancement	is	most	intense,	

and	more	easily	distinguished	from	BPE.	

Morphologic	assessment	of	shape	and	margin,	

types	of	internal	enhancement,	and	distribution	

characteristics	of	enhancing	lesions	should	be	

documented.	Multi‐planar	reformatting	(MPR)	and	

slab	images	can	be	particularly	helpful	when	

evaluating	non‐mass	morphology.	(Fig.	3,	Fig.	4).		

	 	
Figure	3.	T1w	post‐contrast	source	series.	
T1w	post‐contrast	source	images	obtained	at	
the	first	time	point	(70s)	are	shown	in	MPR	
format.	
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Lesion	size,	location	laterality	(right	or	left	breast),	and	breast	quadrant	(including	the	appropriate	

use	of	“central”)	retroareolar	and	axillary	tail	should	be	specified.	Measurements	of	the	distance	of	

a	lesion	from	the	nipple,	skin,	or	chest	wall	should	be	reported.	Although	enhancing	masses	may	be	

visible	on	the	MIP	image,	careful	evaluation	of	the	first	and	second	post‐contrast	source	and	

subtraction	images	is	needed	for	complete	diagnosis.	When	an	enhancing	lesion	is	found	on	the	

T1w	post‐contrast	series,	correlation	of	the	lesion	on	the	pre‐contrast	T2w	series	may	be	helpful	for	

diagnosis.	Viewing	of	the	later	post‐contrast	sequences	is	also	necessary	to	ensure	identification	of	

certain	slow‐enhancing	cancers	such	as	invasive	lobular	carcinoma	(ILC)	and	for	assessment	of	

treatment	response	for	patients	undergoing	serial	MRI	examinations	during	neoadjuvant	

chemotherapy;	delayed	enhancement	being	the	only	indication	of	residual	disease	in	some	cases.		

	

Kinetic	classification	

First	post‐contrast	T1w	image,	source,	and	subtraction	are	usually	important.	DCE‐MRI	kinetic	

techniques	derived	from	acquisitions	monitored	for	a	standard	period	of	time	following	contrast	

injection	(5‐7	minutes)	are	measures	of	the	uptake	and	washout	of	contrast	in	tissues	and	can	

provide	useful	diagnostic	information.	The	shape	of	the	signal‐intensity‐versus‐time	curve	

Figure	4. T1w	post‐contrast	subtraction	
images.	Subtraction	images	from	the	
dynamic	sequence	are	shown	in	MPR	
format	(A,	B,	C).	Angiomap	and	TIC	
demonstrate	washout	kinetics.	(D,	E).	

A	 B	 C

D	

E	
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(TIC	or	signal	time‐course	or	kinetic	curve),	which	plots	signal	intensity	over	time,	has	found	to	be	

useful	in	the	classification	of	enhancing	lesions.	Analysis	of	signal	intensity	within	an	enhancing	

lesion	is	performed	on	a	pixel‐by‐pixel	basis	and	TIC	data	can	be	generated	manually	by	placing	a	

region‐of‐interest	(ROI)	of	at	least	3	pixels	on	the	most	suspicious	region	of	enhancement	within	an	

enhancing	lesion.	Changes	in	signal	intensity	are	then	monitored	over	time.	Most	practices	in	the	US	

now	employ	computer‐aided	analysis	systems,	allowing	depiction	of	kinetic	parameters	on	a	pixel‐

by‐pixel	basis	as	a	parametric	image	describing	the	variation	in	blood	flow	within	a	lesion.	These	

tools	can	not	only	automatically	display	time	intensity	curves	but	also	generate	color	maps	of	

lesions	that	enhance	above	a	pre‐determined	threshold,	usually	set	between	50%	(slow	initial	rise)	

50‐100%	(medium	initial	rise),	and	>100%	(fast	initial	rise).	The	parametric	image	reflects	all	

tissues	that	enhance	above	the	set	threshold,	below	which	no	enhancement	is	measured.	Most	

malignant	lesions	will	enhance	>100%	within	the	first	90	seconds	following	contrast	enhancement.	

Lesion	color‐coding	of	the	delayed	phase	of	enhancement	can	facilitate	interpretation	of	the	kinetic	

data:	Persistent	(continued	increasing	enhancement	>10%	above	threshold),	Plateau	(constant	

signal	intensity)	and	Washout	(decreasing	signal	intensity	following	peak	enhancement	>10%	

below	threshold)	(Fig.	5).	Accurate	analysis	of	TIC	data	strongly	depends	on	predictable	delivery	of	

a	GBCA	using	a	bolus	technique	and	a	dose	administered	according	to	patient	body	weight.	

	

Interpretation	challenges	

Breast	MR	imaging	is	technically	demanding	and	because	most	practices	in	the	United	States	use	fat	

saturation	technique	in	the	dynamic	

phase,	excellent	fat	saturation	with	

high	spatial	and	rapid	acquisition	is	

required.	The	high	signal	of	fat	

interferes	with	the	detection	of	

enhancing	lesions	at	MRI,	and	active	

fat	suppression	is	widely	used	in	the	

T1w	dynamic	sequence	for	cancer	

detection.	Uniform	suppression	of	

the	fat	signal	is	challenging	at	breast	

imaging	because	of	Bo		

	 	 Figure	5.	Enhancement	kinetics. Graph	of	the	CAD	
enhancement	display,	depicting	signal	versus	time,	is	shown.	
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inhomogeneity	across	the	FOV,	due	to	the	variation	in	breast	tissue	types.	Technical	errors	in	

clinical	practice	that	commonly	affect	interpretation	include	poor	positioning,	inadequate	contrast	

injection,	equipment	malfunction,	and	artifacts.	Host‐related	issues	such	as	patient	motion,	

congestive	heart	failure,	and	marked	BPE	may	limit	the	examination.	Human	errors	of	perception	or	

misinterpretation	may	account	for	missed	cancers	and	may	be	exacerbated	by	marked	BPE	in	some	

cases,	which	may	mask	a	small	malignancy.	This	problem	can	often	be	mitigated	by	appropriate	

scheduling	of	the	screening	MR	examination	according	to	the	menstrual	cycle	and	avoidance	of	

week	4	of	the	cycle.	

In	routine	practice,	careful	assessment	of	image	quality	by	the	technologist	and	radiologist	is	

necessary	to	avoid	errors.	Small	cancers	are	often	best	identified	on	the	first	post‐contrast	

subtracted	series	in	a	standard	acquisition	or	on	an	ultrafast	sequence	where	BPE	is	minimal.	Small	

or	even	large	in	situ	cancers	may	be	difficult	to	detect	even	in	the	presence	of	mild	BPE,	high	spatial	

resolution	at	3.0T	facilitating	detection	of	such	cancers.	Benign	findings	that	may	cause	difficulty	in	

interpretation	and	affect	specificity	negatively	include	certain	lymph	nodes,	papillomata,	fat	

necrosis,	and	fibroadenomata.	These	lesions	may	exhibit	rapid	enhancement,	often	with	washout	

kinetics,	careful	morphologic	analysis	being	necessary	for	accurate	diagnosis;	isotropic	or	near	

isotropic,	multiplanar	reformatting	can	be	useful	in	these	cases.		

	

Summary	

A	standard	method	of	breast	MR	interpretation	across	clinical	practice	is	a	prerequisite	for	accurate	

diagnosis.	Excellent	image	quality	is	essential	and	each	facility	must	tailor	their	approach	for	a	

screening	or	a	diagnostic	examination,	according	to	the	equipment	available.	The	series	should	be	

as	short	as	possible;	abbreviated	protocols	can	be	used	for	screening,	and	use	of	reformatted	

images	rather	than	multiple	additional	acquisitions	can	reduce	scanning	time.	Key	components	of	a	

high	quality	study	include	a	protocol	that	balances	spatial	and	temporal	resolution,	achieves	

homogeneous	fat	suppression,	and	minimizes	artifacts.	The	ACR	accreditation	program	provides	an	

excellent	resource	for	all	facilities	by	assisting	in	constructive	feedback	on	staff	qualifications,	

equipment,	and	technical	review.	Consistent	application	of	all	quality	control	and	peer	review	

methods	are	necessary	for	maintenance	of	an	excellent	breast	MRI	program.		
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Chapter	9	

BI‐RADS	3	Lesions	on	Breast	MRI	
Debra	M.	Ikeda,	MD,	FACR,	FSBI;	Margaret	Wong,	MD	

	

Introduction	

Incidental	enhancing	lesions	commonly	are	identified	on	contrast‐enhanced	breast	MRI,	many	of	

which	never	turn	out	to	be	cancer.	For	screening	mammography,	the	American	College	of	Radiology	

(ACR)	MRI	BI‐RADS	(Breast	Imaging	Reporting	and	Data	System)	Category	3	Lexicon	was	

developed	for	specific	mammographic	lesions	identified	as	“probably	benign”	with	an	expected	low	

risk	of	breast	cancer.	This	allows	low	risk	mammographically‐detected	findings	to	be	followed	by	

imaging	rather	than	undergoing	biopsy.	Similarly,	the	purpose	of	the	ACR	MRI	BI‐RADS	Category	3	

is	to	reduce	unnecessary	biopsies	because	of	the	low	risk	of	malignancy,	reducing	health	care	costs.	

The	literature	shows	MRI	BI‐RADS	Category	3	lesions	occur	in	frequencies	in	a	range	of	6‐12%.	

These	variable	frequencies	of	reported	BI‐RADS	Category	3	lesions	are	likely	because	scientific	

reports	were	based	on	retrospective	case	series	in	which	the	authors	identified	“probably	benign”	

MRI	lesions	from	the	reporting	physician’s	lesion	selection	characterized	as	“probably	benign,”	

rather	than	using	a	prospective	series	of	defined	lesion	types	and	following	them.	Also	the	types	of	

MRI	lesions	and	their	descriptions	depend	on	the	study	year	published	and	the	population	in	which	

the	study	was	performed.		

	

Mammography	

Because	the	“probably	benign”	category	was	taken	from	the	mammography	literature,	the	MRI	

BI‐RADS	3	Category	may	not	be	equivalent	in	the	mammography	setting.	Mammography	has	a	

long	imaging	history	and	the	mammographic	probably	benign	findings	were	based	on	2D	film	

screen	mammography,	which	was	a	stable	technology	for	many	decades	when	the	probably	

benign	category	was	established.	In	1999,	Sickles	described	the	probably	benign	lesions	based	

on	over	3,000	mammograms	followed	for	more	than	2	years,	showing	that	the	probably	benign	

lesions	led	to	a	2%	or	less	probability	of	women	having	breast	cancer	when	followed.	 
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The	BI‐RADS	Category	3	was	assigned	

to	three	types	of	nonpalpable	findings:	

punctate	grouped	calcifications,	focal	

asymmetry,	or	benign‐appearing	oval	

masses.	This	study	had	many	years	of	

follow	up	and	verification	from	

subsequent	studies.	However,	and	in	

contrast	to	MRI,	the	population	from	

which	the	2D	mammography	

probably‐benign	category	originated	

was	that	of	a	general	population	of	

which	a	large	percentage	of	subjects	

were	at	average	risk	for	breast	cancer	

using	mammography,	a	technology	

that	was	well	established	and	had	

been	used	for	decades.		

	

MRI 	

In	contrast,	MRI	is	a	changing	field	

with	a	wide	variety	of	hardware	and	

software	that	affects	the	image	

resolution	and	kinetic	data.	

Furthermore,	most	MRI	studies	of	the	

breast	are	performed	in	a	population	

at	higher	risk	for	breast	cancer	

compared	to	the	general	

mammographic	screening	population.	For	example	MRI	screening	is	done	in	high	risk	women,	for	

women	undergoing	staging	for	breast	cancer,	have	abnormal	other	imaging,	or	patients	undergoing	

neoadjuvant	chemotherapy,	all	populations	that	have	a	much	higher	pretest	probability	of	having	

breast	cancer.	It	would	therefore	be	difficult	to	reach	the	mammographic	2%	threshold	for	breast	

cancer	on	follow	up	studies	given	this	pre‐test	probability	of	breast	cancer	in	the	MRI	population.	

Unlike	mammography,	BI‐RADS	3	MRI	lesion	definitions	have	varied	from	article	to	article.	Studies	

of	probably	benign	lesions	are	difficult	to	compare	because	the	variety	of	lesions	were	selected	as	

BI‐RADS	3	lesions	by	the	interpreting	radiologist,	thus,	potential	BI‐RADS	3	descriptors	were	

Figure	1.	43‐year‐old	woman	with	history	of	breast	DCIS	
s/p	left	mastectomy,	presents	for	high	risk	screening.	(A)	
Axial	contrast	enhanced	DISCO	T‐1	Weighted	MRI	showed	a	
probably	benign	BIRADS‐3	lesion,	an	enhancing	5	mm	focus	
in	the	medial	right	breast	skin	adjacent	to	a	skin	lesion,	and	
a	focus	close	to	the	chest	wall	within	dense	tissue.	(B)	
Follow‐up	breast	MRI	in	6	months	showed	a	previously	
noted	right	breast	skin	lesion	has	resolved	and	there	is	no	
change	in	the	benign	appearing	focus,	while	the	second	
focus	near	the	chest	wall	has	resolved.	

A

B
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derived	from	these	studies	and	pooled	data.	Nonetheless,	there	is	a	growing	MRI	literature	

reporting	the	risk	of	probably	benign	lesions	having	a	risk	of	malignancy	ranging	from	0.2	to	10%.	

However,	even	with	these	studies	there	are	few	PPVs	provided	for	specific	lesions,	e.g.	foci,	non‐

mass	enhancement,	and	specific	types	of	masses	until	a	recent	meta‐analysis	by	Spick	et	al	(2018).	

They	reported	that	of	15	studies	of	probably	benign	breast	MRI	lesions	that	malignancy	rates	

ranged	between	0.5‐10.1%,	with	the	highest	malignancy	rates	in	non‐mass	lesions	at	a	pooled	rate	

of	2.3%,	followed	by	mass	lesions	at	1.5%	and	foci	at	1%,	with	malignancies	found	at	all	time	points	

in	the	follow	up	period.	In	practice,	however,	as	with	other	breast	imaging	modalities,	evaluating	

and	selecting	BI‐RADS	Category	3	lesions	depends	on	each	practice’s	experience	and	individual	

audits	to	be	successful.	

In	one	of	the	largest	series	published	in	2009,	Eby	et	al	reviewed	362	lesions	assessed	as		

BI‐RADS	3	in	260/2569	examinations	(10%).	168/362	lesions	were	foci	(48%);	within	this	pool	

of	lesions,	60	foci	displaced	persistent	enhancement	characteristics	that	could	have	been	safely	

assigned	as	BI‐RADS	2,	as	100%	of	these	were	benign.	The	next	most	common	was	non‐mass	

enhancements	(132/362,	36%)	showing	focal,	diffuse	or	regional	NME	that	had	heterogeneous,	

clumped	or	homogeneous	characteristics	with	a	mean	size	of	27	mm	(range	3‐100	mm).	The	least	

common	finding	was	masses	(52/362,	17%)	that	were	usually	round	or	oval	with	mostly	late	

persistent	kinetics,	and	with	a	mean	size	of	9	mm	(range	3‐42	mm).	In	this	series,	2	patients	

(0.85%	of	all	cases)	had	DCIS	(1	heterogeneous	diffuse	NME	with	persistent	kinetics	in	a	breast	

containing	an	ipsilateral	cancer;	1	focus	with	washout	kinetics).	Even	though	in	this	series	the	BI‐

RADS	3	lesion	characteristics	were	variable,	the	risk	of	malignancy	of	benign	appearing	foci	with	

benign	kinetics	was	less	than	2%.	

The	2013	edition	of	the	American	College	of	Radiology	BI‐RADS	MRI	lexicon	recommends	the	

following	lesions	for	short	term	follow	up	rather	than	biopsy.	In	the	ACR	BI‐RADS	Atlas	they	are	

defined	as	(1)	a	new	unique	focus	that	is	separate	from	the	background	parenchymal	enhancement	

but	has	benign	morphologic	and	kinetic	features	and	(2)	a	mass	on	an	initial	examination	with	

benign	morphologic	and	kinetic	features.	Background	parenchymal	enhancement	was	considered	

“inappropriate”	for	follow	up.	Furthermore,	“Asymmetric	NME	…(is)	not	recommended	surveillance	

imaging	since	even	less	data	are	present	for	this	finding	than	for	masses	to	provide	a	Category	3	

assessment.“		

Follow	up	timing	for	MRI	probably‐benign	lesions	is	an	initial	6	month	follow	up,	followed	by	

additional	examinations	until	a	2‐3	year	stability	is	demonstrated	(usually	at	6,	12,	and	24	

months).	BI‐RADS	3	lesions	that	are	stable	or	resolve	over	a	2	year	period	are	considered	benign	
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and	do	not	warrant	intervention,	and	are	reclassified	as	BI‐RADS	2.	In	fact,	with	experience	an	

MRI	reader	may	classify	a	BI‐RADS	Category	3	lesion	as	BI‐RADS	Category	2,	benign	and	stop	the	

follow	up.	Occasionally	a	second	look	ultrasound	or	mammogram	is	recommended	after	the	BI‐

RADS	3	MRI	finding	is	seen.	Fiaschetti	et	al.	reported	in	2012	that	follow	up	mammogram	and	

ultrasound	of	MRI	BI‐RADS	Category	3	lesions	can	help	by	prompting	biopsy	on	MRI	lesions	that	

appear	suspicious.	On	the	other	hand,	Thompson	et	al	showed	that	compliance	with	MRI	follow	

up	after	core	needle	biopsies	is	spotty	at	best	and	one	hopes	that	women	who	are	selected	for	

short	term	follow	up	will	actually	comply.	Borders	et	al	showed	that	women’s	age,	palpability	of	

the	lesion	and	menopause	status	were	related	to	follow	up,	but	that	self‐rated	general	health	was	

associated	with	timely	follow	up.	The	authors	concluded	that	education	regarding	short‐term	

follow	up	as	an	advantageous	alternative	might	aid	patients	in	compliance	with	follow‐up.	

	

Summary	

The	conference	lecture	today	will	demonstrate	characteristic	findings	for	benign	foci	and	masses	

that	were	stable	or	disappeared	on	follow	up	studies	and	were	correctly	characterized	as	probably	

benign.	We	will	show	cancers	initially	characterized	as	probably	benign	that	grew	or	changed	on	

follow	up	studies,	and	demonstrate	variables	leading	to	false	characterization	of	lesions	incorrectly	

assigned	to	BI‐RADS	Category	3	due	to	their	morphologic	findings	or	kinetic	curves	which	did	not	

fit	the	BI‐RADS	Lexicon	characteristics	described	above.	
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Chapter	10	

Breast	MRI	Features	of	High‐risk	Lesions		
to	Predict	Upgrade	to	Malignancy	

Habib	Rhabar,	MD	

	

Introduction	

High‐risk	pathologies,	also	sometimes	referred	to	as	“borderline	lesions”	or	“lesions	of	uncertain	

malignant	potential,”	are	breast	pathologies	that,	when	diagnosed	on	core	needle	biopsy,	have	a	

non‐trivial	chance	of	being	upgraded	to	a	malignancy	when	surgically	excised	due	to	sampling	

error.	Some,	but	not	all,	of	these	pathologies	are	also	known	to	be	a	marker	of	increased	future	

development	of	breast	cancer	in	either	breast.	Currently,	these	pathologies	account	for	

approximately	10%	of	all	image‐guided	core	needle	biopsies	(1)	however,	given	the	general	

approach	for	surgical	excision	to	exclude	upgrade	to	malignancy,	lead	to	a	substantial	amount	of	

unnecessary	surgeries	(2).		

The	most	common	high‐risk	pathologies	are	atypical	ductal	hyperplasia,	lobular	neoplasia	(which	

includes	lobular	carcinoma	in	situ	and	atypical	lobular	hyperplasia),	radial	scars/complex	

sclerosing	lesions,	flat	epithelial	atypia,	and	papillary	lesions.	Management	of	these	lesions	is	

challenging	and	controversial,	with	a	recent	survey	of	surgeons	practicing	in	the	United	States	

indicating	there	is	a	wide	range	of	practice	patterns.	In	that	study,	the	great	majority	of	surgeons	

routinely	excise	atypical	ductal	hyperplasia	(~85%),	while	only	a	slight	majority	of	surgeons	excise	

other	high‐risk	pathologies	(3).	While	some	specific	clinical	and	pathology	features,	particularly	

with	regard	to	lobular	neoplasia	(4‐7),	have	been	shown	to	be	useful	for	identifying	patients	for	

whom	excision	is	not	routinely	necessary,	the	majority	of	high‐risk	pathologies	diagnosed	undergo	

surgery	due	to	a	lack	of	useful	clinical,	imaging,	and	pathology	features	to	allow	for	a	sufficient	

negative	predictive	value.	As	a	result,	there	is	interest	in	the	use	of	breast	MRI	to	further	evaluate	

such	lesions	with	the	aim	of	identifying	which	lesions	can	be	safely	surveilled	rather	than	excised. 
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MRI	

Breast	MRI	provides	high	spatiotemporal	resolution	images	that	allow	for	whole	lesion	

assessments	and	multiparametric	features	that	could	provide	improved	delineation	of	lesion	

biology.	Specifically,	the	use	of	dynamic	contrast	enhanced	imaging	can	provide	information	

about	the	vascularity	surrounding	a	high‐risk	lesion,	while	the	use	of	diffusion	weighted	

imaging	can	probe	cellularity	and	microstructure.	Breast	MRI	is	well	established	as	the	most	

sensitive	modality	for	breast	cancer	detection	in	both	the	high‐risk	screening	and	newly	

diagnosed	breast	cancer	populations;	however,	its	utility	as	a	“problem	solving”	tool	is	more	

controversial.	This	is	because	in	order	to	be	effective	given	current	BI‐RADS	standards,	MRI	

would	need	a	negative	predictive	value	of	at	least	98%	to	obviate	tissue	sampling	or	excision,	

which	has	not	consistently	been	achieved	(8).		

Several	recent	studies	have	demonstrated	that	the	use	of	MRI	can	achieve	negative	predictive	

values	as	high	as	96‐100%	for	excluding	breast	cancer	for	various	high‐risk	lesions	identified	on	

core	needle	biopsy	(9,	10).	Specifically,	the	most	valuable	feature	consistently	identified	among	

these	studies	to	exclude	malignant	upgrade	is	the	absence	of	suspicious	enhancement	at	the	

biopsy	site.	A	study	by	Linda	et	al	demonstrated	a	95.8%	negative	predictive	value	to	exclude	

malignancy,	with	the	highest	negative	predictive	values	in	papillomas	and	radial	scars		

(NPV	97.4,	97.6%,	respectively),	while	upgrade	for	lobular	neoplasia	and	atypical	ductal	

hyperplasia	diagnosed	on	core	needle	biopsy	could	be	excluded	with	less	certainty	on	MRI	(NPV	

88.0	and	90.0%,	respectively)	(9).	Another	study	by	Londero	et	al,	which	was	a	retrospective	

reader	study	of	227	core	needle	biopsy‐diagnosed	high‐risk	lesions	where	MRIs	were	evaluated	

for	presence	or	absence	of	suspicious	enhancement	at	the	biopsy	site,	demonstrated	a	negative	

predictive	value	of	97%,	with	only	2	missed	cancers,	both	small	low	grade	ductal	carcinoma	in	

situ	(11).		

As	one	would	expect,	specific	conventional	MRI	features	of	high‐risk	lesions	identified	on	MRI	

have	not	been	useful	for	excluding	malignancy,	as	all	such	lesions	exhibit	suspicious	

enhancement.	Indeed,	several	prior	studies	showed	no	specific	lesion	or	patient	characteristics	

associated	with	upgrade	to	malignancy	that	could	be	used	to	decrease	unnecessary	surgeries	

(12‐14).	In	these	studies,	the	upgrade	rate	ranged	from	19‐31%,	with	the	most	cases	upgrading	

to	ductal	carcinoma	in	situ.	Finally,	a	recent	study	by	Cheeney	et	al	demonstrated	that	the	use	of	

apparent	diffusion	coefficient	values	on	diffusion	weighted	imaging	could	be	useful	for	assisting	

in	exclusion	of	malignancy	at	the	site	of	a	core	needle	biopsy	diagnosed	high‐risk	lesion	

identified	on	MRI	(15).		
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Summary	

In	summary,	high‐risk	lesions	identified	at	core	needle	biopsy	result	in	a	management	challenge	for	

clinicians	specializing	in	breast	care.	Currently,	most	high‐risk	pathologies	are	excised	due	to	risk	of	

upgrade	at	surgery	due	to	image‐guided	core	needle	biopsy	sampling	error.	Several	MRI	studies	

demonstrate	promise	for	reducing	the	number	of	unnecessary	surgeries	prompted	by	high‐risk	

lesions;	however,	their	negative	predictive	values	are	generally	slightly	below	the	optimal	threshold	

of	98%.	Future	prospective	studies	are	needed	to	verify	the	use	of	MRI	for	this	problem‐solving	

indication.	Furthermore,	additional	work	is	needed	to	determine	the	cost	effectiveness	of	breast	

MRI	compared	to	routine	surgical	excision	for	further	evaluation	of	high‐risk	lesions.		
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Chapter	11	

Breast	MRI	to	Improve	DCIS	Management	

Habib	Rahbar,	MD	

	
Introduction	

Ductal	carcinoma	in	situ	(DCIS)	is	a	controversial	pre‐invasive	intraductal	proliferation	that	is	

confined	to	the	milk	ducts	and	is	categorized	as	a	breast	cancer.	In	the	late	1970s	and	early	1980s,	

before	widespread	implementation	of	mammographic	screening,	DCIS	was	rarely	diagnosed,	

comprising	only	2.1%	of	all	breast	malignancies	[1].	The	incidence	of	DCIS	has	now	risen	to	27.7	per	

100,000	US	women	[2],	representing	21%	of	all	diagnosed	breast	malignancies	[3].	In	the	prevailing	

theory	of	breast	cancer	pathogenesis,	DCIS	is	a	non‐obligate	precursor	to	invasive	breast	cancer.		

The	great	majority	of	DCIS	lesions	are	treated	surgically,	with	lumpectomy/wide	local	excision	the	

most	common	surgical	approach	[3].	Of	those	who	undergo	breast	conserving	surgery,	roughly	

three	quarters	also	undergo	radiation	and/or	hormone	therapy.	This	is	because	randomized	

control	trials	have	demonstrated	decreased	risk	of	recurrence	in	women	who	underwent	breast	

conservation	with	radiation	when	compared	to	those	who	did	not	undergo	radiation	[4].	Similarly,	

hormone	therapy	has	also	been	shown	to	significantly	reduce	risk	of	disease	recurrence	[5].		

However,	it	is	known	that	some	DCIS	lesions	will	never	impact	a	woman’s	health	if	left	untreated;	

however,	the	prevailing	DCIS	treatment	is	aggressive	due	to	a	lack	of	ability	to	stratify	DCIS	risk	

[6,	7].	Because	the	great	majority	(>90%)	of	DCIS	lesions	present	in	asymptomatic	women,	

questions	have	been	raised	regarding	the	value	of	early	breast	cancer	detection	in	the	form	of	

DCIS	through	screening	mammography	[8].	These	controversies	are	often	described	with	terms	

such	as	“overdiagnosis”	and	“overtreatment.”		

	

Histopathology	

Characterization	of	DCIS	using	histopathologic	classification	systems	to	distinguish	aggressive	

forms	of	DCIS	from	those	that	are	indolent	and	slow	growing	have	yielded	mixed	results.	One	

commonly	used	system	is	the	Van	Nuys	Pathologic	Classification	(VNPC),	which	combines	nuclear	

grade	and	comedonecrosis	and	has	been	found	in	some	studies	to	have	prognostic	value	[9,	10].	
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However,	in	most	cases,	these	pathologic	assessments,	even	when	combined	with	other	clinical	

features	such	as	lesion	size	and	surgical	margins	(e.g.	Van	Nuys	Prognostic	Index	and	Memorial	

Sloan	Kettering	Cancer	Center	DCIS	Nomogram)	[11‐14],	do	not	provide	reliable	enough	

information	to	be	routinely	used	clinically	for	determining	treatment.		

Several	newer	pathology	markers	[9,	15]	and	a	tissue‐based	multigene	assay	have	been	developed	

and	may	aid	in	determining	risk	of	DCIS	recurrence	[16,	17].	In	particular,	a	12	gene	assay,	

Oncotype	DX‐DCIS,	has	been	developed	to	quantify	the	10‐year	risk	of	local	recurrence	after	

therapy.	This	scoring	system	has	been	proposed	to	help	identify	DCIS	at	low	risk	of	recurrence	in	

order	to	determine	which	patients	do	not	require	radiation	therapy	[17].	However,	its	high	cost	

(~$4,000)	and	lack	of	validation	in	a	broad	spectrum	of	DCIS	lesion	size	and	pathologic	features	

have	limited	its	use	in	clinical	practice	to	date.		

	

MRI	

MRI	as	an	imaging	tool	has	the	potential	to	assist	with	risk	stratification.	Interestingly,	breast	MRI	

was	initially	considered	to	be	poor	for	DCIS	evaluation	due	to	its	inability	to	identify	

microcalcifications	[18].	However,	as	MRI	techniques	evolved	to	include	higher	spatial	resolution	

images,	morphologic	features	such	as	non‐mass	enhancement	that	commonly	represent	DCIS	on	

MRI	were	recognized	[19].	It	is	now	well	established	that	MRI	is	overall	superior	to	mammography	

for	DCIS	detection	(sensitivity	92%	versus	56%)	and	determination	of	DCIS	extent	of	disease	[20,	

21].	In	addition,	it	has	been	shown	that	MRI	also	identifies	a	greater	fraction	of	high	nuclear	grade	

lesions	than	mammography	[22].	Furthermore,	a	study	by	Rahbar	et	al	demonstrated	that	an	MRI	

model	combining	dynamic	contrast	enhanced	(DCE)	and	diffusion	weighted	imaging	(DWI)	features	

to	identify	high	nuclear	grade	DCIS	lesions	[23].		

Numerous	studies	have	been	performed	to	explore	MRI’s	role	in	predicting	malignant	potential	of	

microcalcifications	prior	to	biopsy	with	differing	results.	A	recently	published	meta‐analysis	

pooling	a	total	of	1843	cases	of	BI‐RADS	category	3,	4,	and	5	microcalcifications	attempts	to	

consolidate	and	generalize	this	body	of	research	[24].	MRI	sensitivity	and	specificity	of	BI‐RADS	

category	4	microcalcifications	were	92%	and	82%,	respectively,	with	a	negative	likelihood	ratio	of	

0.099.	This	result	suggests	that	microcalcifications	mammographically	interpreted	as	BI‐RADS	

category	4	with	a	negative	MRI	may	be	downgraded	to	BI‐RADS	category	3,	which	would	decrease	

the	number	of	needle	biopsies	recommended.	Additionally,	the	study	found	that	among	the	106	

MRI	false	negative	cases	for	all	lesions,	only	7	were	invasive	carcinoma,	resulting	in	a	negative	

predictive	value	for	invasive	carcinoma	of	99%.	This	suggests	that	MRI	may	be	able	exclude	the	risk	

of	pathological	upgrade	even	prior	to	performing	a	biopsy,	which	would	aid	in	surgical	planning.		
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Once	a	DCIS	diagnosis	has	been	made,	mammography	is	known	to	underestimate	the	full	extent	on	

final	pathology	since	it	typically	detects	only	calcified	portions	of	the	in	situ	cancer.	Dillon	and	

colleagues	demonstrated	that	mammography	considerably	underestimates	DCIS	size	(imaging‐to‐

pathology	size	discrepancy	of	more	than	1	cm)	in	40%	of	patients	who	ultimately	have	positive	

surgical	margins	compared	to	14%	of	women	who	have	uninvolved	margins	[25].	Despite	the	

known	higher	sensitivity	of	MRI	for	DCIS	detection	[26]	and	higher	accuracy	for	evaluation	of	

extent	of	disease	[15,	27],	the	routine	use	of	MRI	for	newly	diagnosed	DCIS	remains	controversial	

due	to	a	lack	of	evidence	to	support	treatment	outcomes	and	potential	adverse	effects	including	

unnecessary	mastectomies	[28].	Two	recent	studies	have	found	that	the	use	of	higher	field	strength	

MRI	(3	tesla)	can	provide	an	even	more	accurate	assessment	of	pathological	extent	of	disease	when	

compared	to	1.5	tesla	technique	[29]	and	mammography	[30].		

	

Management	

Compared	to	mammography	and	ultrasound,	MRI	has	greater	potential	to	reflect	the	biologic	

features	of	breast	pathology,	such	as	vascularity	and	permeability,	cell	membrane	integrity,	and	

cellularity.	Several	prior	studies	have	identified	promising	MRI	features	that	can	capture	DCIS	

biology,	and,	in	general,	have	found	that,	small,	focal	areas	of	enhancement	that	exhibit	high	

contrast‐to‐noise	ratios	(CNR)	with	corresponding	high	ADC	values	on	DWI	are	more	likely	to	

reflect	lower	grade	DCIS	[15,	31,	32].	A	recent	study	at	3	tesla	has	demonstrated	that	low	risk	DCIS	

(as	defined	by	the	VNPC)	tends	to	exhibit	higher	normalized	ADC	values	and	CNR	on	DWI	[33].	In	a	

pilot	study	using	a	mouse	model	of	DCIS,	Jansen	et	al	showed	a	trend	of	lower	Ktrans	values	in	DCIS	

lesions	when	compared	to	invasive	tumors	[34].	Jansen	and	colleagues	also	evaluated	12	DCIS	

lesions	in	humans	using	high	temporal	resolution	DCE	MRI	and	found	that	solid	forms	of	DCIS	

exhibit	unique	early	contrast	features	when	compared	to	cribriform	subtypes	[35].	Finally,	Li	et	al	

found	that	Ktrans	and	ADC	can	accurately	discriminate	between	DCIS	and	invasive	cancer,	and	that	

they	correlated	with	markers	of	proliferation	(Ki‐67)	and	angiogenesis	(CD105)	[36].	

More	recently,	two	retrospective	studies	have	demonstrated	that	MR	imaging	features	of	both	the	

DCIS	lesion	and	surrounding	normal	tissue	may	be	able	to	directly	predict	treatment	outcomes	of	

DCIS.	In	a	study	examining	15	DCIS	cases	that	recurred	after	treatment,	Kim	et	al	found	that	higher	

amounts	of	parenchymal	enhancement	surrounding	DCIS	lesions	correlated	with	recurrence	risk	

[37],	suggesting	that	MRI	features	of	normal	tissue	have	potential	to	serve	to	predict	which	patients	

are	most	likely	to	develop	recurrent	breast	malignancies.	Another	study	of	11	DCIS	cases	that	

experienced	ipsilateral	recurrences	matched	to	11	women	who	did	not	recur	but	had	similar	

clinical,	pathologic,	and	treatment	features	found	that	MRI	features	of	higher	DCIS	lesion	signal	
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enhancement	ratio,	larger	DCIS	lesion	functional	tumor	volume	(FTV),	and	greater	ipsilateral	whole	

breast	background	parenchymal	enhancement	(BPE)	were	associated	with	women	who	recurred.	

These	two	studies	also	provide	increasing	validation	of	BPE	as	a	possible	imaging	marker	of	general	

breast	cancer	risk	and	tumorigenesis.	

	
Summary	

In	summary,	the	diagnosis	rate	of	DCIS	has	been	rising	over	the	past	decade	due	to	increased	

screening	with	imaging.	While	such	detection	certainly	benefits	some	women,	it	also	raises	

questions	of	possible	overdiagnosis	and	harms	as	some	DCIS	lesions	would	remain	non‐lethal	if	left	

untreated.	MRI	holds	promise	to	not	only	improve	determination	of	DCIS	extent	but	also	better	

assess	biology	and	should	continue	to	be	explored	to	help	reduce	overdiagnosis	and	overtreatment.		
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Chapter	12	

MRI	in	Women	Presenting		
with	Nipple	Discharge	

Steven	E.	Harms,	MD,	FACR,	FSBI	

	

Introduction	

Women	who	present	with	the	symptom	of	nipple	discharge	often	require	further	evaluation	due	to	

the	risk	of	malignancy.	The	cancer	risk	is	5‐28%	for	bloody	and	3‐35%	for	serous	discharge.	(1)	

Unilateral	has	a	higher	risk	than	bilateral	discharge.	Most	nipple	discharge	is	attributed	to	benign	

causes.	Pathologic	nipple	discharge	is	usually	due	to	an	intraductal	papilloma	(35‐56%)	or	benign	

ductal	ectasia	(6‐59%).	(2‐4)	

Most	patients	with	unilateral,	bloody	or	serous	nipple	discharge	are	worked	up	with	diagnostic	

mammography	and	ultrasound.	If	an	underlying	lesion	is	identified	on	one	of	these	studies,	the	

patient	can	progress	to	appropriate	management.	The	issue	lies	in	how	to	manage	women	with	an	

inconclusive	diagnostic	mammogram	and	sonogram.	In	the	past,	galactography	was	often	employed	

in	an	attempt	to	better	define	intraductal	masses	that	are	commonly	associated	with	the	symptom.	

Galactography	is	difficult	to	perform	and	uncomfortable	for	patients.	If	imaging	methods	fail	to	find	

a	cause	for	the	nipple	discharge,	some	women	are	subjected	to	subareolar	excision	of	the	ducts.	

Surgery	often	relieves	the	symptom	but	may	miss	an	underlying	malignancy	that	is	not	included	in	

the	excision.	

Increasingly,	MRI	is	being	used	in	women	with	nipple	discharge	to	evaluate	for	possible	malignancy	

that	could	be	missed	on	mammography	and	ultrasound.	(5‐11)	MRI	has	a	negative	predictive	value	

approaching	99%.	If	MRI	is	negative,	the	risk	of	missing	an	underlying	malignancy	is	low.	Small	

intraductal	masses,	however,	could	be	overlooked	on	MRI	due	to	limitations	in	contrast	and	

resolution.	Since	intraductal	masses	are	the	most	common	cause	of	pathologic	nipple	discharge,	

improvements	in	MR	imaging	technology	may	be	beneficial	in	this	group	of	patients.	We	use	high	

resolution	pre‐contrast	non‐spoiled	(T2	weighted)	subtracted	from	spoiled	post‐contrast	images	to	

depict	high	contrast	between	enhancing	intraductal	lesions	and	fluid	filled	ducts.	(11)	This	method	

optimizes	the	depiction	of	intraductal	masses.   
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Methods	

95	patients	presenting	with	unilateral,	spontaneous,	bloody	or	serous	nipple	discharge	were	

examined	with	breast	MR	after	a	negative	or	inconclusive	diagnostic	mammographic	and	

sonographic	work‐up.	The	study	is	IRB	approved	and	HIPAA	compliant.	Consent	was	waived	for	

a	retrospective	analysis.		

A	dedicated	1.5	T	breast	MR	(Aurora	Imaging	Technology,	North	Andover,	MA)	is	used	to	

produce	isotropic	700	micron	resolution	dynamic	images	with	a	temporal	resolution	of	90	sec.	

The	RODEO	(ROtating	Delivery	of	Excitation	Off‐resonance)	pulse	sequence	is	used	for	all	

acquisitions	with	a	TE	of	4.6	msec,	a	TR	of	29	msec	and	a	flip	angle	of	45	degrees.	3D	spiral	

acquisitions	were	used	with	32	interleaved	in‐plane	projections	with	300	phase	encoding	

projections	in	the	slice	dimension.	Pre‐contrast	images	are	obtained	with	a	fluid	weighted	non‐

spoiled,	steady‐state	pulse	sequence.	Post‐contrast	images	are	performed	with	spoiled	technique	

that	reduces	the	signal	contribution	of	long	T2	spins.	When	the	pre‐	and	post‐contrast	images	

are	displayed	on	a	positive	and	negative	scale,	fluid	containing	lesions	are	dark	and	enhancing	

lesions	are	bright.	CAD	is	used	for	enhancement	dynamics	and	fluid	content.	Red,	magenta,	and	

yellow	correspond	to	washout,	plateau	and	persistent	dynamics.	Blue	and	green	correspond	to	

pure	fluid	and	proteinaceous	fluid	or	edema.		

Histology	was	determined	in	44/95	patients	(46%).	Biopsy	was	performed	by	image	directed	

vacuum‐assisted	biopsy	in	37/44	cases	(84%).	Image	direction	of	the	biopsy	was	with	MRI	in	

15/37	(40%)	and	second	look	ultrasound	in	22/37	(50%).	Excisional	biopsy	was	performed	in	

7/39	(18%).	For	the	cases	that	were	not	subjected	to	histologic	examination,	lack	of	a	lesion	on	

one	year	follow	up	was	used	to	define	a	true	negative	51/95	(54%).	

	

Results	

MRI	studies	were	read	as	BIRADS	3	or	higher	in	49/95	(52%)	cases	and	biopsy	was	performed	

in	44/95	(48%)	of	cases.	Intraductal	papillomas	were	identified	in	22/95	(23%)	of	the	total	

cases	and	22/49	(45%)	of	the	positive	studies.	An	example	of	an	intraductal	papilloma	seen	on	

MRI	is	shown	in	Figure	1.	DCIS	was	found	in	4	cases	(4%	of	total	and	8%	of	positives).	Atypical	

ductal	hyperplasia	was	seen	in	1	case	(1%).	Excision	was	recommended	in	5	cases	(5%).	No	

invasive	cancer	was	seen	on	final	pathology.	A	variety	of	benign	pathologies	were	identified	on	

biopsy	including:	3	fibrosis	(3%),	2	fibroadenomas	(2%),	2	apocrine	metaplasia	(2%),	1	

adenoma	(1%),	1	myofibroblastoma	(1%),	and	5	“other”	(6%).		
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Of	the	MRI	negative	and	5	BIRADS	3	cases,	51	were	negative	at	1	year	and	classified	as	true	negatives.	

The	one	false	negative	patient	had	an	ultrasound	directed	vacuum	assisted	biopsy	for	a	dilated	duct	at	

6	month	follow	up	after	the	BIRADS	3	MRI,	where	a	small	intraductal	papilloma	was	found.		

The	sensitivity	for	cancer	diagnosis	was	4/4	(100%).	The	sensitivity	for	all	lesions,	malignant	and	

benign,	was	44/45	(98%).		Of	the	23	diagnosed	intraductal	papillomas	seen	on	MRI,	6	were	

removed	with	MRI	directed	vacuum	assisted	biopsy.	17	were	removed	with	ultrasound	directed	

vacuum	assisted	biopsy.	None	were	subjected	to	excision.	These	were	followed	for	5‐11	years	with	

no	recurrences.	No	recurrent	symptoms	or	masses	were	seen	on	follow	up	in	these	cases.	

	

	 	

A	

B	

C	

Figure	1 A‐C.	Intraductal	papilloma	on	
positive/negative	scale	subtraction.	
This	patient	presented	with	unilateral,	spontaneous	
bloody	nipple	discharge	from	the	left	breast.	The	
pre‐contrast	non‐spoiled	(T1	and	T2	weighted)	
maximum	intensity	projection	(MIP)	image	(A)	
depicts	hyperintense	ductal	ectasia	in	both	breasts	
worse	on	the	left	than	the	right.	The	post‐contrast	
spoiled	(T1	weighted	only)	maximum	intensity	
projection	(MIP)	image	(B)	shows	mild	background	
enhancement	with	multiple	equally	distributed	foci	
bilaterally.	Some	of	the	ducts	on	the	left	remain	
hyperintense	due	to	T1	shortening	from	
proteinaceous	material	in	the	duct.	No	suspicious	
lesions	are	seen.	The	subtracted	maximum	intensity	
projection	(MIP)	image	(C)	removes	the	
hyperintense	ducts	on	the	left	and	continues	to	
show	background	enhancement.	The	enhancing	
intraductal	mass	is	hard	to	distinguish	from	
background.		
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Figure	1	D‐G.	Intraductal	papilloma	on	positive/negative	scale	subtraction.	
The	enhancing	intraductal	mass	is	hard	to	distinguish	from	background.	The	reformatted	oblique	
image	calculated	along	the	dilated	duct	in	a	plane	shows	the	dilated	duct	on	the	pre‐contrast	image	
(D).	The	post‐contrast	image	(E)	in	the	same	plane	shows	a	vague	mass	within	the	dilated	duct.	The	
contrast	is	poor	between	the	enhancing	mass	and	the	proteinaceous	material	in	the	duct	due	to	a	
shortened	T1	in	both.	Since	the	fluid	is	bright	on	the	pre‐contrast	image	due	to	a	longer	T2	and	dark	
on	the	post‐contrast	image	due	to	a	spoiling,	fluids	turn	black	on	the	subtracted	image.	Tumors	that	
enhance	after	contrast	turn	white	on	the	subtracted	image.	This	positive	and	negative	scale	
subtraction	reformatted	oblique	image	(F)	optimally	demonstrates	the	enhancing	intraductal	mass	
(arrow).	Computer	aided	detection	showing	lesion	dynamics	(G)	depict	the	mass	(arrow)	with	
washout	(red).	This	lesion	could	not	be	identified	on	second	look	ultrasound.	Therefore,	MRI	directed	
biopsy	was	needed	to	establish	histology.		

D	 E	
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Discussion	

The	greatest	clinical	concern	in	a	patient	presenting	with	nipple	discharge	and	a	negative	

diagnostic	work	up	with	mammography	and	ultrasound	is	the	potential	for	an	occult	cancer.	Of	

the	95	patients	with	presentation,	4/95	(4%)	had	cancers	that	were	not	diagnosed	without	MRI.	

No	cancers	were	missed	on	follow	up.	These	data	indicate	that	further	work	up	including	

diagnostic	ductal	excision	is	unnecessary	for	cancer	diagnosis.	The	low	risk	of	malignancy	with	a	

negative	MRI	is	sufficient	to	recommend	follow	up	rather	than	excision.	

Most	pathologic	nipple	discharge	is	attributed	to	intraductal	papillomas.	Indeed,	this	was	the	

most	common	pathology	in	our	series,	23/95	(24%).	All	but	one	of	these	was	seen	on	MRI	as	an	

intraductal	mass.	In	that	case,	the	lesion	was	found	within	the	year	on	a	6	month	follow	up	

ultrasound.	All	23/23	(100%)	were	subjected	to	vacuum	assisted	biopsy	for	histologic	diagnosis	

and	removal.	Since	the	entire	mass	was	removed,	there	was	no	need	for	surgical	excision.	

Figure	1 H‐J.	Intraductal	papilloma	on	positive/
negative	scale	subtraction.	
The	pre‐contrast	image	(H)	at	the	time	of	biopsy	
depicts	the	dilated	ducts.	The	post‐contrast,	pre‐
biopsy	image	(I)	shows	the	intraductal	mass	and	
dilated	hyperintense	duct	(arrow).	The	positive	and	
negative	scale	subtraction	(J)	of	these	images	
optimally	shows	the	intraductal	mass	(arrow).	
Pathology	showed	an	intraductal	papilloma.	

H	 I	

J	
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None	of	the	cased	that	were	removed	with	vacuum	assisted	biopsy	recurred.	Removal	of	

intraductal	papillomas	with	vacuum	assisted	biopsy	is	a	more	cost	effective	and	less	invasive	

alternative	to	surgical	excision.	

	

	

 
  

B	A	 C

D	 E	 F

Figure	2	A‐C.	DCIS	on	MRI	that	was	occult	on	mammography,	ultrasound	and	ductography.	
This	patient	presenting	with	spontaneous,	unilateral	right	nipple	discharge	had	an	inconclusive	diagnostic	work	
up	at	another	institution.	The	MLO	(A)	and	CC	(B)	mammographic	views	showed	no	suspicious	masses	or	
calcifications.	The	ultrasound	(C)	showed	dilated	ducts,	but	no	suspicious	masses.		

Figure	2	D‐F.	DCIS	on	MRI	that	was	occult	on	mammography,	ultrasound	and	ductography.	
A	ductogram	was	performed	(D),	but	no	intraductal	lesions	were	seen	to	explain	the	ductal	ectasia.	The	pre‐
contrast,	non‐spoiled	maximum	intensity	projection	(MIP)	image	(E)	showed	hyperintense,	fluid	filled	ducts	in	
the	inferior	breast	due	the	long	T2	of	fluid.	The	immediate	post‐contrast	maximum	intensity	projection	(MIP)	
image	(F)	shows	non‐mass,	duct	like	enhancement	within	the	same	ductal	ray	as	the	dilated	ducts.		

|82|



MRI	in	Women	Presenting	with	Nipple	Discharge 

©2018.	Steven	E.	Harms,	MD,	FACR,	FSBI.	Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

	

References	

1. Tabar	L,	Dean	PB,	Pentek	Z.	Galactography:	the	diagnostic	procedure	of	choice	for	nipple	discharge.	
Radiology	1983;	149:31‐38.	

2. Lippa	N,	Hurtevent‐Labrot	G,	Ferron	S,	et	al.	Nipple	discharge:	the	role	of	imaging.	Diagn	Interv	Imaging	
2015;	96:1017–1032.	

3. Morrogh	M,	Morris	EA,	Liberman	L,	et	al.	The	predictive	value	of	ductography	and	magnetic	resonance	
imaging	in	the	management	of	nipple	discharge.	Ann	Surg	Oncol	2007;	14:3369–3377.		

4. van	Gelder	L,	Bisschops	RH,	Menke‐Pluymers	MB,	Westenend	PJ,	Plaisier	PW.	Magnetic	resonance	im‐	
aging	in	patients	with	unilateral	bloody	nipple	discharge:	useful	when	conventional	diagnostics	are	
negative?	World	J	Surg	2015;	39:184–186.		

5. Kramer	SC,	Rieber	A,	Gorich	J,	Aschoff	AJ,	Tomczak	R,	Merkle	EM,	Muller	M,	Brambas	HJ.	Diagnosis	of	
papillomas	of	the	breast:	value	of	magnetic	resonance	mammography	in	comparison	with	galactography.	
Eur	Radiol	2000;	10(11):1733‐1736.	

6. Hirose	M,	Nobusawa	H,	Gokan	T.	MR	ductography	comparison	with	conventional	ductography	as	a	
diagnostic	method	in	patients	with	nipple	discharge.	Radiographics	2007;	27:S183‐S196.	

7. Daniel	BL,	Gardner	RW,	Birdwell	RL,	Noweis	KW,	Johnson	D.	Magnetic	resonance	imaging	of	intraductal	
papilloma	of	the	breast.	Magn	Reson	Imaging	2003;	21:887‐892.	

8. Orel	SG,	Dougherty	CS,	Reynolds	C,	et	al.	MR	imaging	in	patients	with	nipple	discharge:	initial	experience.	
Radiology	2000;	216:248–254.		

9. Lubina	N,	Schedelbeck	U,	Roth	A,	et	al.	3.0	Tesla	breast	magnetic	resonance	imaging	in	patients	with	
nipple	discharge	when	mammography	and	ultrasound	fail.	Eur	Radiol	2015;	25:1285–1293.		

10. Manganaro	L,	D’Ambrosio	I,	Gigli	S,	et	al.	Breast	MRI	in	patients	with	unilateral	bloody	and	serous‐bloody	
nipple	discharge:	a	comparison	with	galactography.	Biomed	Res	Int	2015;	2015:806368.	

11. Harms	SE,	Harms	DE,	Pope	K,	Grear	D,	Smith‐Foley	S,	Johnson	K.	Breast	MR	for	intraductal	masses.	Eur	J	
Radiol	2012;	81	Suppl	1:59.	

G	 H

Figure	2G‐H.	DCIS	on	MRI	that	was	occult	on	mammography,	ultrasound	and	ductography.
The	positive	and	negative	scale	subtraction	reformatted	oblique	image	(G)	along	the	ductal	ray	
shows	dark	dilated	ducts	that	are	etched	in	hyperintense	signal.	This	appearance	is	typical	of	
micropapillary	DCIS.	A	mixture	of	persistent	(yellow)	and	plateau	(magenta)	dynamics	is	
depicted	on	computer	aided	detection	(H).	Pathology	yielded	multiple	distended	ducts	filled	
with	fluid	and	ductal	carcinoma	in	situ	present	along	the	walls	of	the	ducts.	
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Chapter	13	

Difficult	MRI‐guided	Core	Biopsy		
or	Needle	Localization	
	
Debra	M.	Ikeda,	MD,	FACR,	FSBI	

	
Introduction	

MRI‐guided	core	biopsy	or	preoperative	MRI‐guided	needle	localization	methods	are	used	to	diagnose	

and	remove	nonpalpable	suspicious	lesions	detected	on	MRI	not	seen	on	any	other	modality.	Based	on	

published	data,	contrast‐enhanced	breast	MRI	preoperative	needle	localization	positive	predictive	

values	range	between	approximately	30%	and	60%,	similar	to	mammographically	detected	breast	

lesion	needle	localization	data.		

	

Technique	

Both	MRI‐guided	vacuum	assisted	core	biopsy	and	needle/hook‐wire	localization	marking	is	done	

through	an	open	breast	coil	using	MRI‐compatible	core	biopsy	devices	or	needles	directed	toward	the	

abnormality	after	contrast	enhancement.	With	MRI‐guided	core	biopsy,	a	multi‐fire	automated	core	

biopsy	needle	or	vacuum‐assisted	probe	is	used	to	sample	the	breast	tissue.	With	preoperative	needle	

localization,	an	18‐	to	21‐gauge	MRI	compatible	needle	and	hook‐wire	is	used,	just	prior	to	the	

surgery.	A	single	hook‐wire	may	be	placed	to	locate	an	area	of	interest	for	surgery,	or	two	or	more	

hook‐wires	may	be	used	to	bracket	the	extent	of	disease.	Grid	positioning	devices	and	freehand	

methods	can	be	used	to	direct	the	vacuum	assisted	probes,	automated	core	biopsy	devices	or	needles	

into	the	breast.	Procedure	speed	is	important	in	all	biopsies	because	suspicious	enhancing	lesions	

commonly	do	not	enhance	preferentially	over	normal	breast	tissue	for	more	than	5	to	10	minutes	after	

injection	and,	as	the	cancer	washes	out,	the	target	can	fade	into	the	increasing	enhancement	of	normal	

background	parenchymal	tissue.		

	

Post	hook‐wire	placement		

After	MRI‐guided	preoperative	wire	placement,	a	mammogram	showing	the	location	of	the	MRI‐

guided	hook‐wire	may	be	helpful.	This	helps	breast	surgeons	who	are	familiar	with	mammographic	

wire	images	on	mammograms	to	plan	a	surgical	approach.	Mammograms	show	the	location	of	the	

MRI‐guided	hook‐wire	tip	and	demonstrate	any	mass	or	calcifications	which	may	not	have	been	

previously	appreciated.	These	findings	at	the	wire	tip	or	in	the	surrounding	tissue	may	be	seen	on	

intraoperative	specimen	radiographs.	The	mammograms	will	also	show	the	shape	of	any	previously	
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placed	markers	at	the	biopsy	site	that	are	expected	to	be	removed.	Furthermore,	the	mammogram	

may	demonstrate	markers	that	are	not	expected	to	be	removed,	having	been	previously	placed	in	

benign	biopsied	findings.	These	mammograms	also	provide	a	critical	baseline	for	future	postoperative	

mammograms.	

	

Challenges	

It	can	be	challenging	to	identify	the	correct	target	for	core	biopsy	or	excision.	This	makes	a	critical	

review	of	the	diagnostic	MRI	extremely	important	as	orthogonal	views	are	used	for	MRI	biopsy	

targeting,	and	the	physician	must	be	absolutely	sure	of	the	correct	finding	on	both	axial	and	sagittal	

views.	In	cases	where	the	target	is	vague	or	difficult	to	see	on	axial	or	sagittal	images,	one	may	use	

surrounding	landmarks	or	breast	architecture	to	guide	targeting.	

Use	of	and	reporting	of	specific	marker	shapes	placed	in	findings	biopsied	under	ultrasound,	MRI,	or	

stereotactic	guidance	can	be	extremely	helpful	to	determine	the	location	of	each	biopsied	finding,	

especially	if	the	patient	is	to	undergo	excision	of	cancer	seen	on	more	than	one	modality.	Use	of	these	

post	biopsy	markers	with	the	surrounding	breast	architecture	can	also	be	helpful	in	targeting	

enhancing	lesions	on	MRI	when	they	are	correlated	with	the	mammogram	which	shows	the	marker	

shapes	and	their	location	in	the	breast.		

One	example	of	correlating	ultrasound	(US)	markers	with	MRI	is	the	use	of	a	“quick”	non‐contrast	non‐

fat	suppressed	MRI	examination	after	US‐biopsy	of	a	lesion	proposed	to	represent	a	suspicious	MRI	

finding	detected	by	second‐look	MRI	directed	ultrasound.	In	this	scenario,	the	“quick”	MRI	is	used	to	

correlate	the	location	of	a	marker	placed	after	ultrasound	guided	core	biopsy.	If	the	marker	signal	void	

is	in	the	location	of	the	MRI	target	as	shown	by	breast	architecture,	the	findings	are	one	and	the	same.	

If	the	marker	is	in	a	location	elsewhere,	then	the	MRI	finding	would	require	MRI‐guided	biopsy.	A	

study	by	Meissnitzer	et	al	showed	that	not	all	US‐directed	and	biopsied	findings	thought	to	correlate	to	

an	MRI	finding	represented	the	MRI	finding	on	follow	up.	In	this	study	of	80	US‐biopsied	lesions	

thought	to	be	concordant	with	MRI	findings	on	second	look	US,	the	sonographic	lesion	did	not	

correspond	to	the	MRI	finding	in	10	cases	when	follow	up	MRI	studies	were	done.	When	9	of	the	10	

lesions	were	biopsied,	5	cancers	were	found,	showing	that	post	biopsy	marker	placement	and	follow	

up	MRI	imaging	is	important	to	detect	false	negative	biopsies.		

	

Lesion	non‐visualized	

On	occasion,	the	target	may	not	enhance	during	the	MRI‐guided	core	biopsy.	Because	of	this,	it	is	

important	to	consent	MRI	core	biopsy	patients	for	this	eventuality	so	they	are	not	surprised	if	the	

finding	does	not	enhance,	particularly	if	the	finding	is	vague	or	could	be	BPE.	Non‐visualization	may	
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be	due	to	vigorous	breast	compression	impeding	contrast	material	inflow	to	enhance	the	lesion;	

non‐enhancement	of	a	spurious	“lesion”	due	to	changes	in	background	parenchymal	enhancement	

from	hormonal	influences;	or	no	visualization	for	unknown	reasons.	For	core	biopsy,	biopsy	may	

proceed	based	on	surrounding	breast	architecture	rather	than	targeting	the	enhanced	lesion	if	such	

architecture	exists	and	if	there	is	high	suspicion	for	malignancy.	Otherwise,	a	short‐term	one	or	6	

month	MRI	follow‐up	may	be	helpful	to	confirm	or	exclude	if	the	lesion	is	still	present,	and	that	the	

need	for	biopsy	still	exists.	All	studies	of	cancelled	MRI‐guided	biopsies	recommend	short	term	

follow	up	for	this	reason.	

On	the	other	hand,	lesion	non‐visualization	may	happen	only	rarely	for	preoperative	needle	

localization	procedures.	With	non‐visualization	for	preoperative	surgery	localization,	localization	can	

proceed	based	on	surrounding	breast	architecture,	prior	hematoma	or	residual	lesion	as	seen	on	the	

non‐contrast	T1‐weighted	MRI	scan	rather	than	targeting	the	enhanced	lesion.	Otherwise,	a	1‐month	

follow‐up	contrast‐enhanced	MRI	study	will	confirm	or	exclude	whether	the	enhancing	lesion	still	

exists.	This	is	because	breast	cancers	may	not	enhance	on	the	day	of	preoperative	needle	localization.	

In	our	experience,	there	are	many	other	challenges	in	placing	the	needle	for	preoperative	wire	

localization	that	may	require	novel	solutions	to	resolve.	These	include	localizing	a	lesion	close	to	an	

implant;	in	this	case	a	skin	marker	can	be	placed	over	the	lesion	using	a	grid	technique,	and	blue	dye	

can	be	injected	just	under	the	skin	marker	into	the	breast	tissues	superficial	to	the	lesion	for	the	

surgeon	to	remove.	In	other	cases,	the	lesion	may	be	out	of	the	field	of	view	of	the	grid	and	under	the	

breast	coil,	extremely	posterior	near	the	chest	wall	or	so	close	to	the	nipple	that	the	grid	does	not	

provide	adequate	compression	for	wire	localization.	In	the	former	case,	the	grid	may	be	removed	from	

the	coil,	providing	a	wide	rectangular	space	to	place	a	skin	fiducial	on	the	skin	closest	to	the	lesion	

under	the	coil.	Then,	a	needle	may	be	placed	slowly	and	carefully	towards	the	lesion	angled	under	the	

coil	towards	the	chest	wall,	being	careful	to	rescan	many	times	to	prevent	pneumothorax.		

With	preoperative	needle	localizations	of	lesions	near	breast	implants,	nipple	or	chest	wall	lesions,	a	

freehand	technique	may	be	useful,	and	will	be	demonstrated	in	the	conference.	

In	targeting	correctly	for	both	core	biopsies	and	wire	localizations,	one	challenge	to	be	avoided	is	

placement	of	the	fiducial	over	the	exact	coordinate	that	contains	the	lesion.	This	can	be	prevented	by	

studying	the	breast	MRI	in	sagittal	orientation	and	placing	the	fiducial	in	a	location	other	than	the	

target	location.	Another	targeting	challenge	is	selecting	the	wrong	breast	or	choosing	the	wrong	

needle	or	probe	on	the	MRI	biopsy	computer	program,	causing	misregistration	or	inaccurate	lesion	

targeting	due	to	misinformation	on	the	computer.	One	way	to	prevent	these	and	other	errors	is	to	have	

a	checklist	of	critical	steps	used	in	MRI	guided	breast	targeting	and	biopsy,	and	to	check	off	each	item	

correctly	accomplished	during	the	procedure	(Appendix).   
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During	the	procedure,	air	producing	an	obscuring	artifact	over	the	target	can	be	a	challenge.	

Prevention	of	air	in	the	breast	allows	the	enhancing	target	to	be	seen	and	ensure	the	needle	or	probe	is	

in	the	correct	place.	To	prevent	air	from	entering	the	breast,	all	air	in	injecting	syringes/needles	

should	be	dispelled	prior	to	injecting	the	breast	tissue.	All	probes	or	localizing	needles	should	be	

preloaded	with	lidocaine	or	other	anesthesia	and	the	air	removed.	If	blue	dye	is	to	be	injected	prior	to	

localization	in	a	previously	placed	hook‐wire	needle,	a	separate	syringe	and	21‐gauge	needle	can	be	

used	to	pre‐fill	the	plastic	hook‐wire	needle	hub	with	blue	dye	or	lidocaine	prior	to	attaching	the	blue	

dye	syringe	to	prevent	air	from	being	injected	into	the	breast.	For	core	biopsies,	a	3‐way	stopcock	can	

be	attached	on	the	core	biopsy	sheath	and	connected	to	tubing	for	active	wall	vacuum	/suction	to	

remove	both	air	and	blood	during	the	biopsy.  

For	breast	pain,	prior	to	core	biopsies,	a	long	Chiba	needle	can	be	used	to	inject	lidocaine	into	the	

sheath	in	the	target	and	beyond.	The	same	technique	can	be	used	to	evacuate	hematomas	using	a	

syringe	directly	attached	to	the	probe	sheath	or	using	a	long	Chiba	needle	through	the	sheath.		

	

Summary	

As	always,	MRI	imaging–pathologic	correlation	is	critical	to	ensure	that	the	findings	at	histology	

correlate	to	the	imaging	features,	that	appropriate	follow	up	is	recommended	for	discordant	lesions	or	

to	identify	findings	that	were	not	sampled	adequately,	particularly	those	findings	where	the	pathology	

was	benign.		
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Appendix	
	

Checklist	for	MRI	Biopsies		
to	Optimize	Accurate	Targeting	and	Biopsy	

	

	
1.	Target	identified	on	diagnostic	axial	and	sagittal	MRI	
					a)	Right/Left	
					b)	Lateral/	Medial	

 2.	Auto‐detect	fiducial	marker	

 3.	Correct	Needle	or	Probe	type	

 4.	Grid	is	straight	on	breast	(not	angled	outwards)	

 5.	Target	in	Grid	FOV	

 6.	Fiducial	marker	not	over	target	site	

 7.	Breast	thick	enough	for	biopsy	

 8.	Contrast	in	heart	

 9.	Write	down	target	location	and	draw	biopsy	direction	
(Go	towards	head	if	going	“up”,	draw	direction)	

 10.	Specimen	in	the	jar,	no	tissue	left	in	probe	(core	biopsy)	

 11.	Paperwork	and	specimen	correctly	labeled	

 12.	Imaging/Pathologic	Correlation	
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Chapter	14	

Update	on	the	Safety	of	Gadolinium‐based	
Contrast	Agents		

Jeffrey	C.	Weinreb,	MD,	FACR	

	
Learning	Objectives	

 Describe	classification	of	GBCAs	based	on	physicochemical	properties		

 Summarize	data	on	the	association	of	various	GBCAs	with	allergic‐like	reactions	or	
nephrogenic	systemic	fibrosis	(NSF)	

 Discuss	most	recent	research	on	clinical	implications	of	gadolinium	retention	

 Present	current	screening	recommendations	and	practice	guidelines	

	
Introduction	to	GBCAs	

Gadolinium‐based	contrast	agents	(GBCAs)	used	for	magnetic	resonance	imaging	contain	

gadolinium	(Gd),	a	rare	earth	metal	in	the	lanthanide	series,	as	the	active	component.	Since	the	

first	one	was	approved	for	clinical	use	in	1988,	GBCAs	have	become	indispensable	tools	for	

detection	and	characterization	of	a	wide	variety	of	pathological	conditions,	including	breast	

cancer.	Gadolinium	is	well	suited	for	use	as	an	MRI	contrast	agent	because	it	is	paramagnetic	and	

shortens	the	T1	and	T2	relaxation	times	of	nearby	protons.	For	most	routine	clinical	applications	

and	approved	doses,	it	is	the	T1‐shortening	effect	of	a	GBCA	that	is	exploited	to	increase	signal	

intensity.	The	degree	to	which	this	occurs	depends,	in	part,	on	the	chemical	structure	of	a	

particular	GBCA.	

Gd3+	ions	(sometimes	referred	to	as	“free	gadolinium”)	are	toxic	in	biologic	systems	because	their	

molecular	size	is	almost	the	same	as	that	of	divalent	Ca2+	ions,	and	they	can	compete	with	Ca2+	in	

cellular	pathways	that	require	Ca2+	for	proper	function	(1).	Consequently,	when	used	as	an	

intravenous	contrast	agent	for	clinical	MRI,	the	gadolinium	ion	has	to	be	chelated	to	an	organic	

ligand	so	that	it	is	not	biologically	toxic	but	can	still	effectively	influence	the	relaxation	times	of	

nearby	tissue/fluid	protons.	Although	gadolinium	is	responsible	for	the	enhancement	property	of	

all	GBCAs,	the	chemical	structure	of	the	ligand	determines	the	degree	of	enhancement,	

pharmacokinetics,	biodistribution,	and	stability	of	each	specific	agent.   
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Classification	of	GBCAs	

There	are	two	structurally	distinct	categories	of	commercially	available	GBCAs:	linear	("open	

chain")	and	macrocyclic	(2).	For	linear	GBCAs,	a	polyamino‐carboxyl	acid	backbone	wraps	

around	the	gadolinium	ion	without	completely	enclosing	it.	In	the	macrocyclic	structure,	the	

gadolinium	ion	is	completely	"caged"	in	the	ligand.	Since	the	rates	of	dissociation	of	Gd3+	from	

macrocyclic	ligands	are	slower	than	from	linear	ligands,	macrocyclic	GBCAs	are	considered	to	

be	more	stable.	When	dissociation	occurs,	the	released	gadolinium	ion	is	picked	up	by	a	variety	

of	competing	anions	and	cation‐binding	proteins	in	the	circulating	blood.		

GBCAs	can	also	be	classified	as	nonionic	(where	the	number	of	carboxyl	groups	is	reduced	to	3	

and	neutralizes	the	3	positive	charges	of	Gd3+)	or	ionic	(where	the	remaining	carboxyl	groups	

form	a	salt	with	sodium	or	meglumine)	(3).	The	primary	difference	between	nonionic	and	ionic	

contrast	media	is	that	an	ionic	compound	dissociates	or	dissolves	into	charged	particles	when	it	

enters	a	solution	such	as	blood.	Nonionic	GBCAs	do	not	dissolve	into	charged	particles	when	

they	enter	a	solution	and	have	a	lower	viscosity	and	osmolality.		

The	differences	in	molecular	structure	and	biochemical	properties	of	the	GBCAs	influence	their	

safety	profile,	which	is	based	in	part	on	stability	and	time/route	of	elimination.	Nonionic	linear	

GBCAs	have	been	found	to	be	the	least	stable	and	most	likely	to	dissociate,	while	ionic	linear	

GBCAs	have	intermediate	stability.	Another	factor	that	affects	the	number	of	free	Gd3+	ions	that	

are	generated	by	the	administration	of	GBCAs	is	the	length	of	patient	exposure	based	on	the	

route	and	time	of	elimination	from	the	body.	Increased	biological	elimination	half‐lives	in	the	

setting	of	renal	disease	increase	the	deposition	of	free	Gd3+	ions	in	the	soft	tissues,	thus	

affecting	the	safety	profile	of	GBCAs.		

	

GBCAs	and	immediate	allergic‐like	reactions	

GBCAs	have	very	low	risk	for	immediate	allergic‐like	reactions	(Overall:	0.015‐0.91%,	Severe:	

0.0016‐0.019%).	According	to	a	review	of	nine	studies,	Behzadi	et	al	(4)	found	1.5	immediate	

allergic‐like	adverse	events	per	10,000	administrations	of	nonionic	linear	GBCA,	which	was	less	

than	the	8.3	and	16	reactions	per	10,000	administrations	reported	for	ionic	linear	GBCA	and	

nonionic	macrocyclic	GBCA,	respectively	(P	<.001).	Ionic	linear	GBCAs	with	protein	binding	had	

a	higher	rate	(17	per	10,000	administrations)	compared	with	the	ionic	linear	GBCA	without	

protein	binding	(5.2	per	10,000	administrations	[P	<.0001]).	Linear	GBCAs	without	protein	

binding	had	a	lower	rate	(4.4	per	10,000	administrations)	compared	with	macrocyclic	GBCAs	

without	protein	binding	(14	per	10,000	administrations	[P	=	.01]).    
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GBCAs	and	NSF		

GBCAs	are	not	nephrotoxic	at	clinically	approved	doses	and,	in	the	past,	GBCA‐enhanced	MRI	and	

MRA	were	commonly	performed	as	alternatives	to	iodinated	contrast‐enhanced	CT	for	patients	

with	renal	insufficiency	who	required	contrast	enhanced	imaging,	sometimes	using	doses	that	

exceeded	those	listed	on	package	inserts.	Eighteen	years	after	GBCAS	were	approved	for	use,	an	

association	was	made	between	GBCA	exposure	and	nephrogenic	systemic	fibrosis	(NSF)	in	some	

patients	with	severe	renal	impairment.	By	May	2007	the	FDA	had	issued	a	black	box	warning	with	

new	requirements	for	product	labeling	of	all	GBCAs.	Although	the	pathogenesis	for	the	

development	of	NSF	is	not	yet	fully	understood	and	likely	multifactorial,	this	fibrosing	disorder	is	

hypothesized	to	occur	when	gadolinium	ions	dissociate	from	their	chelate,	bind	with	phosphates	or	

other	anions,	and	precipitate	in	the	skin	and	other	tissues.	A	fibrotic	reaction	ensues,	involving	the	

activation	of	circulating	fibrocytes	(cells	derived	from	bone	marrow	that	participate	in	normal	

wound	healing),	leading	to	the	aberrant	fibrosis	of	NSF	(5).		

The	likelihood	of	NSF	development	varies	with	the	GBCA	used,	and	the	least	stable	agents	(linear,	

nonionic	compounds)	have	been	associated	with	the	vast	majority	of	NSF	cases.	The	American	College	

of	Radiology	(ACR)	categorizes	GBCAs	into	3	groups	based	on	known	association	with	NSF	(3):	

Group	I:	agents	that	have	been	associated	with	the	greatest	number	of	NSF	cases		

Group	II:	agents	associated	with	few,	if	any,	unconfounded	cases	of	NSF		

Group	III:	agents	that	have	only	recently	been	approved	for	clinical	use.		

In	2010	the	FDA	revised	their	previous	black	box	warning	on	GBCAs:	gadopentetate	dimeglumine,	

gadodiamide,	and	gadoversetamide	are	generally	contraindicated	for	use	in	patients	with	severe	

kidney	disease	or	acute	kidney	injury.	In	contrast,	very	few	unconfounded	cases	of	NSF	have	been	

observed	with	the	more	stable	macrocyclic	agents.	Since	then,	new	cases	of	NSF	from	new	

exposures	have	been	essentially	eliminated,	largely	owing	to	changes	in	GBCA	administration	

policies	(6,7),	even	in	patients	undergoing	dialysis	or	those	with	severe	chronic	kidney	disease	(8).		

In	2017,	the	ACR	Manual	on	Contrast	Media	acknowledged	that	the	risk	of	NSF	among	patients	

exposed	to	standard	doses	of	Group	II	GBCAs	is	sufficiently	low/non‐existent	such	that	assessment	

of	renal	function	with	a	questionnaire	or	laboratory	testing	is	optional	prior	to	intravenous	

administration	(3).		

	

GBCAs	and	gadolinium	retention	

It	has	been	known	for	many	years	that	a	small	percent	of	the	gadolinium	component	of	

administered	GBCAs	is	not	excreted	and	is	retained	in	the	body.	However,	this	did	not	receive	

much	attention	until	2014,	when	Kanda	et	al.	observed	cumulative	dose‐related	high	signal	
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intensity	in	brain	structures	on	unenhanced	T1‐weighted	MRI	associated	with	multiple	(>	6)	GBCA	

administrations	in	patients	with	normal	renal	function	(9).	This	observation	has	been	confirmed	

by	numerous	subsequent	studies	in	adults	and	children,	and	it	is	now	known	that	gadolinium	is	

retained	throughout	the	body	to	varying	degrees	with	all	commercially	available	GBCAs.	Overall,	

there	is	less	retention	with	macrocyclic	GBCAs	than	with	linear	ones,	but	there	are	differences	

amongst	the	macrocyclic	agents	and	there	are	differences	amongst	the	linear	agents,	and	the	

differences	vary	with	different	tissues	in	the	body	(10).		

Although	there	are	self‐identified	patients	and	published	case	studies	that	have	associated	GBCA	

administration	with	the	development	of	a	variety	of	acute	and	chronic	clinical	manifestations	(11),	

according	to	a	September	2017	FDA	Medical	Imaging	Drugs	Advisory	Committee	(MIDAC),	an	

association	between	gadolinium	retention	and	clinical	symptoms	has	not,	up	to	now,	been	proven	

(12).	Nevertheless,	the	FDA	recommended	adding	a	new	warning	on	labels	about	gadolinium	

retention	for	GBCAs,	and	there	is	particular	concern	with	the	fetus	and	patients	who	receive	large	

cumulative	doses	of	GBCAs,	such	as	children	and	women	undergoing	annual	GBCA‐enhanced	MRI	

because	of	high	risk	for	breast	cancer.		

A	two‐day	workshop	“Gadolinium	Deposition:	What	We	Know	and	Don’t	Know,	A	Research	

Roadmap,”	sponsored	by	NIH/NIBIB,	RSNA,	and	ACR	was	held	in	February	2018.	The	purpose	was	

to	determine	if	there	are	any	medically	meaningful	adverse	effects	from	retained	gadolinium‐

based	contrast	agents	or	their	metabolites	and	to	develop	a	scientific	research	roadmap	to	be	

shared	with	health	professionals	and	regulatory	agencies.	Attendance	was	limited	to	invited	

physicians	and	scientists,	including	experts	in	gadolinium	contrast	media,	MR	imaging,	and	

pharmacovigilance.	Research	scientists	from	the	four	companies	manufacturing	U.S.	FDA‐

approved	gadolinium	contrast	agents	and	experts	from	the	FDA	participated.		

	

Summary	

There	is	clear	evidence	that	residual	amounts	of	gadolinium	may	be	retained	in	the	brain	and	other	

parts	of	the	body	after	administration	of	GBCA	for	MRI	examinations,	but	there	is	currently	no	

definitive	evidence	that	residual	gadolinium	is	associated	with	adverse	health	effects.	

   

|94|



Update	on	Safety	of	Gadolinium‐based	Contrast	Agents		

©2018.	Jeffrey	C.	Weinreb,	MD,	FACR.	Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

References		

1. Sherry	AD,	Caravan	P,	Lenkinski	RE.	Primer	on	gadolinium	chemistry.	J	Magn	Reson	Imaging.	
2009;30:1240‐1248.		

2. Hao	D,	Ai	T,	Goerner	F,	Hu	X,	Runge	VM,	Tweedle	M.	MRI	contrast	agents:	basic	chemistry	and	safety.	J	
Magn	Reson	Imaging.	2012;36:1060‐1071.		

3. American	College	of	Radiology	Contrast	Media	Manual	version	10.3,	2018.	https://www.acr.org/Quality‐
Safety/Resources/Contrast‐Manual.	Accessed	on	January	21,	2018.	

4. Behzadi	AH,	Zhao	Y,	Farooq	Z,	Prince	MR;	Radiology	2018;	286:	471‐482.	

5. Perazella	MA.	Nephrogenic	Systemic	Fibrosis,	kidney	disease	and	gadolinium:	is	there	a	link?	Clin	J	Am	
Soc	Nephrol	2007;2:200‐202.	

6. Wang	Y,	Alkasab	TK,	Narin	O,	et	al.	Incidence	of	nephrogenic	systemic	fibrosis	after	adoption	of	
restrictive	gadolinium‐based	contrast	agent	guidelines.	Radiology.	2011;260:105‐111.		

7. Altun	E,	Martin	DR,	Wertman	R,	Lugo‐Somolinos	A,	et	al.	Nephrogenic	systemic	fibrosis:	change	in	
incidence	following	a	switch	in	gadolinium	agents	and	adoption	of	a	gadolinium	policy	‐‐	report	from	two	
U.S.	universities.	Radiology.	2009;253:689‐696.		

8. Martin	DR,	Kalb	B,	Mittal	A,	et	al.	No	incidence	of	nephrogenic	systemic	fibrosis	after	gadobenate	
dimeglumine	administration	in	patients	undergoing	dialysis	or	those	with	severe	chronic	kidney	disease.	
Radiology.	2018;289:113‐119.	

9. Kanda	T,	Ishi	K,	Kawaguchi	H,	Kitajima	K,	Tukenaka	D.	High	signal	intensity	in	the	dentate	nucleus	and	
globus	pallidus	on	unenhanced	T1‐weighted	MR	images:	relationship	with	increasing	cumulative	dose	of	
a	gadolinium‐based‐	contrast	material.	Radiology.	2014;	270(3):	834‐841.	

10. McDonald	RJ,	McDonald	JS,	Dai	D,	et	al.	Comparison	of	gadolinium	concentrations	within	multiple	rat	
organs	after	intravenous	administration	of	linear	versus	macrocyclic	gadolinium	chelates.	Radiology	
2017;285(2)536–545.		

11. Burke	LMB,	Ramalho	M,	AlObaidy	M,	et	al.	Self‐reported	gadolinium	toxicity:	a	survey	of	patients	with	
chronic	symptoms.	Magnetic	Reson	Imaging.	2016;34:1078‐1080.	

12. Gadolinium	Retention	after	Gadolinium	Based	Contrast	Magnetic	Resonance	Imaging	in	Patients	with	
Normal	Renal	Function.	FDA	Medical	Imaging	Drugs	Advisory	Committee	Meeting.	https://www.FDA.gov.	
Accessed	on	January	21,	2018.	

|95|



 

|96|



©2018.	Brian	A.	Hargreaves,	PhD;	Evan	G.	Levine;	Bruce	L.	Daniel,	MD.		
Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

Chapter	15	

High	Spatiotemporal	Resolution	Dynamic	
Contrast‐enhanced	Acquisitions	
Brian	A.	Hargreaves,	PhD;	Evan	G.	Levine;	Bruce	L.	Daniel,	MD	
Funding	Support	from	NIH	R01	EB009055,	NIH	P41	EB015891,	and	GE	Healthcare.	

	

Introduction	

Contrast‐enhanced	MR	mammography	has	been	used	clinically	for	three	decades	to	detect	and	

characterize	breast	lesions.	Typically	T1‐weighted	images	are	acquired	before	and	after	injecting	

gadolinium	contrast,	which	shortens	the	T1	of	surrounding	tissue,	resulting	in	brighter	signal	in	

areas	of	higher	contrast	concentration.	Since	breast	cancers	are	often	highly	vascularized	and	

leaky,	perfusion	to	the	tissue	is	elevated,	and	tumors	appear	bright.	However,	other	non‐cancerous	

lesions	such	as	fibroadenomas	can	also	enhance.	Furthermore,	to	characterize	different	enhancing	

cancers,	it	is	useful	to	acquire	a	dynamic	time	series	of	images	and	examine	the	difference	in	

uptake	over	time.	Because	MRI	has	limitations,	it	can	be	challenging	to	achieve	rapid	time‐series	

imaging	at	the	same	time	as	high‐spatial	resolution,	which	is	needed	to	assess	size,	shape,	border	

and	heterogeneity	characteristics	that	are	also	important	for	detection	and	characterization.	Here	

we	will	review	MRI	limitations	and	different	approaches	that	attempt	to	simultaneously	achieve	

both	high	temporal	and	high	spatial	resolution	dynamic	contrast‐enhanced	(DCE)	breast	MRI.	

	

MRI	Limitations	

MRI	offers	tremendous	flexibility	of	contrasts,	but	is	often	limited	by	signal‐to‐noise	ratio	(SNR),	

which	is	proportional	to	both	the	voxel	size	and	the	square	root	of	the	acquisition	time.	Therefore	

both	faster	and	sharper	imaging	compete	with	SNR	requirements.	MRI	data	are	acquired	in	a	

spatial	frequency	space	known	as	k‐space,	where	much	of	the	image	content	is	near	the	center,	and	

sampling	is	usually	along	lines,	known	as	Cartesian	sampling.	Achieving	high	spatial	resolution	

requires	sampling	a	large	extent	of	k‐space,	while	maintaining	field‐of‐view	requires	sampling	a	

high	k‐space	density.	The	acquisition	time	is	generally	proportional	to	the	number	of	k‐space	lines	

acquired.	Over	the	last	20	years,	parallel	imaging	(PI)	has	revolutionized	imaging	speed	by	using	

multiple	receiver	coil	arrays	with	higher	individual	SNR	that	can	“build	up”	larger	FOV	with	lower	

density	k‐space	sampling,	enabling	an	overall	reduction	in	scan	time.1	 	
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Sampling	Methods	

Different	sampling	approaches	have	been	used	for	DCE	breast	MRI.	Interleaved	multislice	imaging	

allows	higher	flip	angles	and	larger	repetition	times	(TR).2	3D	imaging	is	commonly	used	to	enable	

thinner,	continuous	slices,	and	the	averaging	effect	compensates	for	lost	SNR	due	to	shorter	TR.	3D	

Cartesian	imaging	is	probably	the	most	commonly	used	approach,	with	product	sequences	such	as	

T1‐FFE,	VIBE,	VIBRANT,	LAVA,	FLASH,	and	SPGR	on	different	vendors	mostly	referring	to	RF‐

spoiled	gradient‐echo	imaging.3	Alternatives	to	Cartesian	sampling	include	radial	sampling,	which	

oversamples	the	k‐space	center,	and	spiral	imaging,	which	can	cover	the	k‐space	more	quickly	

than	Cartesian	imaging4,5	but	at	a	cost	of	sensitivity	to	off‐resonance	and	other	challenges,6	which	

may	reduce	robustness.	Both	radial	and	spiral	methods	can	be	combined	with	phase‐encoding	in	a	

3rd	dimension	to	easily	exploit	parallel	imaging	in	the	left‐right	direction,	which	is	suitable	for	

breast	imaging.7,8	Echo‐planar	imaging	(EPI)	is	a	fast	and	readily	available	method	that	has	also	

been	explored,	but	with	fewer	recent	reports.9	For	T1‐weighted	DCE	imaging,	it	is	desirable	to	

have	an	echo	time	(TE)	of	a	few	milliseconds	or	shorter,	to	avoid	T2*	effects	of	contrast.	This	is	one	

reason	why,	perhaps,	spiral	and	radial	imaging	are	preferable	to	EPI.	

	

Undersampling	Methods	

Undersampling	approaches	offer	an	approximation	of	the	same	image,	but	by	sampling	less	data	in	

order	to	reduce	acquisition	time.	On	modern	scanners,	partial	Fourier	sampling	is	ubiquitously	

used	—	by	sampling	a	central	k‐space	region	in	addition	to	half	of	k‐space,	about	a	40%	scan	time	

reduction	is	achieved.10,11	Parallel	imaging,	as	mentioned	above,	enables	scanning	a	reduced	FOV,	

then	essentially	uses	the	multiple	coils	to	(equivalently)	unalias	images12,	build	up	FOV13,	or	fill	in	

missing	k‐space.14,15	

Other	methods	exploit	the	fact	that	most	signal	lies	in	the	center	of	k‐space,	so	that	over	time,	

outer	k‐space	information	can	be	either	omitted	or	“view	shared”	across	time,16	leading	to	a	lower	

frame	rate	for	the	outer	k‐space	(sharpness)	information	than	the	central	k‐space	(contrast).	

Radial	imaging	is	well	suited	to	both	omission17	and	sharing	across	time,	since	it	naturally	samples	

central	k‐space	more	densely,	and	thus	more	frequently.	The	k‐space	weighted	image	contrast	

(KWIK)	approach	demonstrates	excellent	spatiotemporal	image	appearance.8,18,19	Similar	“golden‐

angle”	radial	acquisitions	are	now	very	commonly	used	for	many	fast	imaging	applications,	20	and	

golden‐angle	radial	sparse	parallel	(GRASP)	MRI	extends	this	further.21	Related	approaches	use	

fully	3D	radial	methods,	which	may	offer	higher	undersampling	potential.22	 	
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Cartesian	imaging	allows	more	flexible	undersampling.	Time‐resolved	imaging	of	contrast	kinetics	

(TRICKS)	divided	k‐space	into	annular	regions	labelled	A,	B,	C,	D,	in	order	of	increasing	k‐space	

radius.16	Each	region	may	be	sampled	at	a	different	rate	and	shared,	forming	an	order	such	as	

ABACADABAC,	where	the	inner	region	A	is	more	frequently	sampled	than	outer	regions.	Cartesian	

acquisition	with	projection	reconstruction	(CAPR)	instead	divides	k‐space	into	pie‐shaped	

regions.23	More	recently,	time‐resolved	imaging	with	stochastic	trajectories	(TWIST)24	and	

differential	ordering	for	Cartesian	acquisition	(DISCO)25	are	techniques	that	employ	view	sharing,	

but	divide	k‐space	regions	pseudorandomly.	View‐shared	approaches	work	very	well	when	

dynamics	are	slow,	since	the	acquisition	order	of	k‐space	regions	matters	less	in	this	case.	

However,	for	tissues	with	rapid	signal	changes	on	the	order	of	the	frame	rate,	artifacts	are	similar	

to	what	would	result	from	simply	undersampling	k‐space.	As	a	result,	the	annular	division	of	

TRICKS	leads	to	a	somewhat	coherent	ringing	artifact	when	an	annulus	is	skipped,	whereas	

pseudorandom	sampling	has	a	more	noise‐like	artifact.	DISCO	has	been	shown	to	provide	better	

tumor	depiction	for	breast	MRI26	than	standard	3D	imaging,	and	TWIST	has	shown	comparable	

spatial	image	quality	while	enabling	resolution	of	the	arterial	input	function.27	

	

Compressed	sensing	methods	

A	recent,	but	thoroughly	explored	development	in	MRI	is	the	use	of	compressed	sensing	(CS).28	

Compressed	sensing	(CS)	uses	randomly	undersampled	k‐space	data,	which	leads	to	incoherent	

undersampling	artifacts	similar	to	those	in	TWIST	or	DISCO.	By	using	a	regularized	reconstruction,	

CS	can	reduce	these	artifacts.	Conceptually	the	reconstruction	aims	to	find	an	image	that	is		

(1)	consistent	with	the	acquired	data	and	(2)	compressible.	The	latter	quality	is	often	referred	to	as	

sparsity,	because	the	information	content	of	most	images	is	much	lower	than	what	is	acquired.	The	

goal	of	CS,	therefore,	is	to	sample	an	amount	similar	to	the	information	content,	thus	speeding	

acquisition.	

Much	of	the	work	applying	CS	to	MRI	explores	different	sparsifying	transforms	that	make	the	

image	compressible,	either	spatially	or	temporally	or	both.	For	example,	a	wavelet	basis	

(similar	to	JPEG	encoding)	encourages	spatial	sparsity.	Alternatively,	encouraging	the	

difference	over	time	to	be	smooth	will	sparsify	an	image,	but	sometimes	at	the	cost	of	lost	

temporal	resolution	(over‐regularization).	CS	has	also	been	combined	successfully	with	parallel	

imaging,	commonly	through	the	eSPIRiT	approach.29	Furthermore,	CS	has	been	applied	to	

dynamic	imaging	using	“locally‐low‐rank”	(LLR)	and	Low‐rank	+	Sparse”	(LRS)	methods.30,31	
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Low‐rank	approaches	assume	that	many	parts	of	the	image	have	a	similar	temporal	variation	

and	allow	the	variation	to	adapt	to	the	data	to	avoid	constraining	the	reconstruction	with	a	

slow‐varying	model.	LRS	methods	combine	low‐rank	approaches	with	a	non‐low‐rank	but	

spatially	sparse	component,	which	can	work	well	if	the	balance	of	weighting	between	low‐rank	

and	sparse	is	achieved.	

	

Fat	suppression	techniques	

Fat	suppression	is	commonly	applied	to	breast	MRI.	For	breast	DCE,	fat	saturation,	water‐only	

excitation32	and	Dixon	approaches33	have	all	been	used.	All	have	some	cost	to	temporal	

resolution	due	to	intermittent	fat	suppression,	longer	pulses,	or	increased	sampling.	Fat	

saturation	and	water‐only	excitation	do	have	the	advantages	of	increasing	the	dynamic	range	

available	for	the	non‐lipid	signal	and	also	perform	well	with	CS	and	PI,	where	the	presence	of	fat	

tends	to	make	residual	artifacts	more	prominent.	On	the	other	hand,	Dixon	approaches	provide	

more	uniform	fat	suppression	across	the	whole	breast	volume,	and	may	be	more	robust	overall.	

	

State‐of‐the‐art	DCE	breast	MRI	

The	previous	sections	have	discussed	sampling	and	reconstruction	methods	and	fat	

suppression	techniques	that	can	be	considered	for	breast	DCE.	There	is	considerable	(though	

not	complete)	agreement	that	for	volumetric	DCE,	a	3D	RF‐spoiled	approach	with	fat‐saturation	

or	Dixon	imaging	is	desired,	often	employing	parallel	imaging	factors	of	2‐3	in	the	left‐right	

direction	for	bilateral	imaging.	This	offers	1mm	in‐plane	resolution	and	2‐3mm	through‐plane	

resolution	with	90	seconds	acquisition	time	per	frame.	Such	approaches	have	been	adopted	

widely	for	clinical	imaging.	

For	more	rapid	scanning,	view‐shared	approaches	such	as	TWIST	or	DISCO	are	fairly	

established,	with	advantages	shown	in	the	breast.26,34	Increased	interest	in	radial	imaging	is	

resulting	in	more	vendor	options	enabling	more	widespread	use	of	methods	such	as	KWIK35	

and	GRASP.21	CS	methods	are	finally	becoming	vendor‐supported	options	as	well,	but	only	a	few	

preliminary	reports	of	validation	in	the	breast	have	been	shown.	A	CS‐VIBE	approach	showed	

reduced	motion	artifacts	and	folding	artifacts	compared	with	TWIST,	while	also	offering	thinner	

slices.36	A	recent	report	demonstrates	better	arterial	venous	separation	in	the	breast	using	CS.37
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A	modified	version	of	DISCO	varies	the	sampling	so	that	different	combinations	of	CS	and	view	

sharing	can	be	applied	retrospectively,	and	shows	improved	ability	to	resolve	rapid	uptake	in	

breast	tumors	without	compromising	spatial	resolution.38	Sample	images	during	rapid	contrast	

uptake	show	some	important	concepts	when	applying	CS	to	DCE	breast	MRI	(Fig.	1	and	Fig.	2).	

First,	when	the	effective	frame	rate	is	low,	the	temporal	blurring	can	result	as	expected.	Second,	

temporal	blurring	can	result	in	spatial	blurring.	Third,	being	too	aggressive	with	CS	methods	can	

also	blur	images.	Therefore	the	exact	tradeoff	in	optimizing	spatial	and	temporal	resolution	is	a	

challenge	for	different	applications.	While	there	are	numerous	variations	of	CS	techniques,	these	

are	representative	tradeoffs	that	apply	to	many.	

	

Summary	

Basic	and	advanced	approaches	for	DCE	breast	MRI	exploit	T1‐weighted	imaging,	different		

k‐space	sampling,	and	parallel	imaging.	More	recently,	different	view‐shared	approaches	

combined	with	temporal	compressed‐sensing	reconstructions	show	promise,	and	are	becoming	

more	common	for	evaluation.	All	of	these	methods	show	promise,	but	clearly	more	studies	are	

needed	to	demonstrate	improved	diagnostic	capability.	

Figure	1:	Two	slices	from	breast	DCE‐MRI	images	reconstructed	with	view‐sharing,	f1‐wavelet	
regularization	in	the	spatial	domain,	and	locally	low	rank	regularization	at	variable	temporal	footprints	are	
shown.	(DISCO	uses	a	notation	where	“A”	is	the	central	k‐space,	while	the	“Bi”	represent	subsampled	outer	
k‐space	regions,	so	“AB1”	is	more	heavily	subsampled	than	“B1AB2”	and	has	a	higher	effective	frame	rate.	
Locally	low	rank‐regularized	reconstructions	exploiting	spatial	and	temporal	redundancy	show	the	
sharpest	delineation	of	lesion	boundaries.	
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High	Spatiotemporal	Resolution	
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Background	

Breast	MRI	is	the	most	sensitive	modality	for	the	detection	of	breast	cancer,	identifying	malignancy	

that	is	occult	to	mammography,	ultrasound,	and	the	clinical	breast	exam.	Breast	MRI	derives	its	

sensitivity	by	demonstrating	the	enhancement	pattern	of	intravenously	injected	contrast;	however,	

the	excellent	sensitivity	of	breast	MRI	is	tempered	by	moderate	specificity	[1‐3].	To	maximize	

diagnostic	accuracy,	dynamic	contrast‐enhanced	(DCE)	breast	MRI	ideally	provides	high	spatial	

resolution	(to	characterize	morphologic	detail	of	lesions)	and	high	temporal	resolution	(to	

characterize	lesion	perfusion)	[2,4‐10].	Evaluation	of	lesion	morphologic	detail,	such	as	the	shape	

and	margin,	requires	spatial	resolution	of	less	than	1x	1	mm	in‐plane	over	the	large	bilateral	field‐of‐

view	required	for	breast	MRI	(typically	32	cm).	Lesion	morphologic	detail	obtained	with	high	spatial	

resolution	images	is	more	predictive	of	malignancy	than	temporal	kinetics	[7,8].	Since	achieving	high	

spatial	and	temporal	resolution	images	is	technically	challenging,	most	breast	MRI	protocols	in	

clinical	use	today	meet	current	American	College	of	Radiology	(ACR)	Breast	MRI	Accreditation	

Guidelines	[11]	by	prioritizing	spatial	over	temporal	resolution.	This	compromise	precludes	the	high	

temporal	resolution	imaging	necessary	to	measure	detailed	lesion	early	enhancement	patterns,	

signal	intensity	time	curves,	and	gadolinium	enhancement	pharmacokinetics,	which	may	improve	

specificity	for	malignancy	[6,12].	

In	addition	to	the	detection	of	breast	cancer,	there	is	also	considerable	interest	in	the	development	of	

MR	based	biomarkers	to	predict	response	of	breast	cancer	to	chemotherapy,	predict	survival,	and	

better	understand	the	biology	and	behavior	of	particular	breast	cancers	[13].	The	creation	of	new	

blood	vessels	to	supply	the	metabolic	demands	of	malignancy	(angiogenesis)	provides	the	primary	

basis	for	breast	cancer	detection	using	contrast‐enhanced	breast	MRI	and	serves	as	a	potential	target	

for	quantitative	DCE	imaging	[2,14],	including	pharmacokinetic	modeling	of	gadolinium‐chelated	

contrast	agent	administration.	The	signal	measured	in	a	voxel	or	region	of	interest	(ROI)	over	time	

after	contrast	administration	can	provide	information	about	blood	flow,	capillary	leakage,	and	related	

physiological	parameters	[2,14‐18].	   
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Although	conventional	methods	of	MRI	data	acquisition	preclude	obtaining	images	with	simultaneous	

high	spatial	and	high	temporal	resolution	over	the	large	bilateral	field‐of‐view	required	for	breast	

MRI	[2,7,19],	there	have	been	considerable	technical	advances	in	methods	to	accelerate	DCE	MRI.	

These	methods	aim	to	preserve	the	high	spatial	resolution	required	for	clinical	DCE	breast	MRI	while	

accelerating	image	acquisition	and	using	advanced	reconstruction	methods,	providing	the	

opportunity	to	more	accurately	characterize	lesion	perfusion	over	time,	including	the	initial	phase	

after	contrast	administration	[20].	

	

Accelerated	breast	MRI		

To	overcome	the	compromise	between	spatial	and	temporal	resolution,	several	techniques	have	been	

developed	to	accelerate	DCE	Breast	MRI.	Parallel	Imaging	techniques,	including	SENSE	[21,22],	

GRAPPA	[23],	PILS[24],	and	SMASH	[25],	provide	acceleration	when	multi‐element	coil	receive	arrays	

are	used	allowing	for	undersampling	patterns	that	produce	a	predictable	aliasing	artifact	in	the	final	

image.	This	artifact	can	be	removed	through	analysis	of	the	data	collected	by	each	receiver	coil	and	

knowledge	of	that	coil’s	physical	location	in	relation	to	the	anatomy	being	imaged.	These	methods	are	

compatible	with	both	Cartesian	and	non‐Cartesian	based	imaging	methods,	and	can	be	combined	

with	compressed	sensing	and/or	other	constrained	reconstructions.		

Several	groups	have	achieved	gains	in	spatiotemporal	resolution	for	breast	imaging	using	time	

resolved	reconstruction	methods	based	on	a	view‐sharing	methodology,	including	the	Cartesian	

based	TWIST	[26]	and	DISCO	[27‐29]	methods.	View‐sharing	methods	frequently	update	the	low	

spatial	frequency,	central	k‐space	data	that	generates	overall	image	contrast,	but	update	the	

peripheral	k‐space	data	less	frequently.	For	the	purposes	of	this	discussion,	we	will	define	the	

temporal	footprint	of	an	image	as	the	total	length	of	time	over	which	the	k‐space	data	used	to	

generate	the	final	image	is	acquired.	Final	images	are	reconstructed	with	data	from	both	the	current	

and	neighboring	time	frames	[30,31].	Due	to	this	sharing	of	data	between	time	frames,	the	temporal	

footprint	of	the	image	will	be	longer	than	the	update	rate	between	time	frames.	Coherent	artifacts	

from	this	sharing	can	be	reduced	by	randomizing	the	sampling	order	of	outer	Fourier	space	[26].		

Another	method	to	image	more	quickly	is	to	limit	the	amount	(density)	of	data	acquired,	resulting	in	

sparse	sampling	of	k‐space.	If	undersampling	is	performed	in	a	randomized	fashion	followed	by	

conventional	zero‐filled	reconstruction	methods,	incoherent	aliasing	artifacts	can	result	which	

resemble	noise.	The	artificial	noise	created	by	random	undersampling	can	be	removed	or	minimized	

by	a	constrained	reconstruction	[32],	such	as	compressed	sensing	[32‐36].	DCE	MRI	provides	data	in	

four	dimensions	(x,	y,	z	and	time),	which	can	all	be	exploited	for	data	undersampling.	Thus,	

constrained	reconstructions	are	very	successful	at	improving	dynamic	reconstructions.	Most	
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commonly	the	wavelet	domain	is	used	as	the	sparsifying	domain	to	reduce	the	noise	like	

undersampling	artifacts	produced	by	the	random	sampling	pattern	[32].	Recently,	a	temporal	local	

low‐rank	constraint	has	also	been	explored,	allowing	the	temporal	footprint	to	narrow	in	regions	of	

heterogeneous	enhancement	and	widen	in	more	static	regions	[37].	

	

Non‐Cartesian	techniques		

Examples	of	non‐Cartesian	trajectories	include	spirals	and	stack‐of‐stars.	These	non‐Cartesian	k‐

space	sampling	trajectories	can	be	highly	efficient	and	collect	large	amounts	of	k‐space	data	on	each	

excitation	[38].	Unlike	Cartesian	trajectories	which	must	sacrifice	performance	to	perform	irregular	

sampling	of	the	Cartesian	grid	to	generate	incoherent	aliasing	artifacts,	many	non‐Cartesian	

trajectories	such	as	radial	sampling	inherently	provide	irregular	sampling	of	k‐space,	producing	

incoherent	aliasing	in	multiple	dimensions	and	making	them	suitable	for	compressed	sensing	

applications.	Non‐Cartesian	acquisitions	thus	allow	for	greater	undersampling	(and	thus	faster	

acquisitions)	before	artifacts	become	apparent	in	the	images	when	compared	to	traditional	Cartesian	

imaging	techniques.	Additionally,	non‐Cartesian	trajectories	such	as	radial	sampling	have	been	

shown	to	be	less	sensitive	to	motion	[39].	

In	one	study,	TSENSE	in	combination	with	a	non‐Cartesian	spiral	based	acquisition	achieved	high	

spatial	and	temporal	resolution	through	a	combination	of	parallel	imaging,	rapid	spiral	imaging,	and	

choosing	the	slab	orientation	to	minimize	the	required	in‐plane	field‐of‐view,	resulting	in	1.1	x	1.1	x	3	

mm	spatial	resolution	and	a	true	temporal	resolution	of	10	seconds	[38].	Another	recent	method	

known	as	golden‐angle	radial	sparse	parallel	(GRASP)	[40,41]	combines	multicoil	compressed	

sensing,	parallel	imaging,	and	a	3D	stack‐of‐stars	radial	imaging	trajectory	to	achieve	images	with	1.1	

x	1.1	x	2.0	mm	spatial	resolution	and	8.3	sec	frame	rates.		

In	addition	to	high	spatial	and	temporal	resolution,	radial	trajectories	avoid	the	ghosting	artifact	in	

the	right‐to‐left	phase	encoding	direction	seen	with	axial	Cartesian	breast	MRI.	These	ghosting	

artifacts	may	obscure	important	anatomy,	including	the	axillary	lymph	nodes	and	axillary	breast	

tissue.	Improved	visualization	of	the	axilla	using	a	3D	golden‐angle	stack‐of‐stars	radial	approach	has	

been	demonstrated	in	digital	phantom	and	human	studies	[42].	

The	unique,	3D	radial,	center‐out	sampling	trajectory	of	Vastly	undersampled	Isotropic	Projection	

Reconstruction	(VIPR)	allows	efficient,	continual	acquisition	of	image	data	and	faster	sampling	of	

both	low	and	high	spatial	frequencies	to	enable	isotropic	spatial	resolution.	The	use	of	VIPR	with	a	

spatial	compressed	sensing	and	temporal	local	low‐rank	assistances	(STELLAR)	reconstruction,	

implementing	a	locally	spatial	variant	temporal	constraint,	has	recently	been	demonstrated	[37].	
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The	approach	provided	0.8	mm	isotropic	spatial	resolution	with	10	second	frame	rates	with	

improved	lesion	characterization	and	SNR	compared	with	compressed	sensing	alone	or	view‐sharing	

reconstruction	methods	(tornado	and	PILS).	

	

Validation	and	challenges	

As	advances	in	MRI	technology	including	data	acquisition	and	reconstruction	techniques	progress	

rapidly	with	greater	complexity,	validation	of	these	methods	is	challenging.	Thus,	simulation	

capabilities	that	can	represent	the	necessary	patient	imaging	characteristics	and	tumor	biology	may	

help	validate	and	compare	methods	during	technical	development	and	prior	to	clinical	

implementation.	A	digital	breast	phantom	has	been	developed	for	this	purpose,	allowing	for	

inclusion	of	multiple	lesion	types,	differing	enhancement	curves,	and	sampling	patterns,	creating	

the	analysis	framework	necessary	for	technique	validation	[43].	A	dynamic	flow	DCE	MRI	perfusion	

phantom	has	also	been	demonstrated	as	a	means	of	validating	the	data	fidelity	of	accelerated	MR	

acquisition	strategies	used	in	the	context	of	quantitative	perfusion	studies,	although	not	specific	to	

breast	anatomy	[44].		

Accelerated	breast	MRI	techniques	including	undersampled	data	acquisition	and	compressed	sensing	

reconstruction	have	the	potential	to	preserve	high	spatial	resolution	while	increasing	temporal	

resolution,	which	may	contribute	to	diagnostic	accuracy,	evaluation	of	tumor	biology,	and	the	

measurement	of	quantitative	imaging	biomarkers	of	breast	cancer.	However,	there	are	challenges.	

For	example,	although	there	has	been	much	research	in	non‐Cartesian	imaging	trajectories,	non‐

Cartesian	pulse	sequences	are	uncommon	in	clinical	practice	[36].	Additionally,	reconstruction	times	

and	computing	limits	are	important	considerations	for	clinical	uptake	[36].	Ultimately,	for	diagnostic	

imaging,	evaluation	of	the	robustness	of	techniques	to	artifact,	increasing	radiologist	understanding	

of	the	artifacts	that	do	occur,	and	determining	that	important	but	subtle	imaging	features	are	

preserved	are	critical	to	widespread	acceptance	of	compressed	sensing	reconstructions	[36].	

	

Summary		

 Dynamic	contrast	enhanced	(DCE)	breast	MRI	offers	the	opportunity	to	evaluate	breast	lesion	

morphology	and	detailed	analysis	of	contrast	enhancement	kinetics;	however,	both	high	spatial	

and	high	temporal	resolution	imaging	are	required.	

 Conventional	MRI	techniques	preclude	obtaining	both	high	spatial	and	high	temporal	resolution	

simultaneously.	Thus,	high	spatial	resolution	is	prioritized	clinically	at	the	expense	of	temporal	

resolution	since	the	lesion	morphologic	detail	obtained	with	high	spatial	resolution	images	is	

more	predictive	of	malignancy	than	semi‐quantitative	lesion	contrast	enhancement	assessment.	
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However,	this	compromise	precludes	more	advanced	analysis	methods,	including	

pharmacokinetic	modeling	of	gadolinium	contrast.	

 A	variety	of	advanced	techniques	have	been	developed	for	accelerated	imaging.	Multicoil	

receiving	arrays	and	parallel	imaging	have	already	been	implemented	in	clinical	practice.	

Accelerated	data	acquisition	strategies	which	minimize	coherent	artifacts	and	lend	themselves	to	

advanced	reconstruction	techniques	including	iterative	methods	and	compressed	sensing	

promise	greater	improvements	to	the	future	of	clinical	imaging.		

 Radial	k‐space	trajectories	have	potential	advantages	for	optimizing	accelerated	DCE	MRI	

techniques,	including	variable	sampling	density	in	the	radial	dimension	that	can	be	well	suited	to	

advanced	reconstructions	as	well	as	provide	robustness	to	motion.	
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Undersampled	Rapid	DCE‐MRI	and	
Pharmacokinetic	Analysis	Methods	
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Abstract	

Ongoing	advances	in	fast	dynamic	imaging	are	enabling	voxel‐by‐voxel	analysis	of	rapid	dynamic	

contrast‐enhanced	(DCE)	breast	MRI.	The	newest	models,	which	allow	for	pixel‐by‐pixel	variations	

in	arterial	input	function	(AIF)	mixing,	fit	observed	rapid	DCE	data	more	closely	than	standard	

compartment	models	based	on	uniform	population	and	subject‐specific	AIFs.	The	modified	local	

density	random	walk	(mLDRW)	dispersion	model	reveals	that	the	most	rapidly	enhancing	tumors	

with	strongest	washout	have	reduced	AIF	mixing.	These	models	suggest	the	alternative	hypotheses	

that	microvascular	vasodilation	may	contribute	to	rapid	wash‐in	and	wash‐out	in	some	regions	of	

breast	cancer	that	are	usually	ascribed	to	high	transfer	constants.	This	theory	warrants	

confirmation	and	further	investigation	and	comparison	with	other	models	that	incorporate	

perfusion.	

	

Early	observations	of	dynamic	contrast	uptake	in	breast	tumors	

Many	of	the	earliest	publications	of	breast	MRI	identified	the	temporal	kinetics	of	contrast	

enhancement	that	discriminate	malignancy	compared	to	benign	enhancement	in	the	breast.	In	

1989,	Kaiser	et	al	reported	that	breast	cancers	“seem	to	have	a	characteristic	pattern	of	

enhancement,	with	a	sudden	high	(~100%)	increase	in	signal	intensity	within	2	minutes	after	

injection	and	almost	a	plateau	afterward”	on	T1‐weighted	2D	FLASH	scans	repeated	every	60	

seconds	for	10	minutes	during	and	after	bolus	injection	of	contrast	material	[1].	In	1990	Stack	et	al	

reported	on	dynamic	T1‐weighted	spin‐echo	sequences	every	15	seconds	and	found	that	contrast	

enhancement	indices	were	higher	in	cancers	even	in	the	very	earliest	time	points,	and	that	a	

fibroadenoma	enhanced	gradually	[2].	Imaging	every	2.3	seconds	was	reported	by	Boetes	et	al	in	

1994,	who	found	that	lesions	that	enhanced	within	11.5	seconds	of	the	aorta	were	malignant	[3]	

and	those	that	enhanced	after	11.5	seconds	were	benign.	However,	the	applicability	of	these	results	
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was	limited	because	they	were	based	on	single	slice	location	imaging,	and	hence	a	priori	

knowledge	of	the	lesion	location	was	required	prior	to	injecting	contrast	material.	Currently,	the	

main	clinical	indication	for	breast	MRI	is	high	risk	screening,	where	the	location	of	potential	

tumors	is	unknown;	bilateral	high‐resolution	whole‐breast	acquisitions	that	typically	take	about	

two	minutes	are	required.	So	many	investigators	adopted	the	“three	time‐point”	acquisition	[9].	

Kinetics	are	assessed	by	measuring	percentage	enhancement	between	a	pre‐	and	~	1‐2	minute	

post‐	enhancement	scan,	and	also	the	wash‐out	percentage	between	the	~1‐2	minute	post‐	and	an	

~6‐8	minute	post	enhancement	scan.	This	approach	is	part	of	the	ACR	recommended	technique	

and	forms	the	basis	for	many	commercial	colorization	“CAD”	software	tools.	

	

Empiric	kinetic	parameter	assessment	

Given	the	similarity	in	enhancement	kinetics	of	various	lesions,	there	may	be	opportunity	to	

analytically	characterize	dynamic	contrast	enhancement	by	a	limited	number	of	parameters.	

Heuristic	approaches	include	an	early	dynamic	signal	enhancement	equation	with	a	three‐

parameter	fit	of	normalized	signal	intensity	including	enhancement	amplitude,	exponential	time	

constant,	and	washout	constant	that	had	modest	diagnostic	accuracy	[4].	SER	(the	“signal	

enhancement	ratio”)	has	been	widely	investigated	[16].	More	recently,	the	IER	(“initial	

enhancement	ratio”)[32]	and	other	more	complex	empiric	equations	have	had	high	diagnostic	

accuracy	[17]	and	prognostic	value.		

	

Pharmacokinetic	models	

These	heuristic	parameters,	however,	are	not	grounded	in	physiologic	models	of	contrast	agent	

distribution,	and	thus	they	do	not	necessarily	shed	light	on	the	underlying	mechanisms	of	

contrast	enhancement.	An	alternative	is	to	propose	a	model	for	contrast	agent	distribution,	derive	

signal	equations	from	first	principals,	and	then	see	how	well	these	equations	fit	observed	data.	If	

one	model	fits	more	reliably	than	another,	this	lends	support	to	the	underlying	assumptions	[8,	

18].	The	earliest	models,	derived	from	nuclear	tracer	kinetics	and	drug	delivery	models,	included	

the	2‐compartment	Tofts	model	and	similar	models,	and	were	well	summarized	for	MRI	

applications	by	Tofts	in	1999	[7].	These	models	typically	fit	the	normalized	time‐signal	intensity	

curves	to	non‐linear	equations	based	on	the	volume	transfer	constant	Ktrans,	and	extracellular	

volume	fraction	ve.	A	recent	comprehensive	review	by	Sourbron	and	Buckley	highlights	that	

observed	kinetic	data	do	not	always	fit	these	basic	models	perfectly,	and	that	more	complex	

models	may	be	necessary	[8,	18],	especially	for	rapidly	enhancing	tumors.	They	recommend	a	

hierarchical	approach	in	which	the	data	drive	the	level	of	model	complexity	[8].    
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High	spatio‐temporal	sampling	

The	advent	of	more	sophisticated	fast‐acquisition	strategies	has	enabled	volumetric	coverage	with	

fast	temporal	resolution	and	relatively	high	spatial	resolution.	We	previously	reported	that	

instantaneous	initial	wash‐in	rates	measured	on	rapid	2D	spiral	imaging	discriminated	benign	and	

malignant	disease	more	accurately	than	wash‐out	rates	[6].	Other	early	strategies	included	echo	

planar	imaging	[10],	3D	stack‐of‐spiral	techniques	[11],	radial	imaging	[12]	and	more	recently	

highly	accelerated	3D	view‐shared	methods	including	DISCO	[13],	TWIST	[14]	and	under‐sampled	

compressed	sensing	[15].	These	techniques	are	discussed	in	more	detail	in	the	companion	paper	at	

this	conference	by	Dr.	Hargreaves.	These	methods	reveal	“hot	spots”	of	very	rapid	enhancement	in	

breast	tumors	that	have	signal	enhancement	curves	that	do	not	fit	basic	two‐compartment	models	

when	rapidly	sampled	[19].	The	ability	to	capture	the	kinetics	of	these	hot	spots	motivates	a	re‐

examination	of	how	to	analyze	rapid	temporal	kinetics	of	breast	lesions.	What	assumptions	

underlying	the	basic	Tofts	models	can	be	relaxed?	How	does	this	improve	the	fitting	to	observed	

data	in	hot‐spots	and	tumors	overall?	Some	investigators	stress	the	importance	of	models	that	

explicitly	allow	for	signal	contributions	from	the	plasma.	Others	have	incorporated	water	transport	

across	cell	membranes	using	the	“shutter	speed”	model	[20].		

	

Incorporating	perfusion	

One	common	assumption	behind	many	pharmacokinetic	models	is	uniform	delivery	of	contrast	

agent	to	the	tissue,	the	“arterial	input	function”	or	AIF,	and	that	AIF	is	reflected	by	the	contrast	

agent	concentration	measured	in	a	large	upstream	systemic	artery	such	as	the	aorta.	However,	

blood	flow	to	tumors	may	be	different	than	to	other	tissues.	The	2‐CXM	or	“two‐compartment	

exchange	model”	as	notated	by	Sourbron	[8]	and	reported	for	breast	MRI	by	Brix	[21]	seems	to	fit	

DCE	data	in	rapidly	enhancing	tumors	better	[18].	Further	work	stresses	the	importance	of	

modeling	variations	in	bolus	(AIF)	arrival	time	[22].	The	inability	to	accurately	measure	the	AIF	in	

the	breast	(due	to	the	very	small	caliber	of	feeding	arteries	in	the	breast)	has	prompted	use	of	

“reference	regions”	in	nearby	muscle	as	indicators	of	the	arrival	time	of	contrast	at	the	breast	[23]	

that	are	then	used	to	infer	AIF	arrival	time.	

Intravascular	mixing	hypothesis	

In	addition	to	variations	in	arrival	time,	an	even	broader	new	approach	tackles	the	assumption	of	

AIF	uniformity.	This	method	posits	that	there	may	be	substantial	temporal	dispersion	or	mixing	of	

the	contrast	bolus	before	it	arrives	at	the	capillary	bed,	and	that	this	dispersion	may	vary	spatially	

within	tumors	and	tissues.	Underpinning	this	model	is	the	fact	that	intravascular	mixing	occurs	in	

all	vessels	to	some	degree.	For	example,	the	rectangular	temporal	shape	of	an	intravenous	contrast	
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bolus	clearly	becomes	blunted	and	spread	out	temporarily	during	transit	through	the	pulmonary	

circulation.	Mischi	et	al.	modeled	intravascular	mixing	with	the	addition	of	a	Gaussian	plus	

exponential	decay	AIF	parameters	to	the	2‐compartment	model	[26].	They	introduce	the	new	

parameter	“Kappa”	(which	determines	the	width	of	the	Gaussian	and	is	inversely	proportional	to	

dispersion,	as	well	as	mean	transit	time	(MTT),	which	determines	the	rate	of	exponential	decay	of	

the	AIF.	They	found	that	“Kappa”	in	this	“modified	local	density	random	walk”	(mLDRW)	model	

discriminated	benign	and	malignant	prostate	lesions	with	an	ROC	Az	of	0.94,	which	was	higher	than	

the	ROC	Az	of	the	best	parameter	for	non‐dispersion	models	(in	this	case	Tofts	model	kep,	with	ROC	

Az	of	0.84)	[26].		

Pilot	study	

Inspired	by	Mischi’s	success	in	prostate	cancer,	we	undertook	a	pilot	study	[27]	to	investigate	

mLRDW	dispersion	modeling	for	breast	lesions	imaged	at	high	temporal	resolution	(every	13	sec)	

with	DISCO	[13].	Our	preliminary	results	have	now	been	expanded	to	37	patients	with	known	or	

suspected	breast	disease	who	were	scanned	according	to	a	protocol	approved	by	our	institutional	

review	board.	Sixty	separate	breast	lesions	(43	malignant	and	17	benign)	were	identified	including	

37	invasive	carcinomas	and	6	DCIS.	Mean	lesion	size	was	2.8	cm	(range	0.5	–	10.6	cm).	Dynamic	

images	were	registered	with	deformable	motion	correction	before	analysis	[28].		

	

Figure	1.	Pharmacokinetic	models	investigated.	
The	base‐case	model	is	the	Tofts	2‐compartment	
model.	Parameters	include	Ktrans	which	is	the	volume	
transfer	constant	that	reflects	perfusion	and	
permeability/surface	area	product,	and	kep	which	
reflects	wash‐out	from	the	tumor.	kep	is	equal	to	the	
ratio	Ktrans	/	ve,	the	extracellular	space	volume	fraction.	
The	intravascular	plasma	concentration	Cp(t)	AIF	was	
approximated	with	the	modified	Fritz	Hansen	formula,	
which	is	a	delta	+	bi‐exponential	decay	AIF	population	
estimate.	The	Tofts	extended	model	allows	for	signal	to	
arise	from	the	plasma	and	adds	the	parameter	vp,	the	
plasma	volume	fraction.	The	standard	dispersion	
model	allows	for	the	AIF	to	arrive	at	different	delay	
times	to	different	pixels	(td),	and	to	be	dispersed	
according	to	parameter	d.	This	changes	the	Cp(t)	term,	
but	otherwise	the	model	remains	the	same	as	the	
standard	Tofts	model.	The	modified	local	density	
random	walk	(mLDRW	Dispersion)	models	AIF	as	a	
Gaussian	plus	exponential	decay	with	parameters	
Kappa	that	is	inversely	proportional	to	dispersion,	and	
mean	transit	time	(MTT)	which,	like	td,	models	bolus	
arrival	time. 
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Four	different	models	were	investigated	to	evaluate	the	impact	of	modeling	bolus	dispersion:	
(Figure	1)	

 Traditional	2‐compartment	Tofts	model	

 Extended	Tofts	model	that	includes	a	term	for	signal	from	the	intravascular	extracellular	
space	(plasma)	

 “Standard”	Dispersion	model	that	adds	two	parameters,	d	(dispersion)	and	td	(delay),	that	
modify	the	population‐based	AIF	estimate	[30]	on	a	pixel‐by‐pixel	basis.	

 mLDRW	“modified	local	density	random	walk”	Dispersion	that	allows	for	voxel‐by‐voxel	
differences	in	AIF	due	to	microvascular	mixing.	The	new	parameters	in	this	model	include	K	
(Kappa)	which	is	inversely	proportional	to	dispersion,	and	MTT	(mean	transit	time),	which	
reflects	bolus	arrival	time	[26].		

	
Preliminary	Results	

Typical	fits	of	the	four	models	to	dynamic	contrast	uptake	in	slowly	enhancing	and	rapidly	enhancing	

voxels	are	shown	in	Figure	2.	Overall,	the	mean	squared	error	(MSE)	of	residuals	after	fitting	with	

the	4	different	models	was	lowest	with	the	mLDRW	Dispersion	model	(Table	1).	This	was	

particularly	evident	in	voxels	with	very	rapid	contrast	enhancement	and	wash‐out	where	the	non‐

dispersion	(Tofts)	models	fail	to	capture	the	very	early	peak	of	contrast	enhancement	present	in	the	

first	few	time	points	after	enhancement.	Of	note,	the	mLDRW	Dispersion	model	fit	even	better	than	

the	Standard	Dispersion	model,	which	is	similar	to	the	2‐CXM	model	[8]	and	other	models	that	

incorporate	perfusion	(i.e.	mean	transit	time)	differences.		

	

Table	1.	Mean	squared	error	(MSE)	of	fitting	4	different	models	to	60	
breast	lesions.	Overall,	the	mLRDW	model	provided	significantly	lower	
MSE	than	other	models,	indicating	higher	fidelity	fitting	overall	to	
individual	voxel	contrast	uptake	curves.

Model	
Mean	

Squared	Error	

p	
(Compare	to		

standard	Tofts)

Tofts		 1.69±4.24

Tofts_Extend	 1.68±4.23 0.86

Standard_Dispersion		 1.38±2.71 0.81

mLDRW_Dispersion		 0.37±1.07 0.0024

Table	1.	Mean	squared	error	(MSE)	of	fitting	4	different	models	to	60	breast	
lesions.	Overall,	the	mLRDW	model	provided	significantly	lower	MSE	than	other	
models,	indicating	higher	fidelity	fitting	overall	to	individual	voxel	contrast	
uptake	curves.	

Model	 Mean	Squared	Error	
p	

(Compare	to	standard	
Tofts)

Tofts		 1.69±4.24

Tofts_Extend	 1.68±4.23 0.86

Standard_Dispersion		 1.38±2.71 0.81

mLDRW_Dispersion		 0.37±1.07 0.0024
Figure	2.	Typical	fits	of	rapid	DCE	data	with	4	pharmacokinetic	models.	All	four	models	fit	gradually	
enhancing	contrast	uptake	in	a	benign	voxel	(left	image)	although	the	dispersion	models	fit	the	slightly	
more	gradual	increase	at	the	very	start	of	enhancement	better	than	the	Tofts	models,	which	for	this	
analysis	assumed	the	Delta+biexponential	decay	AIF	function.	For	rapidly	enhancing	tumor	pixels	with	
washout,	the	dispersion	models,	especially	the	mLDRW	model,	most	accurately	track	the	rapid	transition	
from	washin	to	washout,	compared	to	Tofts	models,	and	have	lower	mean	squared	error	(residuals).	
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We	also	investigated	whether	

using	subject‐specific	AIFs	for	the	

standard	Tofts	model	would	

improve	fitting	performance	in	a	

subset	of	patients	where	the	

descending	aorta	could	be	used	to	

measure	individual	AIFs.	This	

substantially	improved	the	fits	

and	reduced	the	MSE,	but	the	

mLDRW	method	still	had	the	

lowest	MSE	overall.		

Parameters	maps	of	a	typical	invasive	ductal	carcinoma	are	shown	in	Figure	3.	The	inclusion	of	the	

plasma	compartment	in	the	extended	Tofts	model	did	not	significantly	improve	fitting,	and	the	

plasma	volume	fraction	vp	provided	negligible	information.	

The	values	of	kep	(which	was	the	most	discriminating	of	the	standard	Tofts	model	parameters)	

were	much	lower	when	including	mLDRW	dispersion	in	the	model.	The	value	of	Kappa	was	

strongly	correlated	with	malignancy,	is	high	in	cancers,	and	highest	in	the	most	rapidly	enhancing	

“hot	spots”	in	the	tumors.		

Discussion	

The	improved	fitting	of	

the	mLRDW	Dispersion	

model	indicates	that	

this	model	better	

represents	the	

concentration	of	

contrast	material	in	the	

tissue	than	the	other	

models.	While	it	is	not	

entirely	unexpected	

that	a	model	with	a	

larger	number	of	

parameters	fits	better,	

the	mLDRW	Dispersion	   

Table	1.	Mean	squared	error	(MSE)	of	fitting	4	different	models	to	
60	breast	lesions.	Overall,	the	mLRDW	model	provided	
significantly	lower	MSE	than	other	models,	indicating	higher	
fidelity	fitting	overall	to	individual	voxel	contrast	uptake	curves.	

Model	 Mean	
Squared	Error	

P
(compared	to	
Standard	Tofts)	

Tofts		 1.69±4.24	 	

Tofts_Extend	 1.68±4.23	 0.86	

Standard_Dispersion		 1.38±2.71	 0.81	

mLDRW_Dispersion		 0.37±1.07	 0.0024	

Figure	3.	Parameter	maps	of	a	typical	rim‐enhancing	invasive	ductal	
carcinoma,	from	each	of	the	4	models.	Notice	the	MSE	of	the	mLDRW	
model	is	lowest	(right	most	column).	Also,	vp	is	negligible,	suggesting	that	
signal	from	the	plasma	in	not	a	significant	contributor.	Ktrans	and	kep	values	
are	similar	for	Tofts	and	Standard	dispersion	models.	However	with	the	
mLDRW	dispersion	model,	Ktrans	values	are	reduced	by	about	2x,	and	kep	
values	are	reduced	by	nearly	10x	(note	color	scale),	because	much	of	the	
washout	behavior	of	the	curves	is	also	captured	in	Kappa.	The	relative	
reduction	of	kep	compared	to	Ktrans	implies	that	ve	is	substantially	lower	than	
the	Tofts	model	would	suggest.		
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model	fits	even	better	than	the	Standard	Dispersion	model,	which	has	the	same	number	of	

potential	parameters.	Future	studies	are	warranted	to	confirm	this,	and	to	compare	the	mLDRW	

dispersion	model	to	other	models,	especially	those	that	model	perfusion	in	various	ways,	to	

confirm	that	mLDRW	is	the	most	accurate	model	for	bolus	response	in	breast	tissues	and	tumors.	

The	finding	that	kep	is	lower	in	the	mLDRW	model	suggests	that	at	least	some	portion	of	the	signal	

variations	that	we	previously	attributed	to	perfusion,	permeability,	and	extracellular	volume	

fraction	are	captured	by	Kappa,	the	bolus	mixing	parameter	that	is	the	most	important	parameter	

of	the	mLDRW	Dispersion	model.	kep	is	proportional	to	permeability‐surface	area	product	(PS)	

and	perfusion	(Fp)	and	inversely	proportional	to	the	extracellular	volume	fraction	(ve).	Our	result	

suggests	that	permeability	or	perfusion	may	not	be	as	high,	and	the	extracellular	volume	fraction	

may	not	be	as	low,	in	tumors	as	the	Tofts	model	suggests.	Future	studies	and	more	detailed	

histopathologic	comparisons	are	warranted	to	confirm	this	result,	which	may	have	significant	

implications	for	our	understanding	of	tumor	microcirculation.  

Another	unexpected	and	surprising	result	is	that	Kappa	was	high	in	tumors,	and	highest	in	tumor	

hot‐spots.	Initially	the	mLDRW	Dispersion	model	was	advanced	based	on	the	observation	the	

capillary	beds	of	tumor	angiogenesis	are	less	organized	than	normal	capillary	beds	[26].	The	

hypothesis	was	that	this	disorganization	would	lead	to	more	mixing	of	the	bolus	in	tumors.	In	the	

model,	the	high	Kappa	we	discovered	implies	that	there	is	less	bolus	mixing	in	tumors	than	benign	

lesions	and	tissues.		

The	finding	of	less	bolus	mixing	in	tumors	clearly	needs	to	be	reconfirmed	by	additional	studies.	

Nevertheless,	it	motivates	consideration	of	the	potential	causes	for	bolus	mixing	in	normal	and	

malignant	tissues.	Mechanisms	for	intravascular	mixing	include	diffusion,	turbulence,	variations	in	

transit	time	through	heterogeneous	parallel	paths	in	a	microcirculatory	bed,	direct	stirring	due	to	

red	cell	tumbling	in	capillaries,	and	the	blood	(and	plasma)	velocity	profile	across	the	blood	vessel	

diameter.	This	latter	velocity	profile	phenomenon	is	well	known	from	rheological	studies	which	find	

that	plasma	flow	in	the	cell	free	layer	near	the	walls	of	blood	vessels	is	Newtonian	(i.e.	Pouseille),	has	

significant	shear	stress	(laminar	velocity	gradients),	and	is	approximately	1	micron	thick,	regardless	

of	vessel	size.	In	the	cell	free	layer,	plasma	near	the	vessel	wall	transits	the	vessel	more	slowly	than	

plasma	farther	from	the	vessel	wall.	This	broadens	the	delivery	time	of	any	dissolved	tracer,	and	is	

equivalent	to	mixing	over	time.	The	relative	importance	of	the	cell	free	layer	(and	the	associated	

mixing	it	implies)	compared	to	more	central	plug‐like	flow	(which	has	more	uniform	velocity)	

depends	on	vessel	size	[24,	25].	Mixing	due	to	these	velocity	profiles	is	greatest	in	smaller	vessels,	

such	as	terminal	and	pre‐capillary	arterioles,	whose	diameter	ranges	from	30	down	to	5	microns	in	
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mammary	tissue	[31]	where	there	is	relatively	less	central	plug	flow.	This	leads	to	a	potential	

hypothesis	explaining	reduced	mixing	in	tumors:	arterioles	in	tumors	may	be	more	dilated	than	in	

normal	and	benign	tissues.	Physiologically	this	is	reasonable	given	that	VEGF,	which	is	secreted	by	

many	tumors,	is	a	potent	vasodilator.	Future	studies	are	needed	to	support	this	hypothesis.	In	

particular,	vasodilation	likely	both	reduces	mixing	and	increases	perfusion.	Additional	studies	are	

needed	to	clearly	delineate	these	two	mechanisms.	Comparisons	with	additional	models	that	

explicitly	model	perfusion,	such	as	the	2‐CXM	model,	will	be	important.	It	is	even	possible	that	

tumors	completely	lack	pre‐capillary	sphincters,	or	have	arteriovenous	shunting	or	other	

mechanisms	that	may	alter	contrast	agent	kinetics. 	

Conclusion	

The	availability	of	rapid	imaging	methods	provides	a	new	window	into	the	physiology	of	tumor	

microcirculation,	especially	now	that	methods	are	fast	enough	to	measure	contrast	uptake	in	small	

hot‐spots	of	very	rapid	contrast	agent	accumulation.	Our	results	suggest	that	bolus	mixing	may	be	

reduced	in	tumors,	and	we	propose	a	physiologically	plausible	potential	mechanism	based	on	

vasodilation.	Further	studies	are	warranted	to	investigate	this	phenomenon,	to	distinguish	it	from	

overall	perfusion	effects,	and	to	consider	its	potential	implications	for	delivery	of	other	substances	

to	tumors,	such	as	therapeutic	drugs,	etc.	
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Introduction	

Diffusion‐weighted	imaging	(DWI)	uses	gradients	to	selectively	attenuate	the	signal	from	tissue	

with	higher	diffusion	of	water.1	In	the	context	of	cancer,	DWI	offers	an	alternate	contrast	

mechanism	to	dynamic	contrast‐enhanced	(DCE)	perfusion	imaging,	as	it	is	sensitive	to	cellular	

density	and	tissue	microstructure.2	Specifically,	numerous	studies	have	shown	that	diffusion	is	

restricted	in	breast	cancers	compared	to	normal	tissues,	for	example,3	and	many	concepts	here	are	

nicely	described	in	a	recent	review	by	Partridge	et	al.4	Using	DWI,	diffusion	can	be	quantified	by	the	

apparent	diffusion	coefficient	(ADC).	Since	DWI	does	not	require	intravenous	injection	of	contrast,	

many	of	the	complications	and	restrictions	of	contrast‐enhanced	MRI	do	not	apply.	Furthermore,	

the	complementary	contrast	mechanism	suggests	DWI	may	augment	DCE	for	breast	MRI5,	or	even	

replace	DCE	in	some	cases.	While	DWI	has	clearly	shown	promise	in	the	breast,	there	remain	

significant	technical	challenges	limiting	its	application.	Here	we	will	describe	some	of	the	

challenges,	and	some	recent	developments	for	breast	DWI.	

	

Standard	Breast	DWI	Acquisitions	

DWI	is	typically	acquired	using	a	spin‐echo	EPI	sequence	with	large	diffusion‐encoding	gradients6	

that	provide	sensitivity	of	the	signal	to	small	motion.	For	gaussian	diffusion,	this	sensitivity	is	

characterized	by	the	b	value.	Unfortunately,	the	sequences	are	also	sensitive	to	bulk	motion,	which	

results	in	large	phase	variations	induced	across	the	image.	In	single‐shot	imaging,	the	phase	does	not	

adversely	affect	images.	But	single‐shot	EPI	is	very	sensitive	to	B0	variations	(“off‐resonance	

effects”)	that	result	in	geometric	distortion.7	This	is	based	on	the	slow	traversal	of	k‐space	in	the	

phase‐encoded	direction,	which	can	also	be	thought	of	as	a	low	“effective	bandwidth”	in	EPI.	

Fortunately,	improved	coils	allow	parallel	imaging,	which	reduces	distortion	by	speeding	the	k‐space	

traversal	8.	Excellent	breast	MRI	receive	coils	have	been	developed,	and	are	widely	available,	which	

have	enabled	DWI	to	be	performed	routinely	in	studies.	However,	compared	with	other	MRI	

sequences	such	as	T1‐weighted	gradient	echo	(often	used	for	DCE)	and	spin‐echo‐train	imaging	
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(used	for	T2‐weighted	imaging),	standard	DWI	suffers	primarily	from	both	lower	resolution	and	

geometric	distortion,	the	latter	causing	challenges	in	aligning	images	from	different	sequences	or	

obscuring	tissue	near	biopsy	clips.		

	

Other	advanced	methods	

Numerous	approaches	continue	to	be	explored	to	address	the	challenges	of	DWI.	Those	not	

described	in	detail	in	this	article	are	listed	here	briefly.	Readout‐segmented	EPI9	shows	promise	in	

the	breast,10,11	but	ultimately	is	limited	by	gradient	switching	times.	Diffusion	prepared	spin‐echo‐

train	imaging	perfectly	corrects	distortions	at	a	cost	of	SNR	efficiency,	robustness	and	quantitative	

capability,12,13	but	continues	to	be	explored14,15.	3D	diffusion	approaches	will	be	described	in	a	

separate	presentation.16	

	

Reduced‐FOV	DWI	

Parallel	imaging	reduces	distortion	in	EPI	by	acquiring	reduced	FOV	images,	then	resolves	resulting	

aliasing	using	SENSE17	or	similar	approaches.	Alternatively,	the	use	of	outer‐volume	suppression18	

or	2D‐selective	excitation	methods19	enables	reduced	FOV	and	proportionately	reduced	distortion.	

The	2D‐selective	approach	has	the	additional	benefit	of	fat	suppression.	Reduced‐FOV	DWI	has	been	

demonstrated	for	high‐resolution	DWI	for	assessment	of	locally	advanced	breast	cancer20	and	for	

monitoring	response	to	neoadjuvant	chemotherapy21.	Our	group	demonstrated	improved	diagnostic	

accuracy	based	on	the	much	sharper	reduced‐FOV	DWI	vs	conventional	DWI22	in	33	lesions	in	21	

patients.	We	also	showed	using	reduced‐FOV	DWI	that	the	DCE	“rim	sign”	can	also	be	seen	on	DWI23.	

	

Multiband	reduced‐FOV	DWI	

The	limitation	of	reduced‐FOV	DWI	is	a	lack	of	volume	coverage.	To	address	this,	we	developed	a	

“multiband	in‐plane	reduced‐FOV”	approach	that	allows	the	high	image	quality	of	reduced‐FOV	

DWI,	but	over	the	full	image	volume	(Fig.	1).24	The	approach	uses	parallel	imaging	and	

simultaneously	‐excited	reduced‐FOV	strips	to	offer	the	benefits	of	reduced‐FOV	in	terms	of	high‐

resolution,	low‐distortion	images	but	across	the	entire	FOV.	We	further	developed	this	to	enable	

simultaneous	multi‐slice	imaging,	as	well	as	independent	B0	and	B1	shimming	for	each	strip.25	

While	the	images	are	promising,	the	multi‐strip	approach	costs	SNR	efficiency	compared	to	multi‐

shot	EPI	approaches.	Fig.	1	compares	conventional	single‐shot	DWI,	reduced‐FOV	DWI,	and	

multiband	reduced‐FOV	DWI	to	DCE	images.	The	improvement	in	resolution	over	conventional	DWI	

is	obvious,	with	complete	volume	coverage.		 	

|124|



High	Resolution	Breast	DWI	Methods 
 

©2018.	Brian	A.	Hargreaves,	PhD;	Yuxin	Hu:	Catherine	J.	Moran,	PhD;	Bruce	L.	Daniel,	MD.		
Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

	

MUSE	DWI	

Multishot	EPI	acquires	multiple	reduced‐FOV	images	that	can	be	combined	to	reduce	distortion.	

However	shot‐to‐shot	phase	inconsistencies	result	in	residual	ghosting	when	the	shots	are	

combined.	However,	the	induced	phase	can	be	treated	like	having	a	different	coil	sensitivity	for	

each	shot.	Recent	advances	have	been	made	in	multishot	interleaved	EPI	diffusion	methods	using	

Multiplexed	Sensitivity	Encoding	(MUSE)26	or	“MUSSELS”27.	MUSE	uses	parallel	imaging	to	

estimate	the	phase	of	each	shot,	allowing	better	combination	of	images.	Iterative	methods	improve	

performance,	but	ultimately	MUSE	is	limited	by	coil	sensitivity.	MUSSELS	uses	a	more	advanced	

reconstruction	approach	to	simultaneously	estimate	coil	phase	and	combine	multiple	shots.  

 

Locally	low‐rank	DWI	

For	multishot	EPI,	motion	induces	a	phase	that	differs	between	shots.	Inconsistencies	result	in	

residual	ghosting	when	the	shots	are	combined.	However,	the	induced	phase	can	be	treated	like	

having	a	different	coil	sensitivity	for	each	shot.	A	“calibrationless”	parallel	imaging	algorithm	can	

find	this	sensitivity	without	acquiring	a	calibration	scan.	Instead,	blocks	of	the	image	reconstructed	

from	different	shots	are	assumed	to	be	locally	low‐rank	(LLR).	

The	LLR	concept	has	been	used	in	compressed‐sensing,	and	efficient	solutions	have	been	

developed.	We	have	applied	this	to	breast	DWI	to	try	to	improve	on	MUSE	methods,	as	well	as	

improving	on	the	efficiency	of	multiband	reduced‐	FOV.	Fig.	2	shows	that	our	approach	gives	

results	with	sharper	images	than	conventional	DWI,	but	with	better	ghost‐reduction	than	MUSE.	

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	1:	Left:	Multiband	reduced‐FOV	excites	multiple	in‐plane	bands.	The	acquired	FOV	is	reduced,	to	limit	distortion,	
while	parallel	imaging	is	used	to	separate	the	multiple	bands	just	as	in	simultaneous	multi‐slice	imaging.	Additional	bands	
in	 another	 slice	 can	 also	 be	 excited	 and	 resolved	with	 through‐slice	 parallel	 imaging.	Right:	 Comparison	 of	 (counter‐
clockwise	 from	left)	conventional	single‐shot	EPI	DWI,	reduced‐FOV	DWI,	multiband	reduced‐FOV	DWI,	and	DCE.	The	
multiband	approach	offers	much	better	resolution	than	conventional	imaging,	but	covers	the	whole	slice,	unlike	reduced	
FOV.	The	resolution	is	much	closer	to	that	of	DCE	than	conventional	DWI.	
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Summary	

	

DWI	approaches	are	promising	to	complement	other	imaging	sequences	with	different	contrasts,	

potentially	increasing	diagnostic	specificity,	improving	lesion	characterization,	or	ultimately	

replacing	contrast‐enhanced	scans.	Addressing	the	limited	resolution	and	substantial	geometric	

distortion	of	conventional	EPI	DWI	would	greatly	increase	the	value	of	DWI.	Numerous	

approaches	are	being	explored,	all	with	tradeoffs.	Here,	we	have	described	reduced‐FOV,	

multiband	reduced‐FOV,	and	improved	multishot	DWI	methods,	the	latter	being	our	currently	

preferred	2D	approach	for	application	in	a	clinical	setting.	Additionally,	3D	approaches	are	being	

described	in	a	separate	presentation	by	Dr.	Catherine	Moran.	

	 	

Figure	2.	Conventional	parallel	imaging	DWI	(256x192)	vs	multishot	DWI	
methods	(384x384)	in	a	patient	with	DCIS	and	IDC.	In	both	cases,	R	is	the	effective	
ky	acceleration.	Shot‐CLEAR	offers	much	sharper	tumor	depiction	than	
conventional	DWI,	and	better	SNR	than	MUSE.	

 R=8, MUSE, b=600 s/mm2 

R=8, b=0 s/mm2   
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Chapter	19	

High	Resolution	Non‐contrast	DWI	
Catherine	J.	Moran,	PhD;	Jung	Min	Chang;	Brian	A.	Hargreaves,	PhD;	Bruce	L.	Daniel,	MD	

	

Introduction	

In	2007,	the	American	Cancer	Society	began	recommending	that	women	with	a	20‐25%	or	greater	

lifetime	risk	of	breast	cancer	be	screened	with	MRI	annually	beginning	between	ages	25	and	30	

(1).	The	population	of	women	for	whom	screening	MRI	is	recommended	continues	to	grow	with	

recent	recommendations	from	the	ACR	expanding	to	include	women	with	personal	histories	of	

breast	cancer	and	dense	breast	tissue,	or	those	who	were	diagnosed	prior	to	age	50	(2).	 	

This	expanding	utilization	of	breast	MRI	has	driven	a	reassessment	of	the	appropriate	MR	

protocol	for	screening.	The	abbreviated	breast	MRI	protocol	(3)	is	the	most	prominent	example	of	

an	alternative	screening	protocol	and	has	shown	equivalent	sensitivity	to	a	full	diagnostic	

protocol	across	a	number	of	studies	(4,	5).	A	second	alternative	protocol	that	has	been	proposed	

for	breast	MR	screening	is	that	of	a	non‐contrast‐enhanced	protocol	in	which	Dynamic	Contrast‐

Enhanced	(DCE)	MRI	is	not	utilized.	

DCE‐MRI	requires	administration	of	intravenous	gadolinium‐based	contrast	agents	to	achieve	

high	sensitivity.	However,	the	need	for	IV	contrast	comprises	a	substantial	portion	of	the	cost	of	

the	exam,	adds	discomfort,	mandates	significant	nursing	and/or	physician	presence	at	scanning	

facilities,	is	associated	with	rare	but	real	adverse	events,	and	is	not	suitable	for	patients	with	

renal	failure.	There	is	also	concern	about	the	accumulation	of	the	MRI	contrast	agent	in	the	

brain	after	multiple	contrast‐enhanced	examinations	(6,	7).	Though	no	clinical	consequences	

have	been	demonstrated	to	date,	these	reports	could	be	a	deterrent	to	women	agreeing	to	be	

screened	annually	with	DCE‐MRI,	possibly	for	decades.	 	

Diffusion‐Weighted	Imaging	(DWI)	is	an	alternative	MRI	method	that	does	not	utilize	a	contrast	

injection	and	instead	reflects	the	molecular	characteristics	of	the	tissue	by	measuring	the	

random	motion	of	free	water	protons.	Single‐shot	diffusion‐weighted	echo	planar	imaging	(EPI)	

is	the	most	commonly	used	technique	for	DWI	due	to	its	insensitivity	to	motion	and	high	SNR.	

However,	EPI‐DWI	images	are	acquired	at	a	low	resolution	and	suffer	from	blurring	due	to	T2*	

decay	and	image	distortion	due	to	off‐resonance.	Despite	these	limitations	in	image	quality,	

DWI	has	been	widely	investigated	for	breast	cancer	imaging	and	has	shown	diagnostic	potential	

for	the	detection	and	characterization	of	breast	cancer	(8‐14).	  
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Several	approaches	have	been	investigated	to	improve	the	spatial	resolution	and	image	quality	

of	EPI‐DWI.	For	example,	both	readout‐segmented	(15,	16)	and	reduced‐FOV	DWI	(17,	18)	

techniques	have	demonstrated	improved	in‐plane	resolution	and	depiction	of	lesion	

morphology	in	the	breast.	 	

Unbalanced	steady‐state	sequences	provide	a	non‐EPI	alternative	for	DWI	in	the	breast.	In	these	

methods,	signal	is	sensitized	to	the	diffusion	of	water	molecules	by	increasing	the	unbalanced	

portion	of	the	gradients	that	occur	each	repetition	time	(TR).	Diffusion	weighting	is	enhanced	

due	to	the	refocusing	of	signal	after	multiple	TRs,	and	thus	diffusion	times	are	longer	than	the	

TR	(19).	In	contrast	to	EPI‐DWI,	unbalanced	steady‐state	methods	are	more	efficient	due	to	

their	shorter	TR,	allow	for	3D	imaging,	and	avoid	the	distortion	and	blurring	associated	with	

EPI.	Double	Echo	Steady	State	(DESS)	(20)	and	reverse	fast	imaging	with	steady‐state	free	

precession	(PSIF)	(21)	are	two	variations	of	unbalanced	steady‐state	sequences	which	vary	only	

in	the	number	of	echoes	acquired	per	TR.	DESS	acquires	two	echoes	per	TR,	providing	an	

opportunity	for	calculation	of	Apparent	Diffusion	Coefficient	(ADC)	while	PSIF	acquires	one	

echo	per	TR	and	thus	provides	only	qualitative	diffusion	weighting	but	with	a	shorter	TR	and	

thus	faster	scan	time	and	higher	SNR.	 	

Here	we	review	the	results	of	the	first	investigation	of	DESS	for	DWI	in	the	breast	which	

assessed	contrast	and	image	quality	of	the	method	in	comparison	to	conventional	EPI‐DWI.	

We	then	present	the	results	of	a	pilot	study	investigating	the	impact	on	diagnostic	accuracy	of	

adding	PSIF	to	a	non‐contrast‐enhanced	breast	MRI	screening	protocol.	

	

Double	Echo	Steady	State	(DESS)	imaging	in	the	breast	

In	an	initial	investigation	of	DESS	for	breast	cancer	imaging	(22),	the	method	was	evaluated	

in	comparison	to	EPI‐DWI	in	16	benign	and	19	malignant	lesions	in	22	patients.	Resolution	

of	the	DESS	images	was	0.9	mm	x	1.3	mm	x	2.5	mm	in	a	scan	time	of	3	min	and	35	seconds	in	

comparison	to	resolution	of	2.1	mm	x	2.1	mm	x	5	mm	in	a	scan	time	of	5	minutes	and	 	

41	seconds	for	the	conventional	EPI‐DWI	acquisition.	The	EPI‐DWI	acquisitions	had	b‐values	

of	0	and	600	s/mm2,	while	the	DESS	images	utilized	1	cycle	and	6	cycles	of	spoiling.	 	

DESS	diffusion	weighting	cannot	be	directly	represented	with	b‐values	because	of	the	more	

complex	nature	of	the	signal	evolution	with	contrast	also	affected	by	T1	and	T2	weighting.	

However,	the	number	of	cycles	of	dephasing	across	a	voxel	can	be	used	as	a	surrogate	for	

strength	of	diffusion	weighting	in	unbalanced	steady‐state	sequences.	Analysis	of	DESS	

versus	EPI‐DWI	included	assessment	by	three	radiologists	of	image	features	including	

sharpness,	lesion	visibility,	margin	appearance,	rim	signal	intensity,	and	the	appearance	of	

internal	septations.	Lesion‐to‐fibroglandular	tissue	ratios	were	also	measured	based	on	ROIs	

drawn	in	each	tissue	type	by	a	radiologist	with	breast	MR	expertise.   
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For	assessment	of	image	features,	the	DESS	images	were	predominantly	rated	as	sharper	than	

the	EPI‐DWI	images	with	improved	depiction	of	spiculations	and	internal	septations.	Statistical	

analysis	was	not	reported	due	the	limited	number	of	lesions	with	each	feature.	Lesion‐to‐

fibroglandular	tissue	signal	ratios	were	well	correlated	between	DESS	and	the	EPI‐DWI	images	

(R	=	0.83).	However,	further	investigation	of	the	diffusion	weighting	of	DESS	is	necessary.	While	

contrast	was	well	correlated	in	qualitative	assessments,	calculation	of	ADC	with	the	DESS	

sequence	was	not	achieved	which	may	be	due	to	not	imparting	large	enough	diffusion	weighting	

in	the	scan.	Increasing	the	diffusion	weighting	in	DESS	is	possible	by	continuing	to	increase	the	

unbalanced	gradient	area;	however,	this	comes	at	the	cost	of	increased	motion	artifacts	that	can	

severely	degrade	image	quality.	In	this	initial	study,	the	authors	utilized	elliptical‐centric	

encoding	to	disperse	motion	artifacts,	but	more	sophisticated	motion	correction	is	needed	for	

effective	artifact	correction	with	greater	diffusion	weighting.	 	

Overall,	the	study	validated	the	improved	image	quality	and	depiction	of	lesion	morphology	of	

DESS	versus	EPI‐DWI	in	the	breast.	Furthermore,	it	demonstrated	the	potential	for	unbalanced	

steady‐state	methods	to	contribute	useful	contrast	information	for	the	detection	and	

characterization	of	breast	lesions	without	the	injection	of	a	contrast	agent.	

	

Pilot	study	of	PSIF	as	part	of	a	non‐contrast‐enhanced	breast	MRI	protocol	

PSIF	provides	an	alternative	to	DESS	that	has	higher	SNR	and	a	shorter	scan	time	because	

acquiring	a	single	echo	shortens	the	TR.	However,	as	the	DESS	study	demonstrated,	more	work	

needs	to	be	done	to	achieve	diffusion	weighting	equivalent	to	that	of	EPI‐DWI	with	unbalanced	

steady‐state	sequences.	Thus,	this	investigation	proposes	a	non‐contrast‐enhanced	protocol	

that	includes	PSIF	in	addition	to	EPI‐DWI	to	exploit	the	high	resolution	of	PSIF	and	stronger	

diffusion	weighting	of	EPI‐DWI.	Eighteen	patients	with	known	or	suspicious	breast	

abnormalities	underwent	a	research	MRI	protocol	under	informed	consent	that	included	EPI‐

DWI,	PSIF,	and	DCE‐MRI.	A	total	of	37	lesions	were	identified	with	diagnosis	of	30	confirmed	

through	pathology	(22	malignant,	8	benign)	and	7	benign	cysts	confirmed	on	sonography.	 	

Resolution	of	both	the	PSIF	and	EPI‐DWI	images	was	1.3	mm	x	1.3	mm	x	2	mm.	The	EPI‐DWI	

acquisitions	were	acquired	with	b‐values	of	0	and	600	s/mm2	while	the	PSIF	images	utilized	

1	cycle	and	9	cycles	of	spoiling.	Reader	analysis	consisted	of	assessment	of	image	

characteristics	and	the	diagnostic	accuracy	benefit	of	PSIF.	Image	quality	was	assessed	on	a	

scale	of	1	(best)	to	5	(worst)	for	the	EPI‐DWI	and	PSIF	methods	according	to	six	categories:	

fat	suppression,	perceived	signal	to	noise	ratio	(SNR),	sharpness,	distortion,	

aliasing/ghosting	artifacts,	and	clip	artifact.	Wilcoxon	signed	rank	test	was	used	to	compare	

the	quality	scores	between	EPI‐DWI	and	PSIF	with	two‐tailed	p‐values	of	less	than	0.05	

considered	to	indicate	statistical	significance.   
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Evaluation	of	the	added	

diagnostic	value	of	PSIF	for	lesion	

description	and	final	assessment	

of	a	non‐contrast‐enhanced	

protocol	were	based	on	

comparison	of	the	following	

three	scenarios:	EPI‐DWI	alone,	

EPI‐DWI	plus	PSIF,	and	DCE‐MRI	

alone.	Diagnostic	sensitivity	and	

specificity	were	compared	by	

using	a	BI‐RADS	score	of	4	or	5	considered	as	positive	and	a	BI‐RADS	score	of	1,	2,	or	3	

considered	as	negative.	 	

Results	of	the	image	feature	assessment	(Table	1)	demonstrated	the	improved	image	quality	of	

PSIF	versus	EPI‐DWI.	Image	sharpness,	level	of	distortion,	uniformity	of	fat	suppression,	and	

depiction	of	clip	artifact	were	rated	as	significantly	higher	for	PSIF	compared	to	EPI‐DWI.	Noise	

was	rated	significantly	lower	for	EPI‐DWI	while	ghosting	artifact	was	perceived	to	be	equivalent	

between	the	methods.	 	

Sensitivities	for	EPI‐DWI	alone,	EPI‐DWI	plus	PSIF,	and	DCE‐MRI	were:	Reader	1:	86%,	91%,	

100%;	Reader	2:	73%,	91%,	100%;	Reader	3:	64%,	82%,	100%;	with	specificities	of:	

Reader	1:	47%,	54%,	47%;	Reader	2:	73%,	60%,	47;	Reader	3:	67%,	60%,	60%.	 	

While	the	improvement	in	sensitivity	between	EPI‐DWI	alone	and	EPI‐DWI	plus	PSIF	did	not	

reach	significance	for	any	reader,	analyzing	PSIF	images	in	addition	to	EPI‐DWI	images	allowed	

readers	to	detect	between	1	and	4	more	cancers	using	a	threshold	between	BI‐RADS	final	

assessment	category	3	and	4.	

An	example	of	the	image	

quality	and	contrast	between	

EPI‐DWI,	PSIF,	and	DCE‐MRI	is	

shown	in	Figure	1.	 	

Overall,	this	pilot	study	of	PSIF	

as	a	component	of	a	non‐

contrast‐enhanced	breast	

screening	protocol	further	

verified	the	improvement	in	

image	quality	achieved	with	

unbalanced	steady‐state	

sequences	first	reported	in	the	

Table	1.	Average	radiologist	ratings	for	image	features	on	
EPI‐DWI	versus	PSIF	 	
(1	=	best,	5	=	worst,	for	each	image	quality	feature).	 	

Figure	1.	High‐grade	triple	negative	breast	cancer	(yellow	
arrows).	PSIF	demonstrates	reduced	distortion	and	improved	
resolution	of	irregular	tumor	borders,	but	lower	contrast	and	
less	suppression	of	normal	fibroglandular	tissue	in	comparison	
to	EPI‐DWI.	
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investigation	of	DESS	for	breast	cancer	imaging.	It	also	demonstrated	the	potential	diagnostic	

impact	of	an	unbalanced	steady‐state	sequence	as	a	component	of	a	non‐contrast‐enhanced	

breast	screening	protocol.	Notably,	this	improvement	in	lesion	detection	was	achieved	despite	

the	PSIF	images	not	having	diffusion	weighting	equivalent	to	that	of	the	EPI‐DWI	images.	 	

	

Conclusion	

In	conclusion,	breast	MRI	is	poised	to	have	increasing	clinical	impact	for	breast	cancer	screening	

for	an	expanding	population	of	women.	Achieving	a	high	level	of	impact	will	be	greatly	

facilitated	by	tailoring	breast	MRI	protocols	to	the	goals	of	a	screening	exam.	While	

conventional	EPI‐DWI	methods	have	shown	great	promise	to	be	the	centerpiece	of	a	non‐

contrast‐enhanced	screening	protocol,	unbalanced	steady‐state	methods	present	a	potential	

alternative	for	diffusion‐weighted	imaging	with	greatly	improved	image	quality	in	comparison	

to	EPI‐DWI.	Incorporation	of	motion‐compensation	techniques	to	unbalanced	steady‐state	

acquisitions	will	allow	for	the	exploration	of	increased	diffusion	weighting	in	sequences	like	

DESS	and	PSIF.	In	the	meantime,	unbalanced	steady‐state	sequences	may	be	useful	for	

contributing	complementary	information,	particularly	the	clear	depiction	of	lesion	morphology,	

to	non‐contrast‐enhanced	screening	protocols	centered	on	EPI‐DWI.	 	 	
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Chapter	20	

DWI	Potential	for	Non‐contrast	Screening	

Savannah	C.	Partridge,	PhD	

Introduction	

It	is	well	established	that	dynamic	contrast‐enhanced	MRI	(DCE‐MRI)	is	highly	sensitive	for	the	

identification	of	breast	cancers,	proven	in	multiple	prospective	trials	to	be	an	effective	supplemental	

screening	tool	for	the	detection	of	breast	cancer	in	high‐risk	women	(1).	However,	high	cost	and	

lengthy	exam	times	of	DCE‐MRI	limit	utilization,	even	among	women	who	meet	criteria	for	high‐risk	

screening	(2,	3).	Abbreviated	breast	MRI	protocols	may	be	a	solution	to	reduce	scan	times	(4,	5).	

However,	both	DCE	and	abbreviated	MRI	protocols	rely	on	the	use	of	intravenous	gadolinium,	which	

accounts	for	unavoidable	cost	and	time	associated	with	obtaining	intravenous	access	and	the	

gadolinium	agent	itself.	Furthermore,	gadolinium	is	contraindicated	in	patients	with	renal	

impairment,	gadolinium	allergy,	and	pregnancy.	Finally,	emerging	evidence	of	intracranial	

gadolinium	deposition	(6,	7),	though	of	unclear	clinical	significance,	has	also	heightened	concerns	

regarding	long‐term	consequences	of	repeated	use	of	DCE‐MRI	in	an	asymptomatic	population.	

Diffusion‐weighted	imaging	(DWI)	is	a	rapid	MRI	technique	that	does	not	require	administration	of	

a	contrast	agent	and	may	have	a	role	as	an	alternative	to	contrast‐enhanced	MRI	for	breast	cancer	

screening.	DWI	measures	the	mobility	of	water	molecules	within	tissue,	reflecting	the	cellular	

microenvironment.	On	DWI,	breast	cancers	typically	exhibit	restricted	diffusion,	attributed	to	

increased	cellular	density	and	reduced	extracellular	space,	and	appear	hyperintense	to	surrounding	

tissues	with	lower	apparent	diffusion	coefficient	(ADC)	values	(8,	9).	Based	on	this	characteristic,	

DWI	may	offer	a	viable	non‐contrast	method	to	detect	breast	cancer	without	the	costs	and	toxicity	

associated	with	DCE‐MRI	(10‐13).		 	
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DWI	for	screening	

To	date,	only	a	handful	of	studies	have	explored	the	utility	of	DWI	for	non‐contrast	screening,	but	

results	have	been	promising.	Early	investigations	showed	many	mammographically	and	clinically	

occult	breast	cancers	are	visible	on	DWI	and	exhibit	low	ADC	values	(14).	In	blinded	reader	

studies	that	included	both	positive	and	negative	cases,	Yabuuchi	et	al	demonstrated	that	a	non‐

contrast	MRI	approach	with	DWI	achieved	a	higher	accuracy	for	breast	cancer	detection	than	

mammography	(12),	and	Trimboli	et	al	reported	sensitivity	of	78%	and	specificity	of	90%	for	

cancer	detection	using	DWI	(11).	McDonald	et	al	further	evaluated	the	performance	of	DWI	to	

detect	mammographically	occult	breast	cancers	specifically	in	women	with	dense	breasts.	This	

study	showed	that	DWI	has	the	potential	to	identify	as	many	as	8	additional	cancers	over	

mammography	per	1000	women	screened,	with	reasonable	specificity	and	positive	predictive	

value	(91%	and	62%,	respectively)	(13).	Another	recent	study	found	mammographically‐occult	

breast	cancers	were	more	often	visible	on	DWI	than	targeted	ultrasound	(15),	further	supporting	

the	potential	of	DWI	as	a	supplemental	screening	tool.		

However,	results	of	these	studies	also	show	that	DWI	cannot	detect	all	cancers	identified	by	DCE‐

MRI.	Across	three	blinded	reader	studies,	the	relative	sensitivity	of	DWI	to	DCE	ranged	from	

45%	to	78%	for	detecting	disease	(11‐13).	The	studies	were	not	large	enough	to	determine	

significant	factors	influencing	DWI	visibility,	but	small	size,	non‐mass	morphology,	and	in	situ	

histology	were	suggested	to	limit	detectability	on	DWI.	Lesion	visibility	on	DWI	is	limited	in	part	

by	technical	issues	inherent	to	the	echo	planar	imaging	technique	(e.g.	low	spatial	resolution,	

spatial	distortions,	and	detrimental	artifacts).	These	issues	are	further	magnified	for	breast	

imaging	due	to	the	particular	challenges	of	off‐isocenter	imaging,	air‐tissue	interfaces,	and	

significant	fat	content	in	the	breast.	Furthermore,	results	of	recent	multicenter	breast	DWI	trials	

have	identified	reliable	image	quality	to	be	a	challenge,	with	11	to	25%	of	cases	being	excluded	

from	quantitative	DWI	analyses	for	technical	issues	(16,	17).	However,	a	number	of	emerging	

technical	advancements	in	DWI	acquisition	strategies	hold	potential	to	improve	image	quality	

and	increase	DWI	sensitivity	(18‐23).	Additional	technical	optimizations	related	to	the	diffusion‐

weighting	(b	value)	may	further	improve	contrast	for	identifying	malignancies	on	DWI	(24,	25).	

	

Conclusion	

In	summary,	there	is	compelling	evidence	of	the	potential	role	for	DWI	as	an	alternative	to	contrast‐

enhanced	MRI	for	breast	cancer	screening.	This	application	of	DWI	has	not	yet	been	widely	

explored,	but	is	particularly	timely	given	growing	health	concerns	related	to	the	long‐term	use	of	

gadolinium	contrast	agents	utilized	in	conventional	breast	MRI	for	high	risk	screening	(26).	
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Moreover,	increasing	breast	density	legislation	across	the	United	States	is	raising	awareness	of	the	

limitations	of	mammography	in	women	with	dense	breasts,	emphasizing	the	need	for	additional	

cost‐effective	supplemental	screening	options	in	this	population	(27,	28).	Preliminary	studies	

suggest	DWI	may	provide	higher	sensitivity	than	screening	mammography	and	ultrasound	for	

detection	of	breast	malignancies,	without	the	costs	and	toxicity	of	DCE‐MRI.	Technical	innovations	

to	optimize	image	quality	warrant	further	investigation	to	increase	the	sensitivity	of	DWI.	Finally,	

larger	prospective	and	multicenter	trials	are	needed	to	validate	single	study	findings	and	assess	the	

performance	of	DWI	for	generalized	breast	cancer	screening.		
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Chapter	21	

DWI	Trials:	Potential	and	Pitfalls	
Savannah	C.	Partridge,	PhD	

	

Introduction	

Diffusion	weighted	MRI	(DWI)	is	emerging	as	a	valuable	technique	for	a	variety	of	clinical	breast	

imaging	applications.	Whereas	contrast‐enhanced	MRI	demonstrates	tissue	vascularity,	DWI	reflects	

the	microscopic	cellular	environment	and	is	sensitive	to	characteristics	such	as	cell	density,	

membrane	integrity,	and	microstructure.	Breast	cancers	typically	exhibit	restricted	diffusion,	with	

higher	DWI	signal	intensity	and	lower	apparent	diffusion	coefficient	(ADC)	values	than	normal	

breast	fibroglandular	tissue,	attributed	to	increased	cellularity	and	decreased	extracellular	space.	

Based	on	this	characteristic,	DWI	has	shown	promise	for	improving	the	detection	and	

characterization	of	breast	cancer	(1).	The	most	widely	explored	clinical	application	of	DWI	for	breast	

imaging	is	as	a	supplemental	diagnostic	tool	to	DCE‐MRI	in	differentiating	between	malignant	versus	

benign	findings.	Numerous	single	center	studies	have	demonstrated	significant	differences	in	ADC	

values	of	benign	and	malignant	lesions	and	have	shown	that	ADC	measures	may	help	reduce	false	

positives	associated	with	conventional	dynamic	contrast‐enhanced	MRI	(2).	Another	promising	

application	is	in	treatment	monitoring.	Cytotoxic	effects	of	neoadjuvant	chemotherapy	cause	

significant	alterations	in	cell	membrane	integrity	and	reduced	tumor	cellularity,	resulting	in	an	

increase	in	water	mobility	within	the	damaged	tumor	tissue.		Results	in	the	literature	have	been	

somewhat	mixed,	but	a	number	of	studies	have	reported	that	increases	in	tumor	ADC	in	response	to	

treatment	are	detectable	earlier	than	changes	in	tumor	size	or	vascularity	as	measured	by	DCE	MRI	

and	may	be	a	valuable	early	indicator	of	treatment	efficacy	(3‐5).	There	is	also	growing	interest	in	

the	potential	use	of	DWI	as	a	non‐contrast	method	of	breast	MR	screening	without	the	costs	and	

toxicity	associated	with	DCE	MRI,	with	some	recent	studies	suggesting	DWI	may	provide	higher	

sensitivity	than	screening	mammography	and	ultrasound	for	detection	of	breast	malignancies	(6‐8).		

DWI	is	a	short	scan	available	on	most	commercial	MR	scanners	and	does	not	require	any	exogenous	

contrast.	As	such,	a	growing	number	of	imaging	centers	are	incorporating	DWI	into	the	clinical	

breast	MR	examination.	However,	heterogeneity	in	DWI	approaches	has	precluded	definition	of	

generalizable	diagnostic	criteria.	Due	to	dependence	of	lesion	ADC	measures	on	the	applied	b	value	

(9),	varying	selection	of	diffusion	weightings	(b	values)	across	published	studies	has	resulted	in	a	

wide	range	of	reported	‘optimal’	ADC	diagnostic	thresholds	(0.90	–	1.76	x	10‐3	mm2/s	(2,	10)).	
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Prior	to	widespread	adoption	of	DWI	for	breast	tumor	assessment,	promising	single	center	findings	

must	be	validated	in	multicenter	trials	across	a	variety	of	imaging	platforms	using	standardized	

acquisition	and	analysis	approaches.	Furthermore,	more	data	regarding	the	reproducibility	of	

breast	tumor	ADC	measures	is	needed	to	support	its	use	as	a	clinical	biomarker.		

Towards	this	goal,	two	NIH‐funded	multicenter	trials	of	breast	DWI	were	recently	conducted	by	the	

American	College	of	Radiology	Imaging	Network	(ACRIN),	ACRIN	6698	(11)	and	ACRIN	6702	(12).	

Both	trials	incorporated	rigorous	quality	control	measures	to	qualify	imaging	systems	used	at	

participating	sites,	and	multiple	vendor	platforms	were	represented	(GE,	Philips,	and	Siemens	1.5T	

and	3T	scanners).	Initial	site	DWI	qualification	incorporated	assessment	of	both	ice	water	phantom	

and	patient	scans.	Phantom	images	were	analyzed	to	assess	system	ADC	bias	and	uniformity,	

relative	SNR,	and	scan	protocol	compliance,	and	at	least	two	clinical	breast	MRI	exams	were	

assessed	for	image	quality,	as	described	in	detail	in	trial	study	materials	(13,	14).	Throughout	the	

trials,	submitted	study	images	were	assessed	for	protocol	compliance	and	image	quality	on	an	

ongoing	basis.	Centralized	analysis	was	performed	to	generate	ADC	maps	from	DWI	scans	and	

measure	tumor	ADC	values.		

 ACRIN	6698	was	performed	at	10	institutions	from	August	2012	to	January	2015	and	

investigated	the	value	of	DWI	for	detecting	early	response	in	patients	undergoing	neoadjuvant	

chemotherapy.	The	trial	was	performed	as	a	substudy	to	the	I‐SPY	2	adaptive	treatment	trial,	

which	randomized	patients	to	one	of	multiple	experimental	treatment	arms	based	on	their	

disease	factors.	I‐SPY	2	subjects	were	co‐enrolled	in	ACRIN	6698	at	participating	sites	and	

underwent	multi‐parametric	breast	MRI	examinations	incorporating	a	standardized	multi‐b	

DWI	sequence	at	four	treatment	timepoints:	pre‐treatment,	early‐treatment	(after	3	weekly	

cycles	of	taxane‐based	treatment),	mid‐treatment	(at	12	weeks,	between	taxane	and	

doxorubicin/cyclophosphamide	regimens),	and	post‐treatment,	prior	to	surgery.		

Predictive	value	of	ADC	measures:	The	study	results	support	ADC	as	a	predictive	biomarker	of	

response.	In	the	final	analysis	cohort	of	242	subjects,	mid‐treatment	change	in	tumor	ADC	was	

moderately	predictive	of	pathologic	response,	and	performance	for	predicting	pathologic	

complete	response	varied	across	biologic	subtypes	(with	AUCs	ranging	0.56	–	0.76).	On	the	

other	hand,	the	study	did	not	identify	pre‐treatment	or	early‐treatment	(after	the	first	3	weeks	

of	therapy)	ADC	measures	to	be	predictive	markers	of	pathologic	outcome	(15).		

Reproducibility	of	ADC	measures:	A	secondary	aim	of	the	ACRIN	6698	trial	was	to	perform	a	

test/retest	substudy	to	evaluate	the	reproducibility	of	breast	tumor	ADC	measures.	89	subjects	

underwent	repeat	DWI	scans	during	their	MRI	examinations,	and	repeat	tumor	ADC	measures		
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were	performed	in	71	(80%)	who	had	passing	quality	assessments	for	both	DWI	acquisitions.	In	

those	71	patients,	reproducibility	of	ADC	measures	was	excellent	with	within‐subject	coefficient	

of	variation	4.8%	and	intra‐class	correlation	coefficient	of	0.97	(16).	

 ACRIN	6702	was	performed	at	10	academic	institutions	from	March	2014	to	April	2015	and	

investigated	the	value	of	DWI	for	differentiating	benign	and	malignant	MRI‐detected	breast	

lesions.	Over	1000	subjects	consented	for	study	screening	and	underwent	a	standardized	multi‐

b	DWI	sequence	during	their	clinical	breast	MRI	examinations.	Of	those,	103	eligible	women	

with	MRI‐detected	breast	lesions	were	included	in	the	study.			

Diagnostic	value	of	ADC	measures:	In	the	final	analysis	set	of	81	lesions	in	67	women	with	both	

the	reference	standard	and	good	DWI	quality,	malignancies	exhibited	lower	mean	ADC	than	

benign	lesions	with	area	under	the	ROC	curve	(AUC)	for	predicting	malignancy	of	0.75.	Study	

results	further	showed	that	use	of	an	ADC	threshold	along	with	BI‐RADs	could	decrease	the	rate	

of	unnecessary	biopsies	by	20.9%	overall	without	reducing	sensitivity	and	indicated	ADC	

measures	may	be	most	useful	in	masses	(17).		

Despite	confirming	potential	clinical	utility,	both	trials	identified	that	further	technical	

developments	are	needed	to	address	image	quality	and	reliability	issues.	Low	resolution,	spatial	

distortion,	and	frequent	artifacts	are	current	challenges	of	breast	DWI	that	limit	wide	clinical	

implementation	(18).	Furthermore,	image	misregistration	within	the	DWI	acquisition	due	to	

motion	and/or	eddy	current	effects	can	affect	ADC	accuracy	and	can	sometimes	only	be	identified	

with	careful	comparison	of	the	raw	DWI	images	(based	on	spatial	mismatch	of	a	lesion	between	

b=0	and	higher	b‐value	images).	In	the	trials,	DWI	scans	were	considered	not	valuable	if	

significant	image	quality	factors	and/or	lack	of	lesion	visibility	prevented	ADC	measurement.	As	a	

result,	11‐	25%	of	patient	examinations	were	excluded	from	analyses	for	DWI	quality	issues.	

Many	of	these	image	quality	issues	are	being	addressed	by	MRI	system	manufacturers	and	will	

hopefully	lead	to	greater	accuracy	and	reproducibility	of	breast	DWI.	

Also	warranting	further	investigation	is	the	optimal	post‐processing	approach	for	performing	

quantitative	ADC	measures.	In	terms	of	generating	ADC	maps,	use	of	registration	algorithms	to	

reduce	motion	and	eddy	current	effects	may	improve	accuracy	but	were	not	used	in	the	preliminary	

trial	analyses.	In	terms	of	region	of	interest	(ROI)	selection	for	ADC	measures,	both	trials	utilized	a	

general	whole	tumor	approach	for	the	centralized	analysis,	while	some	investigators	have	suggested	

that	sampling	the	lowest	ADC	subregion	of	the	tumor	representing	the	highest	cellularity	may	

improve	specificity	(19).		
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Summary	

In	summary,	recent	multicenter	breast	DWI	trials	using	standardized	approaches	generally	confirm	

promising	single	center	studies	showing	value	of	ADC	as	a	quantitative	biomarker	for	breast	cancer	

diagnosis	and	treatment.	However,	the	trials	also	highlight	the	need	to	improve	persistent	technical	

issues	that	currently	limit	reliability	to	support	wide	clinical	implementation.	Advanced	acquisition	

techniques	and	optimization	of	interpretation	approaches	are	under	development	and	are	

anticipated	to	further	improve	accuracy	
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Chapter	22	

MR	Spectroscopy	of	Breast	Cancer	

Patrick	J.	Bolan,	PhD	

	

Introduction	

Magnetic	resonance	spectroscopy	(MRS)	is	a	non‐invasive	diagnostic	modality	that	can	measure	

chemical	information	from	a	selected	region	in	the	body.	The	most	mature	use	of	MRS	is	for	

applications	in	the	brain,	including	cancer,	hypoxia,	and	infection	(1),	and	for	prostate	cancer	(2).	

For	both	brain	and	prostate	applications,	acquisition	and	analysis	methods	are	moderately	

standardized,	and	commercial	packages	are	available	on	most	MR	scanners.		

MRS	of	breast	cancer	is	less	advanced	than	brain	or	prostate	in	terms	of	development	and	readiness	

for	routine	clinical	use.	Since	its	first	use	in	1998,	there	have	been	dozens	of	publications	describing	

methodologies	for	performing	breast	MRS	and	assessing	its	utility	for	addressing	various	clinical	

questions.	The	results	to	date	show	promise:	studies	have	reproducibly	shown	that	breast	MRS	can	

differentiate	between	benign	and	malignant	lesions	and	can	give	early	evidence	of	chemotherapy	

efficacy.	However,	the	methods	for	performing	and	interpreting	breast	MRS	are	still	evolving,	and	

clinical	trials	to	determine	the	suitability	of	using	breast	MRS	for	specific	clinical	indications	are	in	

progress.	Nevertheless,	software	and	protocols	for	acquiring	and	analyzing	breast	MRS	are	

available	today	for	many	MR	systems,	and	interested	clinicians	are	actively	assessing	this	

technology	in	their	practice.		

	

Technical	considerations	

Unlike	the	brain	and	prostate,	breast	spectra	typically	exhibit	only	a	single	metabolite	resonance.	

This	resonance	is	commonly	called	the	total	choline	(tCho)	resonance,	as	it	includes	contributions	

from	several	metabolites	including	choline,	phosphocholine	(PC),	glycerophosphocholine	(GPC),	

taurine,	myo‐inositol,	and	others.	This	resonance	is	generally	thought	of	as	an	indicator	of	cellular	

proliferation	and	is	well	established	as	a	marker	of	malignancy	in	the	brain	and	prostate.	Similarly,	

in	breast	MRS	the	goal	is	to	detect	or	measure	the	amount	of	tCho	in	breast	lesions	and	use	this	as	

an	imaging	biomarker	for	cancer	applications.	  
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A	variety	of	approaches	have	been	used	to	measure	tCho	in	the	breast	successfully.	Many	studies	

have	been	performed	using	single	voxel	spectroscopy	with	1.5T	MR	scanners	and	qualitative	

interpretation	of	the	spectra.	More	recent	studies	have	used	more	advanced	methods,	including	3T	

MR	systems,	2D	and	3D	spectroscopic	imaging,	and	quantitative	analysis	methods.	Currently,	there	

is	not	a	widely	accepted	standard	methodology,	and	the	most	appropriate	approach	may	be	

different	for	different	clinical	applications.		

Two	distinct	localization	approaches	have	been	used	for	breast	MRS.	Single‐voxel	spectroscopy	

(SVS)	has	been	most	widely	used.	SVS	uses	a	STEAM	or	PRESS	pulse	sequence	to	select	the	MR	

signal	from	a	single	cuboid	volume	called	a	voxel.	A	single	spectrum	is	produced,	which	represents	

the	average	chemical	signal	from	the	voxel.	Sequences	for	SVS	are	widely	available,	and	some	

manufacturers	provide	specific	SVS	protocols	optimized	for	breast	MRS.	An	alternative	localization	

technique	is	chemical	shift	imaging	(CSI)	or	magnetic	resonance	spectroscopic	imaging	(MRSI).	In	

this	technique,	a	larger	volume	is	excited,	and	two‐	or	three‐dimensional	phase	encoding	is	used	to	

produce	a	spatially‐resolved	grid	of	spectra.		

SVS	and	MRSI	offer	distinct	advantages	and	disadvantages	for	breast	MRS.	SVS	can	generally	

produce	better	spectral	quality,	as	it	has	better	localization	performance,	and	the	scanner	

calibrations	(B0	shim,	flip	angle,	water	and	fat	suppression)	can	be	better	optimized	over	the	

smaller	region.	However,	SVS	requires	that	the	voxel	placement	be	performed	while	the	patient	is	in	

the	scanner,	which	requires	expertise	and	can	be	difficult	to	integrate	into	clinical	workflow.		MRSI	

produces	a	grid	of	spectra,	providing	information	about	how	the	chemical	content	varies	in	space.	

This	can	be	used	to	produce	metabolite	maps	of	tCho,	and	allows	the	reviewer	to	select	the	region	

of	interest	retrospectively.	

A	variety	of	analysis	approaches	have	been	used	in	breast	MRS.	Some	studies	have	used	the	

detectability	of	a	tCho	peak	as	an	indicator	of	cancer.	To	improve	standardization,	detection	can	be	

defined	as	a	tCho	peak	above	a	pre‐determined	SNR	threshold,	most	commonly	SNR	≥	2,	but	even	

this	is	confounded	by	experimental	factors	such	as	field	strength,	breast	coil	design,	and	sequence	

parameters.			

For	better	objectivity,	it	is	desirable	to	quantify	the	level	of	tCho	in	a	region	of	interest.	This	can	be	

done	using	internal	referencing,	in	which	the	tCho	signal	is	normalized	by	the	unsuppressed	water	

signal	from	the	same	region,	or	by	external	referencing,	which	compares	the	tCho	signal	to	a	

calibration	measurement	in	an	external	phantom.	There	is	not	yet	consensus	on	which	approach	is	

preferred;	to	date	there	have	been	more	studies	using	the	internal	referencing	approach,	but	there	

is	some	vendor	support	for	the	external	referencing	approach.		

|146|



MR	Spectroscopy	of	Breast	Cancer 

©2018.	Patrick	J.	Bolan,	PhD.	Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

Several	semi‐quantitative	metrics	have	been	proposed	that	offer	greater	simplicity	than	full	

quantification,	but	improved	objectivity	over	assessing	tCho	detectability.	These	approaches	use	an	

easily	measured	parameter	–	such	as	tCho	SNR,	peak	integral,	or	peak	height	–	as	an	indicator	of	the	

tCho	level	in	the	lesion.	This	can	be	useful	for	a	controlled	single‐site	study,	or	in	longitudinal	

studies	in	which	many	experimental	factors	can	be	controlled,	but	the	results	are	not	as	

generalizable	as	with	the	fully	quantitative	methods.	Adding	additional	corrections,	such	as	

normalizing	by	voxel	volume	or	correcting	for	receive	coil	sensitivity,	brings	these	measurements	

closer	to	absolute	quantification	in	terms	of	both	generalizability	and	complexity.			

The	most	established	use	of	breast	MRS	is	to	distinguish	between	benign	and	malignant	lesions	in	

the	diagnostic	setting	using	the	elevated	tCho	level	as	an	indicator	of	malignancy.	Magnetic	

resonance	imaging	is	now	established	as	the	most	accurate	imaging	modality	for	diagnosing	breast	

cancer,	but	while	it	has	high	sensitivity	(92%),	its	specificity	is	lower	(78%)	and	more	variable	(3).	

MR	spectroscopy	has	the	potential	for	improving	the	accuracy	of	a	MR	scan	by	offering	better	

specificity.	A	substantial	body	of	work	has	investigated	the	diagnostic	performance	of	MRS	in	

breast.	A	recent	meta‐analysis	by	Baltzer	and	Dietzel	(4)	compiled	the	results	from	19	studies	and	

found	that	MRS	alone	had	combined	sensitivity	of	73%	and	specificity	of	88%.	They	also	found	that	

specificity	of	MRS	was	relatively	consistent	across	studies,	while	the	sensitivity	was	variable	–	a	

seemingly	ideal	complement	to	the	diagnostic	performance	of	MRI.		

MR	spectroscopic	measurements	of	tCho	have	also	been	used	to	monitor	response	to	neoadjuvant	

chemotherapy	(NCT)	in	breast	cancer	(5),	based	on	the	idea	that	therapy‐induced	changes	in	cell	

proliferation	should	logically	precede	anatomical	changes	measured	by	MRI.	Several	studies	have	

shown	that	decreases	in	tCho	measured	after	several	weeks	of	therapy	are	associated	with	

pathologic	response	(6–8)	and	radiologic	response	(9,10).	It	is	not	yet	clear,	however,	that	MRS	can	

separate	responders	from	non‐responders	earlier	than	MRI	(6,9,10).	While	there	have	been	some	

studies	to	the	contrary	(11),	the	abundance	of	data	suggests	that	early	decreases	in	tCho	are	

indicative	of	successful	therapy.	A	recently	completed	clinical	trial,	ACRIN	6657	MRS	extension	(12),	

was	unable	to	confirm	or	refute	the	earlier	single‐site	studies	due	to	technical	difficulty	of	

performing	MRS	in	a	multi‐site	clinical	setting.		

A	major	limitation	of	breast	MRS	is	its	low	signal‐to‐noise,	which	reduces	its	utility	for	

characterizing	small	lesions	that	are	detectable	by	MRI.	This	leads	to	lower	sensitivity	in	the	

diagnostic	setting	(13,14).	This	is	also	problematic	for	longitudinal	treatment	monitoring,	as	not	all	

lesions	exhibit	a	measurable	tCho	pre‐treatment	(6,11,15).		
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Summary	

The	future	for	using	MRS	in	diagnosing	breast	lesions	appears	promising.	Continued	work	on	

refining	acquisition	and	analysis	methods	is	required,	but	it	appears	likely	that	this	will	lead	to	a	

standardized	approach,	which	is	needed	for	setting	criteria	for	malignancy	that	can	be	generalized	

between	sites.	The	low	SNR	of	spectroscopy	is	a	serious	limitation:	MRS	does	not	seem	likely	to	be	

useful	for	diagnosing	small	lesions	(<10	mm)	that	can	be	detected	with	contrast‐enhanced	MR	

imaging.	Because	of	this,	MRS	will	remain	an	adjunct	measurement	to	MRI,	and	the	question	of	

whether	or	not	MRS	will	become	part	of	standard	clinical	practice	will	depend	on	the	ability	of	MRS	

to	add	specificity	when	combined	with	an	MRI	study.	
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Chapter	23	

Breast	MRS:	
Clinical	Utility	vs.	Technical	Challenges	

Savannah	C.	Partridge,	PhD	

	
Introduction	

Magnetic	resonance	spectroscopy	(MRS)	is	an	advanced	MR	technique	that	exploits	the	small	

differences	in	magnetic	field	in	different	chemical	compounds	to	measure	their	concentrations	in	

tissue.	MRS	can	potentially	discriminate	between	normal,	malignant,	necrotic,	or	hypoxic	tissue	

states,	and	has	actively	been	investigated	for	cancer	detection	and	characterization.	Proton	MRS		

(1H	MRS)	studies	of	the	breast	have	shown	the	metabolite	choline	to	be	elevated	in	malignant	lesions	

compared	with	benign	lesions	and	normal	breast	tissue	(1‐4).	Choline	is	known	to	be	involved	in	cell	

membrane	turnover	(phospholipid	synthesis	and	degradation)	and	is	therefore	generally	considered	

a	marker	of	cell	proliferation	and	hallmark	of	breast	and	other	cancers	in	vivo.			

	

Clinical	Utility	

MRS	has	demonstrated	potential	for	both	improving	diagnostic	accuracy	and	as	a	prognostic	

biomarker.	1H‐MRS	measures	of	choline	levels	in	suspicious	breast	lesions	have	distinguished	

benign	from	malignant	lesions	with	high	specificity	(5‐7).	A	recent	meta‐analysis	of	19	breast	

MRS	studies	including	a	total	of	1198	breast	lesions	(773	malignant,	452	benign)	found	MRS	

could	differentiate	benign	and	malignant	lesions	based	on	total	choline	(tCho)	concentration	

levels	with	a	pooled	diagnostic	sensitivity	of	73%	(95%	CI:	85%,	91%)	and	specificity	of	88%	

(95%	CI:	64%,	82%)	(8).		

Breast	MRS	measures	may	also	help	to	distinguish	disease	subtypes	based	on	metabolic	differences.	

Evaluation	of	184	breast	cancer	patients	using	single‐voxel	1H‐MRS	at	1.5T,	Shin	et	al	found	that	

tumor	tCho	measures	were	higher	in	invasive	versus	in	situ	cancers	and	correlated	with	several	

prognostic	factors	including	nuclear	grade,	histologic	grade,	and	estrogen	receptor	(ER)	status	(9).  

 

Predictive	marker?	

Beyond	lesion	characterization,	breast	MRS	may	also	provide	an	early	predictive	marker	of	

treatment	response.	Treatment‐induced	reductions	in	cell	proliferation	may	be	reflected	by	

alterations	in	tumor	choline	levels	on	MRS	before	any	detectable	changes	in	tumor	size.	 
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Compelling	results	from	Meisamy	and	colleagues	(10,	11)	using	a	4T	scanner	showed	that	acute	

decreases	in	tumor	tCho	concentration	levels	were	measurable	within	24	to	48	hours	after	the	

first‐dose	of	chemotherapy	and	correlated	with	final	post	treatment	changes	in	tumor	size.	

Numerous	other	groups	have	investigated	MRS	for	monitoring	neoadjuvant	therapy	and	many	

have	also	reported	significant	associations	between	tumor	tCho	levels	and	response	to	therapy,	

with	early	tCho	decreases	generally	predictive	of	better	pathologic	and/or	clinical	response	

(12‐15).	However,	in	a	recent	review	of	15	single	center	breast	MRS	studies,	Leong	et	al	found	

that	study	designs	and	approaches	for	MRS	acquisition,	choline	quantitation,	and	response	

determination	varied	widely,	making	comparisons	of	the	findings	across	studies	difficult	(16).	

	

Technical	challenges	

Despite	the	valuable	metabolic	information	that	can	be	obtained,	there	are	both	technical	and	

logistical	challenges	that	limit	routine	clinical	use	of	MRS	of	the	breast.	Recently	reported	findings	

of	the	multicenter	I‐SPY/ACRIN	6657	trial,	which	investigated	breast	MRS	as	a	predictive	marker	

of	treatment	response,	highlight	a	number	of	such	challenges	affecting	clinical	utility	(17).	The	trial	

evaluated	whether	early	changes	in	tCho	levels	are	reflective	of	response	in	breast	tumors	

undergoing	neoadjuvant	chemotherapy.	Despite	fairly	rigorous	study‐specific	QC	procedures	

involving	site	qualification	and	training,	poor	quality	MRS	data	eliminated	24%	of	cases	from	the	

final	analysis.	The	low	quality	was	attributed	to	multiple	factors,	including	errors	in	scanner	

adjustments	(transmit	power,	B0,	and	frequency),	poor	voxel	placement	and/or	localization	

quality,	and	patient	motion.	Furthermore,	although	the	trial	included	only	tumors	at	least	3cm	

diameter,	tCho	resonance	was	not	detected	at	baseline	in	over	a	third	(37%)	of	the	remaining	

cases.	Inability	to	detect	tCho	was	associated	with	large	voxel	sizes,	high	lipid	fractions,	and	large	

water	line	widths	(indicating	poor	B0	shimming),	suggesting	that	voxel	placement	and	avoidance	

of	adipose	tissues	were	challenging.	Biopsy	marker	clips,	present	in	all	the	study	patients,	also	

complicated	voxel	placement	and	likely	impacted	the	spectral	quality.	Notably,	the	rate	of	tCho	

detection	was	higher	in	scans	performed	at	3T	than	1.5T,	presumably	due	to	the	increased	signal‐

to‐noise	and	spectral	resolution	at	higher	field	strength.	

Most	breast	MRS	studies	to	date,	including	the	ACRIN	6657	trial,	utilized	a	single	voxel	acquisition	

approach,	which	produces	a	single	spectrum	representing	the	average	signal	from	a	3‐dimensional	

voxel.	Alternative	multi‐voxel	MRS	approaches	of	chemical‐shift	imaging	(CSI)	or	MR	spectroscopic	

imaging	(MRSI)	that	produce	a	spatially	resolved	grid	of	spectra	for	a	larger	volume	of	tissue	hold	

strong	advantages	over	single	voxel	MRS	for	improving	the	clinical	utility	of	breast	MRS	(18).	
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Perhaps	most	importantly,	MRSI	provides	wider	coverage	and	thus	reduces	the	need	for	a	priori	

knowledge	of	lesion	location	and	real‐time	expertise	for	voxel	placement	during	the	MR	scan.		

MRSI	further	provides	the	ability	to	spatially	map	tCho	distributions,	enabling	assessment	of	

multiple	lesions	simultaneously,	characterization	of	tumor	heterogeneity,	and	assessment	of	the	

extent	of	disease	infiltration	into	surrounding	tissue	(19).	However,	longer	scan	time	requirements	

and	greater	technical	challenges	with	regard	to	shimming	and	fat	suppression	versus	single‐voxel	

MRS	have	impeded	widespread	implementation	of	MRSI.	Advancements	in	MRI	hardware	and	

software	may	facilitate	expanded	use	of	this	approach	in	clinical	and	research	settings	(15,	20‐24).	

31‐Phosphorus	MRS	(31P	MRS)	also	holds	promise	as	an	alternative	approach	to	overcome	some	of	

the	current	challenges	of	breast	MRS.	31P	MRS	enables	direct	measurement	of	phosphocholine	and	

other	key	metabolites	and	avoids	issues	of	lipid	contamination	commonly	plaguing	breast	1H	MRS	

acquisitions.	However,	low	abundance	of	phosphorus	in	the	body	causes	inherently	low	signal‐to‐

noise	of	31P	MRS,	limiting	its	sensitivity	for	evaluating	smaller	or	non‐superficial	tumors.	The	

feasibility	of	the	technique	increases	at	higher	field	strengths,	as	has	been	demonstrated	by	a	recent	

study	performed	at	7T	(25),	which	may	also	improve	practical	clinical	value.		

The	ACRIN	6657	trial	further	identified	data	loss	to	be	a	significant	challenge	in	clinical	

implementation	of	breast	MRS.	In	15%	(15/102)	of	cases,	the	acquired	MRS	data	was	lost	at	sites	

prior	to	submission,	which	was	partly	attributed	to	insufficient	scanner	and	PACS	support	for	

MRS	data	formats.	This	highlights	a	need	for	integration	of	more	standardized	tools	for	handling	

and	storing	non‐image	MRS	data	in	clinical	settings	if	the	technique	is	to	be	widely	adopted.		

	

Summary	

In	summary,	MRS	techniques	can	give	unique	insight	into	tissue	metabolism	and	underlying	

biochemical	processes	that	numerous	studies	have	shown	may	hold	both	diagnostic	and	prognostic	

value	for	characterizing	breast	lesions.	However,	a	number	of	technical	and	logistical	challenges	

have	to	date	outweighed	the	potential	benefits,	continuing	to	limit	breast	MRS	to	a	research	tool.	

Single‐voxel	MRS	has	been	the	most	commonly	used	approach,	but	logistical	limitations	of	low	

spatial	resolution	and	need	for	real‐time	voxel	placement	reduce	its	usefulness	in	the	clinical	

setting.	Technical	advancements	hold	potential	to	improve	robustness	of	multi‐voxel	MRSI	

techniques,	which	would	offer	advantages	over	single‐voxel	MRS	of	improved	spatial	resolution,	

coverage,	and	flexibility	of	voxel	placement	in	post‐processing	and	could	dramatically	improve	

feasibility	for	clinical	implementation	of	breast	MRS.		
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Chapter	24	

Challenges	and	Benefits	of		
Ultra‐High	Field	(7T)	Breast	MRI	

Patrick	J.	Bolan,	PhD	

	

Introduction	

The	first	ultra‐high	field	(≥300MHz)	human	MR	systems	were	installed	in	the	late	1990s,	motivated	

by	the	promise	of	high	signal‐to‐noise.	In	the	years	following,	more	and	more	research	groups	have	

installed	such	systems	and	have	found	tremendous	advantages	over	3T	and	lower	field	systems,	

particularly	in	head	imaging.	Today,	there	are	more	than	fifty	7T	scanners	installed	world‐wide,	and	

this	has	become	the	premier	platform	for	neuroimaging	research.	In	2017,	one	commercial	vendor	

received	both	FDA	and	CE	approval	for	a	clinical	7T	MR	systems,	with	indications	limited	to	imaging	

the	CNS	and	extremities.	Researchers	have	also	demonstrated	the	feasibility	and	potential	

advantages	of	using	7T	for	body	and	breast	imaging.	This	presentation	will	review	the	primary	

benefits	and	challenges	of	performing	breast	MRI	on	7T	systems.	

	

Benefits	of	imaging	at	7T	

The	most	obvious	and	compelling	benefit	of	a	7T	MR	scanner	is	the	increased	signal‐to‐noise	

(SNR)	that	high	B0	fields	can	provide.	From	physical	principles,	it	can	be	shown	that	SNR	with	

increasing	B0	field,	with	predicted	gains	varying	from	linear	(B0)	to	nearly	quadratic	(B01.75	)	

scaling	(1).	In	practice,	the	exact	increase	in	SNR	is	difficult	to	determine	for	a	general	case,	as	the	

practical	SNR	depends	greatly	on	the	design	of	the	radiofrequency	transmit	and	receive	coils.	A	

study	of	established	RF	coil	designs	for	neuroimaging	applications	has	shown	a	scaling	of	B01.75,	

which	would	give	a	4x	increase	in	SNR	when	going	from	3T	to	7T	(2).	Studies	done	with	breast	

MRI	by	various	groups	have	reported	SNR	increases	of	2.4x	[Gruber	2016]	to	up	to	6x	(3–5)	

relative	to	3T,	depending	on	the	position	in	the	breast.	Despite	the	variations	in	RF	coil	design,	

these	studies	all	indicate	an	SNR	gain	substantially	greater	than	2,	which	is	notably	greater	than	

the	gain	from	1.5T	to	3T	most	radiologists	are	familiar	with.		

A	second	major	benefit	of	ultra‐high	fields	is	the	increase	in	parallel	imaging	performance.	At	

higher	fields	the	RF	wavelength	in	tissue	decreases	proportionally,	and	at	7T	it	is	approximately	

~13	cm	in	aqueous	tissues,	compared	to	27	cm	at	3T	(6).	This	shorter	wavelength	is	on	the	order	
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or	smaller	than	the	human	body,	and	because	of	this	the	receive	RF	field	(i.e.,	the	B1‐	field)	has	

greater	spatial	variation.	This	structure	gives	improved	sensitivity	profiles	for	multi‐coil	receive	

arrays,	and	this	can	be	exploited	for	more	aggressive	parallel	imaging.	The	parallel	imaging	

performance	can	be	characterized	by	so‐called	g‐factor	maps,	which	show	how	much	noise	

amplification	is	produced	by	a	parallel	imaging	acquisition	for	a	given	acceleration	factor	(7).	

Theoretical	and	experimental	studies	have	shown	that	the	g‐factor	maps	improve	dramatically	for	

fields	where	the	wavelength	is	smaller	than	the	object	being	imaged.	For	breast	imaging,	where	

the	limiting	object	size	is	the	patient	width	(typically	28‐36	cm),	the	shorter	wavelengths	at	7T	

should	allow	1.5x	faster	acceleration	than	at	3T	for	the	same	noise	penalty.	Such	increases	in	

parallel	imaging	performance	have	been	confirmed	experimental	for	several	7T	breast	coil	

designs	(8,9).		

Note	that	the	increase	in	parallel	imaging	performance	is	independent	of	the	increase	in	SNR.	

The	combination	of	these	two	features	is	highly	complementary,	providing	additional	

flexibility	that	can	be	used	to	optimize	acquisitions	for	higher	spatial	resolution,	higher	

temporal	resolution,	and	for	reduced	artifacts	(especially	for	DWI	scans	using	echo‐planar	

imaging).		

	

Challenges	of	imaging	at	7T	

While	these	benefits	are	appealing,	the	advancement	of	7T	breast	MR	imaging	faces	several	

challenges.	The	most	critical	problem,	which	impacts	all	body	imaging	including	breast,	is	the	

difficulty	of	producing	uniform	flip	angles.	The	same	reduction	in	wavelength	that	makes	parallel	

imaging	so	much	better	also	makes	the	creation	of	uniform	transmit	fields	highly	challenging.	This	

has	been	an	active	topic	of	high‐field	research	for	the	last	10	years.	One	solution	is	static	B1	

shimming,	which	uses	an	array	of	transmit	RF	coils,	and	seeks	to	adjust	the	phase	and	amplitude	of	

each	transmit	element	to	make	the	transmit	field	as	uniform	as	possible	in	a	targeted	region	(10,11).	

Another	approach	is	using	specially	optimized	RF	pulses	with	a	single‐channel	transmit	system,	such	

as	the	TOFU	pulse	technique	(12).	More	advanced	approaches	utilize	both	parallel	transmit	

techniques	and	RF	pulse	optimization	to	produce	more	uniform	excitations.	These	methods	generally	

come	at	a	cost	of	greater	complexity,	increased	hardware	requirements,	additional	calibration	scans,	

and	increased	SAR.		

A	second	technical	barrier	is	the	increased	difficulty	in	shimming	the	B0	field.	The	local	

susceptibility‐induced	field	variations	increase	linearly	with	increasing	nominal	B0	field	strength.	

While	the	increased	spectral	dispersion	(the	spread	between	water	and	fat)	also	increases,	the	
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increased	B0	variation	can	lead	to	signal	dropout	and	image	distortion,	especially	in	diffusion	

weighted	imaging	sequences	that	use	echo	planar	imaging.	Methods	to	maintain	good	fat	

suppression	and	manage	these	field	variations	are	an	active	area	of	research	(13–15).	

	

Summary	

Despite	these	formidable	challenges,	several	research	groups	have	been	very	active	in	developing	

methods	and	assessing	the	potential	clinical	value	of	7T	breast	MRI.	The	team	from	Vienna	has	

performed	several	comparisons	of	clinical	performance	between	3T	and	7T,	focusing	on	both	

contrast‐enhanced	MRI	(16)	and	DWI	(17)	methods.	While	technical	limitations	are	evident,	these	

studies	show	that	7T	is	feasible	and	is	non‐inferior	to	3T.	A	group	from	Utrecht	has	also	performed	

clinical	3T	vs.	7T	comparisons	and	found	similarly	encouraging	results	(18).	This	team	has	also	

focused	on	the	development	of	methods	for	performing	MR	spectroscopy	using	both	1H	and	31P	

nuclei	(19–21).	The	possibility	of	using	31P	MRS	is	particularly	exciting,	as	it	gives	clinically	valuable	

information	about	metabolism	and	is	not	hampered	by	large	resonances	from	lipids,	which	make	1H	

MRS	challenging.		
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Chapter	25	

The	Future	of	MRI	Screening,	Diagnosis	and	Therapy	Based	
on	a	New	Small	Breast	MRI	Scanner	

Michael	T.	Nelson,	MD,	FACR	

	

The	ability	of	breast	MRI	to	become	a	stable	mainstream	imaging	tool	depends	on	several	parameters:	

1. The	cost	of	the	magnet	must	compete	with	existing	methods	and	costs	for	breast	cancer	
screening	and	diagnosis.	

2. The	MRI	breast	unit	must	be	stable	and	have	a	small	footprint	as	to	fit	into	existing	Breast	
Centers.	

3. The	MRI	breast	unit	must	be	easy	to	operate	and	cryogen	costs	should	be	minimal	(no	helium	
needed	for	cooling).	

4. The	MRI	breast	results	(sensitivity	and	specificity	must	be	equal	to	or	better	than	existing	
models)	

5. The	exam	must	be	fast	and	comfortable	for	the	patient.	

6. The	unit	must	be	stable	and	on	existing	electrical	 grid.	

	

In	2015,	President	Obama	initiated	the	brain	imaging	initiative	with	1	billion	dollar	investment.	

A	light	weight	inexpensive	(Tomo	SWIFT)	magnet	was	developed	on	a	brain	initiative	grant	at	

the	Center	for	Magnetic	Resonance	Research	(CMRR)	at	the	University	of	Minnesota,	using	new	

stereo	SWIFT	software	and	updated	hardware	using	an	inhomogeneous	hardware.		 	

|161|



The	Future	of	MRI	Screening,	Diagnosis	and	Therapy	
Based	on	a	New	and	New	Small	Breast	MRI	Scanner	

©2018.	Michael	T.	Nelson,	MD,	FACR.	Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

	

This	development	led	to	a	4T	magnet	modeling	of	existing	imaging	for	brain	and	breast.	An	eleven‐

minute	SWIFT	breast	sequence	was	developed,	and	30	patients	were	completed.	The	breast	sequence	

included	a	6	minute	gradient	echo	with	gadolinium.  

The	initial	images	showed	after	post‐

processing	that	benign	and	malignant		

tumor	could	be	imaged	with	0.67mm	

isotropic	scan.	Gadolinium	could	be	imaged	

entering	larger	tumors	and	time	sequence	

studies	could	be	obtained.	

Compression	sensing	reconstruction	was	

obtained,	and	all	breast	cases	were	compared	

to	DCE	imaging	of	the	same	breast	lesions.	

The	stereo	SWIFT	software	and	

reconstruction	can	produce	high	temporal	

resolution	DCE	and	high	morphologic	images	

from	the	same	scan	in	a	short	2‐4	minute	

scan.	The	data	set	can	be	reviewed	using	

compressed	sensing	reconstruction. 	
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Other	advantages	of	SWIFT/Tomo	breast	imaging:	

1. The	MRI	is	totally	quiet.	No	noise!	Unlike	present	gradient	echo	MRI.	

2. The	SWIFT/Tomo	MRI	unit	can	visualize	bone,	lung,	titanium	joints,	and	ear	(infection).	

3. The	MRI	unit	is	able	to	do	spectroscopy	in	vivo	1H	using	a	surface	transceiver	coil.	

4. The	application:	

a. Small	light	weight	magnet	–	400	pounds	

b. Can	be	sited	using	self‐shielded	magnet	with	a	Faraday	cage	(screened	copper	porch)	

c. Can	be	used	in	mobile	truck	–	clinics	and	hospitals.	

5. Other	applications	of	Tomo/SWIFT	

a. Dental	imaging	

b. MSK	mobility	imaging	

c. Whole	body,	metastatic	imaging	for	tomos	

d. Oncology	imaging	for	all	cancers	

e. May	be	used	with	other	novel	contrast	agents	(Iron	chloride,	micro	………)	

f. Can	be	made	to	heat	from	cholate	particle	in	Io	KV	tumor	cells	(melanoma).	May	force	
nano	therm	therapy	clinical	trial	completed	20K,	European	Union.	

	

Conclusion	

 Tomo/SWIFT	breast	MRI	is	being	developed	at	the	University	of	Minnesota,	CMRR.	The	first	
model	scanner	is	part	of	NIH	grant	(NIH	1U01EB025153)	for	brain	imaging.	The	prototype	
model	will	be	completed	later	this	year	for	NCI	neuroimaging.	

 A	Tomo/SWIFT	magnet	is	under	development	with	similar	parameters	to	the	neuro	tomo	unit	
for	breast	imaging.	

 Breast	imaging	will	be	fast,	quiet,	tomo	imaging	with	and	without	gadolinium	contrast	will	
take	approximately	4	minutes.	The	images	under	modelling	are	equal	to	1.5T	GRF	bright	
images.	

 The	latest	models	show	a	10x	reduction	in	time	and	costs	over	existing	methods.		
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Chapter 26 

Radiomics	and	Deep	Learning	in	Breast	MRI	
	
Maryellen	L.	Giger,	PhD	

	

Introduction	

Adapting	the	Precision	Medicine	Initiative	into	imaging	research	includes	studies	in	both	discovery	

and	translation.	Discovery	is	a	multi‐disciplinary	data	mining	effort	involving	researchers	such	as	

radiologists,	medical	physicists,	oncologists,	computer	scientists,	engineers,	and	computational	

geneticists.	Quantitative	radiomic	analyses	are	yielding	novel	image‐based	tumor	characteristics,	

i.e.,	signatures	that	may	ultimately	contribute	to	the	design	of	patient‐specific	breast	cancer	

diagnostics	and	treatments.	The	focus	here	is	on	the	quantitative	image	analysis	of	images	

“clinically	and	routinely”	obtained	on	the	population.	We	want	to	ask	questions	about	the	

relationships	between	features	“seen”	in	the	breast	MRI	and	the	biology	of	cancer	so	that	eventually	

we	can	give	the	right	patient	the	right	treatment	at	the	right	time.	
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The	role	of	quantitative	radiomics	continues	to	grow	beyond	computer‐aided	detection,	with	AI	

methods	being	developed	to	(1‐10):		

a. quantitatively	characterize	the	radiomic	features	of	a	suspicious	region	or	tumor,	
e.g.,	those	describing	tumor	morphology	or	function	

b. merge	the	relevant	features	into	diagnostic,	prognostic,	or	predictive	image‐based	
signatures	

c. estimate	the	probability	of	a	particular	disease	state	

d. retrieve	similar	cases	

e. compare	the	tumor	in	question	to	thousands	of	other	breast	tumors		

f. explore	imaging	genomics	association	studies	between	the	image‐based	
features/signatures	and	histological/genomic	data	

Ultimately	translation	of	discovered	relationships	will	include	applications	to	the	clinical	

assessments	of	cancer	risk,	prognosis,	response	to	therapy,	and	risk	of	recurrence.	

Investigators	are	exploring	how	MRI	can	capture	the	phenotypic	differences	and	heterogeneity	

within	tumors	to	answer	questions	regarding	prognostic	prediction,	targeted	therapy,	and	

integration	with	genomics	(6‐10).	Advances	in	machine	learning	are	allowing	for	these	computer‐

extracted	features	(phenotypes),	both	from	clinically‐driven,	hand‐crafted	feature	extraction	

systems	and	deep	learning	methods,	to	characterize	a	patient’s	tumor	via	“virtual	digital	biopsies.”	

Virtual	biopsies	are	not	being	developed	to	replace	actual	biopsies	but	to	learn	from	actual	biopsies,	

and	then	to	be	used	when	an	actual	biopsy	is	not	practical	such	as	during	screening	or	in	repeated	

assessments	of	therapeutic	response.		
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Computer‐extracted	radiomic	features	have	been	developed	and	used	for	decades	in	CADe	and	

CADx,	and	include,	for	example,	lesion	shape,	parenchymal	texture,	tumor	margin	irregularity,	lesion	

size,	contrast	uptake	and	washout	(kinetics),	and	texture	of	contrast	uptake	heterogeneity	(2,	3).	

These	are	referred	to	here	as	“conventional	CAD/radiomics.”	

Deep	learning	is	also	being	investigated	as	a	means	to	yield	radiomic	features	through	transfer	

learning,	in	which	patterns	(features)	are	learned	directly	from	the	input	MR	image	data.	The	

process	is	often	implemented	through	convolutional	neural	networks	(CNN).	Layers	of	the	CNN	and	

their	“hidden”	feature	may	yield	descriptors	useful	in	medical	decision	making.	Interestingly,	CNNs	

were	used	in	CAD	in	the	1990s;	however,	now	with	deeper	CNNs	and	advanced	computers,	the	use	

in	medical	image	analyses	is	rapidly	expanding	(11).	Thus,	many	of	the	“lessons	learned”	from	CAD	

research	and	usage	are	quite	applicable	to	the	current	development	of	deep	learning	methods	for	

medical	decision	making.	

The	use	of	CNNs	in	the	analysis	of	breast	MR	images	has	expanded	with	investigators	

incorporating	both	the	temporal	and	3D	spatial	information	available	from	an	MRI	exam,	as	well	as	

combining	it	with	analyses	with	conventional	radiomics	(12‐13).	Through	novel	methods	of	input	

to	the	CNNs,	MR	images	of	multiple	time	points	as	well	as	MIPs	can	be	used	to	augment	the	data	

(14).	In	addition,	additional	networks,	beyond	CNNs,	are	being	employed,	such	as	recurrent	neural	

networks,	to	include	the	4D	MIR	data.	(15)		
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Summary	

In	conclusion,	for	radiomics	and	deep	learning	to	progress	in	medical	imaging	decision	making,	we	

need	to	include	both	discovery	and	application	stages.	Ultimate	clinical	use	will	most	likely	include	

a	combination	of	conventional	radiomics	and	deep	learning	as	an	aid	to	the	radiologist.	Also,	

continued	efforts	are	needed	in	relating	actual	biopsies	to	virtual	biopsies.	
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Chapter	27	

Phenotypic	Biomarkers	of	Intra‐tumor	
Heterogeneity	

Despina	Kontos,	PhD	

	

Introduction	

As	new	options	for	breast	cancer	treatment	become	available,	including	neoadjuvant	

chemotherapy,	endocrine	treatment,	and	targeted	therapies,1‐3	it	is	critical	to	provide	accurate,	

clinically	relevant	methods	to	identify	women	who	will	benefit	most	from	treatments	that	can	

maximize	their	benefit‐to‐risk	ratio.4‐7	Prognostic	assessment	is	a	key	component	of	personalized	

treatment.8,	9	Breast	cancer	prognosis	has	historically	been	determined	by	tumor	histopathology	

(i.e.,	size,	grade,	stage,	nodal	status)	and	immunohistochemistry	(i.e.,	estrogen	and	progesterone‐

receptors	(ER/PR)	and	human	epidermal	growth	factor	receptor	2	(HER2).4,	10,	11	Using	these	factors	

to	predict	survival	and	benefit	from	treatment	can	guide	optimal	treatment	selection.12,	13	Adjuvant!	

Online	is	a	widely	used	software	tool,	which	incorporates	such	prognostic	indicators	to	predict	10‐

year	survival	and	benefit	from	adjuvant	therapy.11,	12	Validation	of	the	Adjuvant!	Model.13‐15	has	

revealed	that	prognostic	assessment	based	solely	on	these	factors	is	far	from	perfect,	suggesting	

that	up	to	30%	of	women	are	currently	over‐	or	under‐	treated,	sustaining	unnecessary	side‐effects	

and	treatment	failures.16		

	

Molecular	profiling	

Recent	advances	in	the	detailed	molecular	profiling	of	tumors	have	enabled	the	introduction	of	a	

number	of	genomic	assays	into	oncology	practice.8,	17‐23	Commercial	tests	are	now	available	based	

on	measurement	of	mRNA	using	microarray	chip	technology	(e.g.,	MammaPrint,	Agendia)	or	RNA	

analysis	using	quantitative	reverse	transcription	polymerase	chain	reaction	(RT‐PCR)	(e.g.,	

Oncotype	DX,	Genomic	Health).24‐26	Typically	measuring	7‐70	genes,	these	assays	rely	on	genes	

reflecting	hormone	receptor	status,	cell	proliferation,	luminal	marker	expression,	and	other	

molecular	features	to	generate	a	composite	score	for	prognosis.24	The	technologies	offer	different	

advantages:	microarrays	have	the	capacity	to	evaluate	many	genes,	yet	typically	require	fresh	or	

fresh‐frozen	tissue,	while	RT‐PCR	is	generally	limited	to	fewer	genes	but	is	compatible	with	

formalin‐fixed	paraffin	embedded	(FFPE)	tissue.27,	28	Advances	in	recent	years	have	allowed	for	

reliable	high‐throughput	gene	expression	analysis	of	FFPE	tissue	using	either	microarrays	
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(i.e.,	Affymetrix)	or	highly	multiplexed	RT‐PCR	platforms	(i.e.,	DASL,	Illumina)	in	the	laboratory	

setting,	enabling	the	use	of	large	numbers	of	clinically	archived	tissues.29,	30	More	recently,	whole	

transcriptome	profiling	of	FFPE	tissue	by	next	generation	RNA‐sequencing	(RNA‐Seq)	has	been	

used	to	assess	prognosis	and	treatment	response.31,	32	These	molecular	diagnostics	hold	promise	for	

improving	personalized	cancer	treatment	and	enabling	critical	research	to	establish	efficacy,33	cost	

effectiveness,34,	35	and	assessment	of	quality	and	discordance.36,	37		

	

Tumor	heterogeneity:	Clinical	implications	and	current	limitations		

While	on‐going	work	will	refine	the	use	of	existing	tests,	inherent	limitations	persist.	It	is	

increasingly	accepted	that	breast	cancers	are	highly	heterogeneous,	with	significant	cell‐to‐cell	

genomic	differences	present	within	even	small	tumors.38	While	challenging	to	measure	clinically,	

intra‐tumoral	genomic	heterogeneity	–	coupled	with	epigenetic	changes	and	the	dynamic	plasticity	

of	the	tumor	microenvironment–	is	increasingly	recognized	as	a	key	factor	in	tumor	progression	

and	treatment	response.38,	39	Evidence	suggests	that	more	heterogeneous	tumors	have	worse	

prognosis	and	are	more	likely	to	exhibit	treatment	resistance.40	Currently,	tumor	heterogeneity	is	

not	routinely	assessed	clinically.41	Histopathologic	and	molecular	tumor	assessment	is	primarily	

based	on	the	analysis	of	selected	histological	sections	from	an	excised	tumor,	or	from	core	tissue	

biopsies.	While	useful	for	diagnosis,	prognosis	and	initial	therapy	selection,	such	small	tissue	

samples	cannot	fully	capture	the	heterogeneity	of	an	entire	tumor,40,	42‐44	resulting	in	incomplete	

information	to	guide	prognostication	and	treatment.45	

	

The	emerging	role	of	imaging	as	a	prognostic	and	predictive	biomarker		

A	promising	new	avenue	to	improve	prognostic	and	predictive	assessment	is	incorporating	

imaging	biomarkers.46‐50	Imaging	is	increasingly	used	routinely	for	breast	cancer	screening,	

diagnosis,	staging,	and	treatment,51,	52	offering	new	insight	into	anatomical	and	functional	

properties	of	tumors.53	Screening	mammography	is	recommended	for	women	40	years	of	age	and	

older	by	the	American	Cancer	Society,54	with	screening	MRI	as	a	supplement	in	high‐risk	

women.54,	55	Screening	ultrasonography	(US)	may	also	be	performed	on	women	with	dense	breast	

tissue,56	although	recommendations	for	widespread	use	are	currently	pending	further	studies	to	

establish	sensitivity	and	specificity	for	malignancy.57	Diagnostic	evaluation	commonly	includes	

mammography	with	sonographic	evaluation	to	further	characterize	abnormal	mammographic	or	

clinical	symptoms.	MRI	may	also	be	used	in	the	diagnostic	setting	for	“problem	solving”.	

Establishing	extent	of	disease	for	newly	diagnosed	cancers	is	based	on	information	from	

diagnostic	imaging	and	clinical	evaluation,58	as	well	as	DCE‐MRI	in	some	centers.59		 	
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In	the	neoadjuvant	setting,	DCE‐MRI	has	been	shown	to	be	superior	to	clinical	breast	

examination,	digital	mammography	and	sonography	in	assessing	response	to	treatment.60,	61	The	

different	imaging	modalities	offer	complementary	information:	digital	mammography	and	

tomosynthesis	provide	high‐resolution	anatomical	assessment;	DCE‐MRI	captures	functional	

properties	related	to	angiogenesis	and	perfusion	and	estimates	tumor	extent	better	than	

mammography;58	ultrasound	reflects	tissue	elasticity	and	allows	for	lesion	localization	during	

biopsy;	and	positron	emission	tomography	(PET)	captures	metabolic	tumor	properties.62		

While	imaging	has	traditionally	been	used	for	screening	and	diagnostic	evaluation,63‐66	studies	

increasingly	suggest	a	role	as	a	prognostic	and	predictive	marker.48,	49,	67‐77	Early	studies	mainly	

used	MRI	or	PET	and,	recently,	mammography	or	US.74,	78‐80	For	example,	DCE‐MRI	morphologic	

and	kinetic	features,	such	as	tumor	shape,	size,	spiculation,	and	contrast	enhancement,80‐82	have	

been	shown	to	be	associated	with	histopathologic	markers	of	aggressiveness	and	probability	of	

recurrence.83‐88	Sonographic	features,	such	as	mass	lobulation,	echo	attenuation,	and	vascularity	

of	triple‐negative	breast	cancer,	which	has	significantly	worse	prognosis	than	other	subtypes,89	

appear	to	have	a	distinct	imaging	..	Tumor	metabolism	and	perfusion	as	measured	by	PET	also	

differ	by	breast	cancer	subtype,91,	92	and	can	offer	prognostic	stratification.93	Studies	have	also	

shown	that	early	treatment	changes	in	tumor	measurements	assessed	by	DCE‐MRI	are	predictive	

of	treatment	response	and	overall	survival.94‐96	Recently,	our	studies,97	along	with	colleagues	in	

the	field,98,	99	have	shown	that	intrinsic	imaging	phenotypes	exist	for	breast	cancers	that	correlate	

with	prognostic	gene	expression	profiles	and	treatment	response.100		

As	imaging	is	increasingly	used	in	routine	care,	there	is	a	unique	opportunity	to	leverage	rich	

information	from	readily	available	data,	providing	potentially	substantial	added	biomarker	value	

at	low	added	cost.	Ultimately,	decoding	the	phenotypic	information	captured	by	imaging,	and	

integrating	it	with	emerging	genomic	signatures	and	clinical	biomarkers,	holds	the	promise	to	

improve	prognostic	and	predictive	assessment,	resulting	in	more	informed	clinical	decision	

making	for	personalized	breast	cancer	treatment.	

	

Computational	approaches	for	characterizing	intra‐tumor	heterogeneity		

While	progress	has	been	made	in	characterizing	tumor	heterogeneity	by	imaging,39	most	

approaches	remain	limited	by	either	using	aggregate	measures,	focusing	only	on	tumor	“hot‐

spots”,	or	treating	the	tumor	as	relatively	homogeneous.60,	101,	102	In	addition,	while	a	lot	of	related	

research	is	on‐going,98,	99	most	studies	to	date	have	focused	on	examining	associations	between	

imaging	and	surrogate	prognostic	endpoints	rather	than	actual	patient	outcomes	(e.g.,	using	

surrogate	markers	such	as	tumor	stage,	grade,	nodal	status,	molecular	subtypes,	etc.83‐88).	
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While	this	is	an	important	first	step,	it	does	not	permit	determination	of	whether	imaging	has	

independent	prognostic	value,	or	if	it	is	merely	a	phenotypic	surrogate	of	other	underlying	tumor	

markers	already	in	routine	clinical	use.		

	

Summary	

This	talk	will	review	novel	computational	tools	developed	by	cutting‐edge	research	aiming	to	

capture	tumor	heterogeneity69,	103,	104	and	outperform	standard	measures.	Recent	approaches	have	

also	utilized	unsupervised	clustering,	similar	to	that	used	for	bioinformatics	and	gene	expression	

analysis,	while	adapted	for	“radiogenomics,”105	to	detect	intrinsic	imaging	phenotypes	for	breast	

cancer	tumors	with	distinct,	quantifiable	patterns.	Our	study	in	Radiology69	suggests	that	such	

imaging	phenotypes	correlate	with	prognostic	gene	expression	profiles.	Finally,	such	fully‐

automated	measures	can	provide	quantitative	imaging	descriptors	that	eliminate	the	subjectivity	of	

qualitative	visual	assessment	(e.g.	BIRADS).106		
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Chapter	28	

Using	MRI	as	a	Biomarker:	How	it	has	Changed	
Medical	Research	(Upgrade	on	ISPY-2)	

Michael	T.	Nelson,	MD,	FACR	

	

The	MRI	imaging	of	breast	cancers	in	neoadjuvant	chemotherapy	has	changed	oncology	research	

by	allowing	an	in	vivo	measurement	of	the	response	to	neoadjuvant	chemotherapy.	

By	using	MRI	studies,	the	Radiologist	and	Oncologists	can	measure	the	neoadjuvant	response	

using	these	three	methods:	

1. Longest	diameter	of	the	tumor	

2. Volumetric	contrast	imaging	In	vivo	

3. Choline	measurement	with	MRS	Spectroscopy	

	

	 	

Example	of	a	volumetric	report	
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The	ACRIN	6657	multisite	MRS	Trial	was	completed	in	2016	and	reported	in	2017.1	

ISPY	trial	was	initiated	for	ISPY-2	enrollment.	

1. 1000	patients	studied	using	MRI	and	pathology	biopsies	during	neoadjuvant	chemotherapy	

2. Pathology	complete	response	predicts	

a. Event	free	and	distant	disease	free	survival	–	“San	Antonio	Breast	Cancer	Symposium	
Dec	5-9,	2017”;	Annals	of	San	Antonio	Breast	Cancer	Symposium.	

3. Adaptive	trial	was	initiated.	

4. ISPY	2	“The	right	drug,	the	right	patient,	the	right	time.”	

5. Examples	of	drugs	used	in	ISPY2	trial	will	show	that	11	agent	chemotherapy	combinations	
were	used	and	

6. Five	drugs	have	graduated	from	ISPY2	and	have	been	approved	by	the	FDA.	

	

Pathologic	complete	response	(PCR)	as	an	end	point	to	enable	rapid	evaluation	of	novel	therapy	drug	

combinations	and	can	accelerate	the	identification	of	effective	and	potentially	less	toxic	regiments.	

	

The	Future	of	ISPY2	

The	New	Standard:	

1. Achieve	PCR	through	any	therapy	for	any	sub-type	is	a	good	end	point.	

2. Develop	minimally	invasive	techniques	(MRI	and	core	biopsy)	to	identify	PCR	prior	to	
definite	surgery.	

a. Validate	robust	MRI	and	tissue	predictors	of	PCR	
b. Stop	or	decrease	toxic	chemotherapy	(AC)	if	prior	PCR	obtained	early.	

3. Re-assign	patients	to	new	therapies	if	PCR	is	not	obtained.	Validate	robust	MRI	and	tissue	
predictors	of	non-PCR.	

a. Assign	new	therapies	based	on	molecular	profiling	of	tumor	and	link	to	(investigational	
agents)	

The	ISPY2	adaptive	trial	has	changed	clinical	research	for	Radiology,	Surgery,	and	Oncology.	Future	

breast	cancer	research	will	rely	on	accurate	genomics	of	all	breast	tumors.	

Novel	drug	is	matched	genomically	thru	analysis,	then	the	neoadjuvant	chemotherapy	will	get	CPR	

in	two	to	four	cycles	of	chemotherapy.	

There	are	over	400	novel	drugs	waiting	to	enter	this	trial.	If	funding	is	available	(NIH),	then	trials	

may	continue	until	all	drugs	are	examined.   

|182|



Using	MRI	as	a	Biomarker:	How	it	has	Changed	Medical	Research	(Upgrade	on	ISPY-2) 

©2018.	Michael	T.	Nelson,	MD,	FACR.	Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	 

Conclusion	

Six	drugs	have	graduated	to	FDA	approval	by	being	matched	genomically,	and	the	novel	drug	would	

be	considered	for	approval	based	on	the	subtyping	response	of	ten	patients	instead	of	thousands.	

The	new	era	of	drug	evaluation	ISPY-1,	ISPY-2,	and	ISPY-3	will	continue	to	change	the	research	

protocols	for	new	novel	drugs	using	an	adaptive	trial	such	as	ISPY-2.	

Neoadjuvant	chemotherapy	if	successful	can:	

1. Prevent	systemic	disease	

2. Downsize	tumor	size	

3. Get	PCR	with	genomically	matched	chemotherapy	

4. Accelerate	drug	FDA	approval	

5. Allow	early	chemotherapy	agent	changes	if	the	drug	combination	does	not	reach	PCR	
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Chapter	29	

Quantitative	Methods	for	Clinical	Trials	

Patrick	J.	Bolan,	PhD	

	

Introduction	

In	recent	years	there	has	been	increasing	interest	in	the	development	of	quantitative	imaging	

methods	to	augment	or	supplant	conventional	radiologic	interpretation.	Quantitative	methods	can	

offer	increased	objectivity	and	standardization,	enable	better	statistical	treatment	of	data,	and	

provide	stronger	evidence	of	clinical	efficacy	than	more	subjective	imaging	methods.	These	

characteristics	are	perhaps	more	important	for	clinical	trials	than	for	routine	clinical	practice,	as	

trials	need	reproducible	evidence	to	address	a	focused	question,	whereas	clinical	practice	must	

incorporate	many	additional	factors	to	guide	clinical	decision	making.			

The	resulting	measurement	from	a	quantitative	imaging	study	is	often	referred	to	as	a	quantitative	

imaging	biomarker	(QIB),	an	analogy	to	the	well‐established	practice	of	developing	and	validating	

biomarkers	from	laboratory	assays	(e.g.,	WBC,	HER2	positivity,	CA‐125).	A	practical	definition	of	a	

QIB	is	an	“…	objective	characteristic	derived	from	an	in	vivo	image	measured	on	a	ratio	or	interval	

scale	as	an	indicator	of	normal	biologic	processes,	pathogenic	process,	or	a	response	to	a	

therapeutic	intervention”	(1).	Note	in	this	definition	the	need	for	measurability	on	a	quantitative,	

continuous	scale,	which	is	fundamentally	different	from	a	categorical	variable	(e.g.,	BI‐RADs	density	

1‐4).	This	measurability	is	an	important	to	the	value	of	the	QIB,	as	it	enables	stronger	statistical	

treatment	of	the	results.	

	

Quantitative	methods	

Magnetic	resonance	imaging	offers	a	wide	range	of	potential	QIBs	that	are	relevant	to	breast	cancer.	

Dynamic	contrast‐enhanced	imaging	can	be	measure	several	aspects	of	contrast	agent	update	that	

can	be	characterized	by	pharmacokinetic	modeling	(e.g.,	ktrans,	kep)(2)	or	more	heuristic	analyses	

(IAUC(3,4),	SER(5),	FTV(6)).	Anatomical	or	Dixon‐based	imaging	can	produce	valuable	measures	of	

gland	volume	and	breast	volumetric	density	(7).	Diffusion	weighted	imaging	can	measure	the	

apparent	diffusion	coefficient	(ADC),	diffusion‐tensor	based	metrics	(e.g.,	fractional	anisotropy,	

mean	diffusivity)(8),	flow	metrics	using	the	intravoxel	incoherent	motion	(IVIM)	theory	(apparent	

diffusion	D*,	perfusion	fraction	fp)(9),	and	metrics	from	non‐gaussian	diffusion	models	(10).		
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Magnetic	resonance	spectroscopy	is	most	commonly	used	to	provide	a	measure	of	the	concentration	

of	choline‐containing	compounds	([tCho],	SNRtCho)	(11,12),	but	can	also	be	used	for	fat	fraction,	fat	

composition	metrics	(13),	and	measurements	of	water	relaxivity	(T2,	T2*)	(14).		

In	addition	to	these	fundamental	metrics,	texture‐based	methods	can	be	used	to	extract	numerous	

metrics	that	seek	to	capture	patterns	of	spatial	variation	on	anatomical	or	calculated	images,	or	

combine	metrics	to	create	new	ones,	as	commonly	done	in	radiomics	(15).	

Imaging	researchers	are	continuously	developing	new	potential	QIBs,	but	a	number	of	these	metrics	

have	reached	sufficient	maturity	that	they	are	available	from	commercial	vendors	(MR	systems	

providers	and	3rd	party	analysis	systems)	with	regulatory	approval	for	clinical	applications.	

Examples	of	such	QIBs	are	ADC,	proton	density	fat	fraction	(PDFF),	relaxation	rates	(T1/T2/T2*),	

and	parameters	from	pharmacokinetic	modeling	of	contrast‐enhanced	studies.		

Several	collaborative	groups	have	been	formed	to	facilitate	the	advancement	of	quantitative	imaging.	

The	most	prominent	of	these	is	the	Quantitative	Imaging	Biomarkers	Alliance	(QIBA)	(16),	organized	

by	the	RSNA.	This	group	has	sought	to	develop	biomarker‐specific	‘profiles’	to	give	guidance	for	

standardizing	QIB	usage.	Additionally	their	Metrology	Working	Group	has	jointly	authored	a	series	

of	journal	articles	to	standardize	terminology	and	statistical	considerations	of	quantitative	imaging	

(1,17–20).	Another	influential	group	is	the	Quantitative	Imaging	Network	(QIN)	sponsored	by	the	

NCI’s	Cancer	Imaging	Program	(21),	which	is	a	grant‐supported	network	of	institutions	seeking	to	

advance	and	share	tools	for	quantifying	cancer	treatment	response.		

From	these	efforts	of	these	consortia	as	well	as	many	independent	researchers	in	the	area,	there	

have	emerged	standard	considerations	when	evaluating	how	well	a	QIB	truly	reflects	the	underlying	

process.	The	most	fundamental	characterization	is	the	bias,	the	error	of	a	quantitative	measure	

relative	to	the	true	value,	or	some	reference	value.	Also	important	is	the	precision	of	a	measurement,	

commonly	measured	by	both	repeatability	(scan‐rescan	variance	under	identical	circumstances)	and	

reproducibility	(repeatability	across	different	sites,	systems,	operators,	etc.).		

	

Clinical	trials	

In	clinical	trials,	the	bias	and	precision	of	a	QIB	can	be	measured	and	managed	by	a	combination	of	

quality	assurance	(QA)	and	quality	control	(QC).	QA	refers	to	the	prospective	processes	that	are	

employed	to	prevent	defects	(i.e.,	poor	performance),	such	as	pre‐validation	of	sites/systems,	

training,	and	study	design	to	manage	system	changes.	QC	focuses	on	the	practice	of	measuring	

performance	and	identify	problems	as	they	arise,	which	is	done	during	a	study	or	retrospectively.	
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Both	QA	and	QC	procedures	often	use	test	objects	(i.e.	phantoms),	often	biomarker‐specific,	that	

provide	known	values	that	can	be	measured	repeatedly.		

When	performing	QI	with	MRI	systems,	there	are	a	variety	of	pragmatic	experimental	factors	that	

need	special	consideration.	MR	systems	are	not	primarily	designed	to	produce	accurate	and	

repeatable	quantitative	measurements	like	a	laboratory	instrument,	but	with	care	they	can	be	used	

for	this	purpose.	A	fundamental	consideration	is	system	consistency	and	stability.	A	commonly	

unforeseen	problem	is	software	updates,	which	may	change	a	sequence’s	underlying	behavior,	

sometimes	in	a	non‐obvious	manner.	If	performing	studies	across	multiple	(identical)	MR	scanners,	

it	is	important	to	match	protocols	and	procedures	on	all	systems,	and	measure	the	performance	of	

each	system.	If	a	study	is	performed	on	different	types	of	MR	scanners	(including	vendors,	coils,	

field	strengths,	software	versions)	the	problem	becomes	substantially	more	complex	and	requires	

much	greater	consideration	and	control.	Additionally,	if	a	trial	is	performed	across	multiple	sites,	

then	it	is	critical	to	consider	and	design	for	personnel	issues,	institutional	practices	(e.g.,	variable	

clinical	workflows),	and	data	management	(image	anonymization	and	submission).		

An	illustrative	example	of	quantitative	imaging	in	clinical	trials	is	the	series	of	ACRIN‐sponsored	

studies	that	have	accompanied	the	I‐SPY‐TRIAL	consortium	(22).	The	I‐SPY	trials	are	a	series	of	

multisite,	multivendor	study	that	has	been	ongoing	since	2002.	A	series	of	three	imaging‐based	

trials	that	accompanied	the	main	I‐SPY	study	were	run	by	the	ECOG‐ACRIN	collaborative	group:	

ACRIN	6657	(6,23),	which	sought	to	measure	FTV	and	other	metrics	of	CE;	the	ACRIN	6657	

Extension	(24,25),	which	tested	the	ability	of	MRS‐measured	[tCho]	to	predict	response;	and	

ACRIN	6698	(26–28),	which	focused	on	the	use	of	ADC	to	predict	response.	These	studies	provide	

examples	of	the	range	of	QIB	maturity	and	QA/QC	procedures	that	can	be	used	in	clinical	trials	of	

breast	MRI.		
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Chapter	30	

Measures	of	Therapy	Response		
and	Survival	Prediction	

Despina	Kontos,	PhD	

The	role	of	imaging	in	assessing	response	to	neoadjuvant	chemotherapy		

Current	Limitations.		

Imaging	plays	a	central	role	in	assessing	response	to	therapy	in	both	clinical	trials	and	routine	

care.1,	2	For	breast	cancer,	neoadjuvant	chemotherapy	is	utilized	to	down‐stage	locally	advanced	

breast	cancers	prior	to	surgery	to	increase	breast	conservation	rates	and,	ideally,	achieve	

pathologic	complete	response	(pCR),	as	patients	with	pCR	have	generally	better	long‐term	

outcomes.3,	4	Imaging	can	be	useful	both	for	determining	disease	extent	to	inform	surgery	and	for	

monitoring	tumor	response	in	vivo	for	tailoring	treatment	to	the	individual	patient5	Early	studies	

have	long	demonstrated	that	changes	in	tumor	size	predict	therapy	response.6,	7	Recent	studies	with	

DCE‐MRI8‐10	also	show	that	changes	in	functional	tumor	parameters,	such	as	signal	enhancement	

rate	(SER)	and	endothelial	permeability,	can	augment	the	standard	morphologic	descriptors	to	

further	improve	prediction.10,	11		

Although	progress	has	been	made,	however,	conventional	imaging	measures	remain	fairly	limited	

as	they	only	utilize	a	fraction	of	the	available	information.	Unidimensional	standards,	such	as	the	

RECIST	criteria,12	or	bi‐dimensional	measures,	such	as	the	World	Health	Organization	(WHO)	

response	and	MacDonald	criteria,13	are	subjective	and	cannot	adequately	assess	irregular	lesions.14	

The	commonly	used	tumor	volume	measures9	cannot	account	for	detailed	structural	and	functional	

tumor	changes,7,	15,	16	while	features	like	“hot‐spot”	peak‐enhancement17	and	SER,18	are	limited	in	

assessing	only	selected	tumor	sub‐regions,	and	therefore	fail	to	adequately	capture	important	

information	from	the	entire	tumor.	As	such,	current	measures	fall	short	of	characterizing	the	

heterogeneous	effects	of	treatment,	both	in	terms	of	tumor	morphology	and	function.	Such	

information	is	valuable	in	predicting	treatment	response,	as	it	can	also	reflect	the	underlying	tumor	

heterogeneity19,	increasingly	recognized	critical	in	treatment	resistance.20	To	overcome	these	

limitations,	current	research	is	focusing	towards	exploring	richer	imaging	descriptors,	which	could	

result	in	more	powerful	predictive	markers.21‐23	In	addition,	investigators	are	seeking	to	combine	

multi‐modal	biomarkers,	such	as	imaging,	histologic,	and	molecular	markers,9,	24	to	develop	

enhanced	predictive	models	for	specific	tumor	sub‐types	and	individual	patients.		 	
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The	emerging	role	of	multi‐parametric	imaging	as	a	biomarker	for	early	response	prediction		

Multi‐parametric	imaging	patterns	include	many	elements,	including	the	1)	spatio‐temporal	

distribution	of	signal	enhancement,	2)	shape	and	diffusivity	of	the	tumor,	3)	shape	and	texture	

reflecting	aspects	of	the	underlying	tissue	architecture,	and	4)	multi‐resolution	intensity	and	

contrast	enhancement	features.	In	breast	imaging,	such	features	have	traditionally	been	used	for	

diagnostic	evaluation.25‐40	Studies,	however,	increasingly	suggest	that	imaging	features	may	also	

have	prognostic	and	predictive	value.41‐46	For	example,	DCE‐MRI	kinetic	and	morphologic	

descriptors	are	shown	to	correlate	to	histopathologic	tumor	sub‐types,	distinguish	invasive	from	

non‐invasive	disease,	including	presence	of	nodal	involvement.47‐49	Mammographic	and	

sonographic	features,	such	as	mass	shape	and	lobulation,	are	indicative	of	receptor	status	in	in‐situ	

disease	and	can	also	indicate	triple‐negative	cancers	which	have	worse	prognosis	than	other	sub‐

types.50,	51	Metabolic	features	in	positron	emission	tomography	are	also	shown	to	reflect	tumor	

nuclear	grade	and	hormone	receptors.52,	53	In	treatment	evaluation,	early	evidence	suggests	that	

changes	in	DCE‐MRI	perfusion	and	vascular	parameters	early	in	treatment	predict	pathologic	

response	and	survival.10,	11,	54	Our	work	has	also	shown	that	DCE‐MRI	kinetic	features	capturing	

phenotypic	tumor	heterogeneity	correlate	to	prognostic	gene	expression	profiles.55	

While	much	of	the	information	captured	by	imaging	remains	unaccounted	for,	emerging	evidence	

suggests	that	certain	features	of	the	tumor	imaging	phenotype	reflect	properties	of	the	underlying	

tumor	biology	and	its	response	to	targeted	agents,	which	can	be	important	prognostic	and	

predictive	indicators.		

As	new	anti‐cancer	therapies	are	increasingly	introduced,	including	targeted	and	combination	

therapies,	there’s	an	opportunity	to	tailor	treatment	to	the	individual.	In	neoadjuvant	

chemotherapy,	while	several	patients	may	exhibit	a	clinical	response,	the	vast	majority	of	

patients,	however,	do	not	achieve	pCR	solely	on	the	basis	of	standard	first‐line	chemotherapy.3,	4	

In	an	ideal	personalized	regimen,	those	are	the	patients	we	would	like	to	be	able	to	identify	as	

early	as	possible	during	first‐line	neoadjuvant	treatment,	so	that	there	is	an	opportunity	to	offer	

them	alternative	or	supplemental	therapies	that	could	increase	their	chance	of	achieving	pCR.5	

Breast	cancer	patients	may	now	benefit	from	a	number	of	novel	therapies,	such	as	aromatase	

inhibitors	for	ER+	cancer,	trastuzumab	plus	lepatinib/pertuzumab	with	standard	

anthracycline/taxane	chemotherapy	for	Her2+	tumors,	PARP‐inhibitors	for	triple‐negative	

breast	cancer	and/or	BRCA	carriers,	shown	to	have	significant	benefits.56	Results,	however,	from	

I‐SPY9	indicate	that	early	prediction	of	pCR	based	on	tumor	volume	and	aggregate	MRI	features	

is	far	from	perfect	with	an	AUC	of	0.75,	having	moderate	discriminatory	accuracy	at	the	

individual	level.		
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The	purpose	of	this	talk	is	to	review	on‐going	research	on	developing	computational	tools	to	more	

accurately	characterize	the	heterogeneous	tumor	changes	induced	by	treatment.	The	rationale	is	

that	a	more	comprehensive	way	of	characterizing	the	complex	biological	properties	targeted	by	

treatment,57,	58	especially	changes	related	to	functional	angiogenic	response	which	occur	prior	to	

changes	in	tumor	size,5	can	result	in	better	prediction	of	response	than	the	current	standard	

imaging	measures.	Therefore,	such	research	holds	the	promise	of	shifting	the	current	paradigm	in	

tailoring	neoadjuvant	treatment	by	introducing	imaging	biomarkers	that	are	better	earlier	

predictors	of	response	and	survival.	Ultimately,	by	integrating	imaging	with	histopathologic	and	

molecular	markers,	we	will	be	able	to	develop	predictive	models	that	can	be	more	accurate	for	

specific	tumor	sub‐types	and	individual	patients.	

	

Computational	tools	for	characterizing	tumor	phenotypes	for	therapy	response	assessment	

Multi‐parametric	imaging	can	offer	powerful	tools	for	measuring	diverse	aspects	of	tissue	changes,	

including	cancer	progression	and	treatment.59	At	the	same	time,	it	also	creates	significant	

challenges	in	interpreting	such	complex	information.	In	particular,	3D	imaging	patterns	can	be	

complex,	heterogeneous,	and	diverse	across	patients	and	tumor	types,	and	many	of	these	effects	are	

subtle.21	Moreover,	change	of	these	patterns	with	disease	progression	and	treatment	can	vary	

longitudinally	from	one	treatment	and	patient	to	another.22	Finally,	such	high‐dimensional	patterns	

can	be	difficult	to	interpret	within	the	context	of	clinical	applications.	Quantifying	tumor	phenotypic	

characteristics	that	predict	treatment	response	can	benefit	significantly	from	automated	computer	

analysis	for	several	reasons:	1)	computer	analysis	is	reproducible	and	doesn’t	depend	on	subjective	

evaluation;	2)	precise	quantification	could	improve	our	ability	to	better	detect	more	subtle	tissue	

characteristics	and	assess	their	change	in	response	to	treatment;	3)	pattern	analysis	and	machine	

learning	are	very	effective	in	identifying	combinations	of	diverse	imaging	features	and	their	

longitudinal	patterns	of	change	that	could	jointly	predict	treatment	response	better	than	individual	

features;	4)	the	computational	approach	is	ideally	suited	for	integrating	imaging	features	with	

molecular	tumor	tissue	markers	to	best	predict	outcome.	

The	motivation	for	this	lecture	is	based	on	the	premise	that	imaging	provides	rich	information	from	

which	a	large	number	of	parameters,	each	reflecting	different	properties	of	the	tumor	and	normal	

tissue,	can	be	extracted	via	multi‐parametric	longitudinal	image	analysis.	We	will	focus	on	DCE‐MRI	

as	it	is	widely	implemented	clinically	and	is	also	shown	to	have	good	predictive	value	in	assessing	

response	to	neoadjuvant	chemotherapy	for	breast	cancer.60,	61	Finding	synergistic	relationships	

between	imaging	patterns	that	best	predict	treatment	response	and	patient	outcome	can	be	

challenging	for	several	reasons:	1)	Variability	across	different	cancer	sub‐types,	and	across	
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different	patients,	is	an	important	confounding	factor.	Finding	patterns	that	distinguish	different	

types	of	tumors	and	their	responses	to	therapy	can	greatly	benefit	from	advanced	pattern	

recognition	and	machine	learning	approaches.	2)	There	is	a	large	number	of	features	that	can	be	

estimated	from	imaging	data,	each	reflecting	some	aspect	of	the	phenotype.	Which	combination	of	

these	features	can	distinguish	certain	sub‐types	of	tumors	and	their	responses	to	therapy	is	not	

known,	but	can	be	discovered	using	machine	learning	tools.	3)	Voxel‐by‐voxel	comparison	of	

follow‐up	and	baseline	scans	is	hindered	by	tissue	deformations	due	to	tumor	growth	or	

recession,62‐64	patient	positioning,	and	normal	tissue	variability,	among	other	factors;	this	challenge	

is	met	here	using	advanced	deformable	registration	methods.	We	will	review	cutting	edge	research	

aiming	to	develop	advanced	computational	tools	that	will	aid	in	making	personalized	treatment	

decisions.		
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Abstract	

Breast	conserving	surgery	is	extremely	challenging	because	breast	cancers	are	often	poorly	

palpable	and	not	visible	during	surgery.	As	a	result,	surgeons	remove	substantially	more	tissue	than	

optimal,	and	yet	still	positive	margins	occur	in	roughly	16‐33%	of	cases.	MRI	has	been	proposed	to	

aid	surgical	planning	but	has	not	translated	to	better	surgical	outcomes,	most	likely	because	MRI	

data	is	difficult	to	use	accurately	in	the	supine	patient	awaiting	surgery.	We	have	developed	a	

system	to	project	supine	breast	MRI	data	directly	onto	the	patient,	in	3	dimensions,	using	a	self‐

contained	relatively	low‐cost	commercial	mixed‐reality	head‐mounted	computer.	Results	for	8	

palpable	tumors	in	7	patients	reveal	that	mixed‐reality	matches	the	palpated	lesion	size	more	

accurately	than	the	surgeon’s	estimate	from	pre‐operative	imaging	without	palpation.	In	addition,	

localization	accuracy,	on	average,	is	within	approximately	1.7	cm.	Overall,	while	accurate	results	

were	achieved	in	some	cases,	reliable	depiction	of	the	location	of	the	tumor	remains	challenging,	

and	warrants	additional	technical	development	before	proceeding	with	clinical	studies	of	mixed‐

reality	guided	resection.		 	
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Introduction	

Lumpectomy	is	one	of	the	most	common,	if	not	the	most	common,	cancer	operations	in	the	US.	In	

2017,	there	were	an	estimated	252,710	new	invasive	breast	cancers,	of	which	92%	(~232,493)	

were	localized	or	regional	[1].	Adding	63,410	cases	of	in	situ	cancer	[1],	this	totals	295,903	new	

breast	cancers	without	distant	spread	among	American	women.	As	only	a	small	fraction	have	T3	

tumors	(e.g.	3.8%	in	one	study	[2]),	we	estimate	there	were	~284,567	candidates	for	lumpectomy	

in	the	US	in	2017.	Based	on	a	recent	NCDB	report	that	59.7%	of	American	women	elect	breast	

conservation	[3],	this	implies	that	~169,941	women	underwent	lumpectomy	in	the	US	in	2017.	

Despite	being	very	common,	lumpectomy	is	far	from	perfect.	A	report	from	the	national	PALGA	

registry	in	the	Netherlands	found	that	close	or	transected	margins	occurred	in	33.8%	of	cases	[4].	

Similarly,	a	report	from	the	US	National	Cancer	Data	Base	found	that	23.6%	of	women	underwent	a	

repeat	operation	after	their	initial	lumpectomy	[5].	While	newer	ASTRO/ASCO	guidelines	now	

accept	merely	“no	ink	on	tumor”,	this	has	only	dropped	the	positive	margin	rate	to	16.5%	[6].	Thus	

somewhere	between	~28,041	to	~57,442	women	require	repeat	surgery	after	attempted	

lumpectomy	each	year	in	the	US	because	of	concern	for	residual	disease.		

Over‐excision	of	normal	tissue	is	also	a	nearly	universal	problem	in	breast	conservation.	In	the	

PALGA	registry	study,	the	median	“calculated	resection	ratio”	(CRR)	of	specimen	volume	divided	by	

the	optimum	resection	ratio	(tumor	plus	1	cm	margin	of	normal	tissue)	was	2.32	for	invasive	

cancers,	indicating	that	in	half	of	all	lumpectomies,	surgeons	removed	more	than	2.3	times	the	

“optimal”	specimen	size	[4].	This	study	did	not	even	include	DCIS	cases	where	surgery	is	more	

difficult.	This	result	is	important	because	resected	volume	is	inversely	related	to	cosmetic	outcome.	

Lumpectomy	is	challenging	because	breast	cancer	is	often	poorly	visible	and	difficult	to	palpate	

accurately	during	surgery.	While	pre‐operatively	placed	wires	and/or	markers	are	the	standard	for	

localizing	tumors,	the	contours	of	resection	are	left	to	the	surgeon’s	judgment,	based	on	her	

understanding	of	the	tumor	shape	and	size	on	pre‐operative	imaging	and	palpation.	But	this	

process	is	clearly	imperfect.	Pre‐operative	wire	or	beacon	localization	does	not	ensure	accurate	

surgery,	and	even	intraoperative	sonography	has	only	partial	utility.	

Contrast‐enhanced	magnetic	resonance	imaging	has	been	shown	to	be	the	most	accurate	method	to	

predict	the	ipsilateral	extent	of	breast	cancer	and	is	now	recommended	by	the	NCCN	for	many	

patients	presenting	with	new	breast	cancer	[7].	Paradoxically,	however,	even	pre‐operative	MRI	

does	not	necessarily	improve	the	outcome	of	lumpectomy.	The	randomized	COMICE	trial	found	that	

pre‐operative	MRI	had	no	impact	on	the	rate	of	repeat	surgery	(19%	vs.	19%	with	and	without	pre‐
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op	MRI)	[8].	Moreover,	simply	having	a	pre‐operative	MRI	can	lead	to	a	false	sense	of	security	

among	surgeons.	In	the	MONET	trial	in	the	Netherlands,	the	median	excision	volume	in	the	MRI	

group	was	69.1	cm3	versus	90.2	cm3	in	the	control	group	[9].	This	may	explain	why	the	rate	of	re‐

operations	in	the	MRI	group	was	significantly	higher	after	MRI	than	in	the	control	group	in	this	

study	[9].	

The	fundamental	hypothesis	motivating	this	research	is	that	conventional	breast	MRI	is	not	

sufficient	to	guarantee	surgical	success	because	it	is	nearly	impossible	to	use	conventional	prone	

breast	MRI	to	improve	supine	breast	surgery.	The	breast	changes	shape	substantially	between	MRI	

and	surgery.	Satake	et	al.	found	that	breast	tumors	move,	on	average,	between	18.7	and	40.3	mm	

between	prone	MRI	and	supine	CT,	depending	on	the	quadrant	[10].	We	hypothesize	that	if	

surgeons	could	visualize	MRI	data	in	the	actual	patient’s	breast,	at	the	time	of	surgery,	that	they	

could	use	the	improved	definition	of	MRI	to	reduce	positive	margins	and	over	excision.	

The	purpose	of	this	study	is	to	report	our	experience	developing	and	performing	pilot	accuracy	

testing	of	a	system	to	project	breast	MRI	data	onto	the	breast	in	the	operating	room	using	mixed	

reality,	a	subset	of	augmented	reality	in	which	3D	digital	objects	are	rendered	in	the	real	world	with	

accurate	spatial	context	with	respect	to	real	objects.		

	

Methods	

In	order	to	provide	relevant	MRI	source	images	for	mixed	reality,	we	developed	a	protocol	for	

relatively	high‐resolution	breast	MRI	with	the	patient	lying	supine,	in	nearly	the	surgical	position	

except	that	the	cylindrical	bore	of	the	scanner	dictates	that	patients	are	scanned	with	their	arm	

adducted	at	their	side.	The	anterior	portion	of	a	commercial	8	or	16‐channel	torso	phased	array	coil	

was	used.	A	thin,	passive	shell	was	used	to	support	this	coil	1‐2	cm	above	the	anterior	chest	wall	so	

that	the	coil	did	not	distort	breast	anatomy.	Prior	to	imaging,	6	fiducial	markers	(Multi‐Modality	

Radiology	Markers,	IZI	Medical,	Owings	Mills,	MD)	were	placed	on	the	chest	wall	skin	surrounding	

the	periphery	of	the	breast,	but	within	the	intended	imaging	volume.	The	bilateral	supine	MRI	was	

performed	at	3T	(MR‐750	or	MR	Premier	scanner,	GE	Medical)	and	included:	T1‐weighted	axial	

non‐fat	suppressed	images	(Spoiled	GRE,	TR	3.7	ms,	TE	2.1	ms	–	in	phase,	FA	13°,	resolution	1.6	x	

1.6	x	4	mm,	acceleration	factor	2,	scan	time	27‐second	single	breath‐hold);	T2‐weighted	fat‐

saturated	images	(FRFSE,	TR	3000	ms,	TE	101	ms,	ETL	24,	Resolution	1.6	x	1.6	in	plane,	slice	

thickness	4	mm,	acceleration	factor	2,	performed	in	five	21‐second	breath‐held	acquisitions);	and	

multiphase	axial	dynamic	3D	T1‐weighted	images	(3D	LAVA‐Flex	spoiled	GRE,	two‐point	Dixon	
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separation	of	fat	and	water,	TR	3.9	ms,	TE	1.1	and	2.2	ms,	FA	12°,	resolution	1.6	x	1.6	x	4	mm,	

acceleration	factor	3,	20	second	scan	time	per	phase,	15	second	pause	between	phases	for	patient	

breathing,	total	12	phases	over	6:45	min).	

A	system	for	mixed‐reality	visualization	of	the	preoperative	MRI	data	was	developed	based	on	a	

commercially	available	augmented	reality	platform	(HoloLens,	Microsoft	Inc.	Redmond,	

Washington).	The	normally‐transparent,	optical	wave‐guide	additive‐light	stereoscopic	display	

renders	in	full‐color	at	a	fixed	focus	of	2	m	from	the	user.	“Inside‐out”	tracking	enables	the	system	

to	render	digital	objects	at	fixed	locations	in	the	real‐world	with	low	latency,	despite	user	head	

motions,	using	onboard	computation	systems.	The	user’s	interpupillary	distance	is	used	to	

minimize	virtual	object	positioning	inaccuracies	due	to	parallax.	An	integrated,	fixed‐focal‐length	

HD	video	camera	located	over	the	user’s	nose	bridge	can	be	accessed	by	the	onboard	computer	for	

limited	computer	vision	tasks.	The	fundamental	operating	system	is	Windows	10,	and	it	uses	Unity	

for	the	3D	visualization	environment.	

A	custom	“app”	for	viewing	breast	MRI	data	was	created	for	the	HoloLens	platform	in	Unity.	Initially,	

preoperative	supine	breast	MRI	images	are	prepared	off	line.	Processing	steps	include	3D	

segmentation	of	the	target	tumor	boundary,	and	the	skin	surface	using	the	semi‐automated	open	

source	tool	ITK‐SNAP	(https://itksnap.org)	and	conversion	to	.obj	mesh	format.	Source	image	data	

are	thresholded	to	remove	surrounding	noise,	modified	from		

8‐bit	gray‐scale	to	false	color	images,	and	converted	to	.jpg	format.	The	image	coordinates	of	the	6	

fiducials	are	determined	manually.	Coordinates	for	all	objects,	images	and	fiducials	are	translated	to	

remove	offsets.	The	.obj	mesh	objects,	.jpg	false‐color	images,	and	fiducial	coordinates	are	bundled	

together	with	custom	software	to	create	a	patient‐specific	“app”	using	the	Unity	3D	AR/VR	

programming	environment	(https://unity3d.com/).				

The	custom	“app”	has	two	main	modes:	alignment	and	visualization.	Initially	the	alignment	mode	is	

used	to	position	the	3D	breast	data	at	the	proper	position	and	orientation	with	respect	to	the	

patient	at	the	time	of	visualization	immediately	prior	to	surgery.	Rigid‐body	transformations	are	

assumed.	During	the	alignment	mode,	the	system	uses	the	HD	camera	of	the	HoloLens	to	estimate	

the	position	of	optically	patterned	square	“ArUco”	tags	[13,	

https://www.uco.es/investiga/grupos/ava/node/26]	that	are	placed	at	the	locations	of	the	

previous	6	fiducials.	Open‐source	routines	(OpenCV.org)	were	custom	re‐coded	into	C#	for	use	in	

the	Unity	environment.	Once	any	3	square	tags	are	identified,	they	are	used	to	assign	the	position	of	

the	breast	model	in	the	world	coordinates	of	the	patient.	All	tags	are	displayed	for	the	user	so	that	
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they	can	visually	verify	that	the	

tag	positions	are	correct.	Minor	

adjustments,	which	are	primarily	

due	to	variations	in	positioning	of	

the	head‐mounted	display	on	the	

user,	can	be	adjusted	using	verbal	

commands	to	nudge	the	model	

position.	As	a	backup,	a	fully	

user‐controlled	“head‐align”	

procedure	is	also	implemented	in	

which	the	breast	model,	including	

fiducials,	appears	floating	in	front	

of	the	user.	The	user	moves	and	

translates	their	head	until	the	

model	is	properly	aligned	(as	

judged	by	concordance	of	the	

virtual	fiducial	locations	with	the	

actual	tag	positions)	and	then	

locked	in	place	using	a	voice	

command.	

During	visualization	mode,	the	

virtual	breast	model	data	is	

maintained	in	constant	position	

by	the	automated	“inside‐out”	

tracking	and	“holographic	

processing	unit”	(HPU)	features	built	into	the	display.		The	tracking	system	continuously	re‐

estimates	the	display’s	pose	in	real	time	from	3D	IR	imaging	cameras,	and	the	HPU	updates	the	

stereoscopic	rendering	of	the	virtual	objects	so	that	they	appear	fixed	in	world	coordinates,	

regardless	of	the	user’s	head‐position,	with	very	low	latency.	This	minimizes	“swim”	and	“jitter”	of	

the	virtual	objects.	The	user’s	inter‐pupillary	distance,	and	an	optimized	“stabilization	plane”,	are	

both	specified	to	minimize	parallax	distortions.	In	addition	to	basic	viewing	of	the	breast	tumor	

mesh,	several	features	are	accessible	with	floating	menus	and	voice	and/or	gesture	controls.	These	

include	changing	the	plane	of	visualization	of	image	data,	enabling/disabling	thin‐slab	volume	

Figure	1.	The	patient	is	positioned	supine	for	preoperative	MRI	
with	point	fiducials	placed	around	the	breast	(orange	arrows).	
Volumetric	scans	are	performed	during	repeated	breath	holds	
simultaneous	with	bolus	injection	of	contrast	material	(top	left).	
These	reveal	the	enhancing	tumor	(green	arrow)	as	well	as	the	
fiducial	locations	(orange	arrows).	Key	structures	including	the	
tumor	boundaries,	and	skin	surface,	are	segmented	and	
transformed	into	meshes	(bottom	left).	The	raw	images,	as	well	
as	meshes	and	fiducial	locations	are	used	to	create	a	custom	
“app”	in	Unity	which	is	then	uploaded	over	WiFi	to	the	headset	
(bottom	right).	On	the	morning	of	surgery,	the	patient	is	
repositioned	supine,	with	the	arm	at	the	side,	to	replicate	the	
MRI	scan	position.	Small	patterned	computer	vision	(ArUco)	
tags	are	placed	at	the	inked	locations	of	the	previous	fiducials.	
During	alignment	mode,	the	headset	HD	camera	is	used	to	
automatically	identify	the	fiducial	tags,	with	additional	fine	
adjustments	provided	by	voice	commands.	The	headset	then	
uses	its	stereoscopic	additive	light	display	to	project	the	
segmented	tumor	in	3	dimensions	at	the	correct	location	in	the	
breast	for	the	surgeon	(green	triangles).	

MRI with 
Skin Markers

Mesh

WiFi
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rendering,	turning	on	or	off	the	

mesh	objects	corresponding	to	the	

tumor,	skin,	etc.,	automatic	key	

images,	and	enlarging	the	model	

(zoom	mode).	For	the	pilot	study,	

however,	the	basic	tumor	mesh	

visualization	was	primarily	used.	

An	overall	scheme	and	typical	

“through	the	lens”	view	are	shown	

in	Figures	1	and	2.	

The	basic	spatial	accuracy	of	the	

system	for	displaying	2D	virtual	

objects	under	optimal	conditions	

has	been	previously	reported	using	

a	free‐response	task	in	which	

surgeons	are	asked	to	outline	

virtual	shapes	that	are	projected	

onto	paper	[11].	These	outlines	

were	then	scanned	and	compared	to	

expected	locations	using	metrics	of	translation,	dilation,	and	Sorenson‐Dice	correlations.	The	

positional	accuracy	achieved	was	‐1.0	±	3.5	mm	in	the	up/down	direction	and	‐0.2	±	1.3	mm	in	the	

left/right	direction	(mean	±	standard	deviation)	with	Dice	correlations	ranging	from	0.56	to	0.95	

depending	on	the	size	of	the	shape.	

A	pilot	study	of	10	subjects	is	in	progress	to	assess	whether	similar	accuracy	can	be	achieved	in	

subjects	with	breast	cancer.	The	protocol	was	approved	by	our	Cancer	Center	scientific	review	

committee	and	our	Institutional	Review	Board.	A	non‐interventional	observational	study	design	

was	selected	in	which	the	operation	was	not	affected	by	using	the	mixed‐reality	display.	Subjects	

with	palpable	tumors,	who	were	lumpectomy	candidates	and	had	no	additional	non‐palpable	

findings	on	imaging,	were	enrolled.	Preliminary	supine	MRI	was	performed,	and	a	patient‐specific	

“app”	was	created,	as	detailed	above.	In	the	operating	room,	prior	to	surgery,	the	patient	was	

positioned	with	the	arm	at	her	side,	mimicking	the	position	for	the	prior	supine	MRI.	The	surgeon	

initially	outlined	her	best	estimate	of	the	borders	of	the	tumor	on	the	skin	with	a	UV‐light	visible	

felt‐tip	pen	based	solely	on	her	understanding	from	conventional	pre‐operative	images.		

Figure	2.	Through‐the‐lens	view	of	an	actual	breast	cancer	is	
shown,	taken	through	the	HoloLens,	with	a	hand‐held	camera.	
Note	the	colored	squares	approximately	aligned	with	the	ArUco	
tags	on	the	patient.	Alignment	is	significantly	better	for	the	
surgeon,	because	she	performs	a	calibration	task	when	she	first	
dons	the	headset,	which	cannot	be	easily	performed	with	the	
handheld	camera	used	to	shoot	through	the	HoloLens.	Thus	the	
“inter‐pupillary	distance”	is	not	optimized	for	the	hand‐held	
camera	and	parallax	errors	cause	images	to	be	projected	with	a	
slightly	incorrect	off‐set.	The	small	green	ellipsoid	is	the	mesh	
rendering	of	the	palpable	tumor	in	the	lower	inner	quadrant.	

|204|



Augmented	Reality	MRI‐Guided	Breast	Conserving	Surgery	

©2018.	Bruce	L.	Daniel,	MD;	Stephanie	L.	Perkins;	Amanda	J.	Wheeler;	Subashini	Srinivasan;	Brian	A.	Hargreaves,	PhD.		
Proceedings	of	the	1st	International	Congress	on	Breast	MRI.	

This	“cognitive	fusion”	task	essentially	replicates	the	surgeon’s	surgical	planning,	had	the	tumor	not	

been	palpable.	Next,	the	surgeon	used	the	mixed‐reality	display	and	custom	“app”	to	align	and	visualize	

the	tumor,	and	outlined	the	borders	of	the	tumor	in	another	color	of	UV‐visible	ink.	Next,	another	

unbiased	physician	was	asked	to	palpate	the	tumor	and	outline	it	using	black	ink,	without	UV	

illumination	(so	that	the	other	outlines	were	not	visible	and	could	not	bias	the	palpation	task).	Finally,	

with	UV	illumination,	all	three	outlines	were	compared	and	photographed	for	analysis.	The	surgeon	

then	proceeded	with	standard	palpation‐guided	excision,	without	use	of	the	HoloLens.	

	

Results	

To	date,	7	patients	with	8	tumors	have	been	studied.	One	patient	had	bilateral	tumors.	Automated	

alignment	was	successful	in	6/8	tumors.	It	was	abandoned	in	favor	of	the	manual	head‐align	method	by	

the	surgeon	for	2	cases	because	the	tag	detection	software	failed	for	unknown	reasons.	Tumor	

visualization	was	adequate	in	all	8	tumors.	Overall	localization	was	judged	accurate	and	preferable	to	

cognitive	fusion	by	the	surgeon	in	all	cases.	However,	analysis	of	outlines	revealed	that	centroids	of	the	

outlines	drawn	from	mixed‐reality	departed	from	centroids	of	outlines	drawn	by	palpation	by	more	than		

1	cm	in	5	cases	and	averaged	1.63	cm.	This	includes	1	case	where	the	arm	was	inadvertently	abducted	90°	

from	the	body	in	the	conventional	surgical	position,	rather	than	left	alongside	the	chest,	and	1	case	where	

palpation	was	performed	from	a	superior	perspective	at	the	patient’s	head,	rather	than	from	the	lateral	

perspective	that	matched	the	mixed‐reality	perspective.	Representative	images	are	shown	in	Figure	3.	

	

Discussion	

This	proof‐of‐concept	report	shows	that	it	is	possible	to	achieve	mixed‐reality	visualization	of	supine	

breast	MRI	images	in	situ	in	the	patient	immediately	prior	to	surgery.	This	capability	resembles	previous	

work	by	Pallone	et	al.	[13],	but	with	a	much	leaner	platform	where	all	necessary	hardware	consists	of	a	

commercially	available	head‐mounted	mixed‐reality	display.	Overall	the	potentially	low	cost	and	

flexible,	quick	intraoperative	set‐up	(<	5	minutes	to	start	up	and	test	the	“app”)	make	it	an	attractive	

potential	future	technology	for	breast	conserving,	surgery	which	is	often	performed	with	less	than	one	

hour	of	operating	room	time.	

The	results	highlight	that	alignment	accuracy	remains	an	ongoing	challenge.	There	is	fundamental	variation	

in	accuracy	due	to	biometric	differences	in	user	eye	position	between	users,	and	between	sessions,	even	

after	accounting	for	IPD.	It	is	possible	that	future	displays	with	user	eye‐tracking	may	mitigate	these.		
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There	are	also	fundamental	accuracy	limitations	with	which	the	“inside‐out”	tracking	systems	can	

estimate	the	display’s	pose,	although	jitter	and	swim	were	not	reported	as	major	issues	by	the	

surgeon.	There	is	also	limited	accuracy	of	the	HD	camera	for	tracking	the	ArUco	tag	positions,	given	

the	camera	resolution	and	field	of	view.	Most	importantly,	the	assumption	of	rigid	body	

transformation	between	preoperative	MRI	and	patient	position	at	the	time	of	surgery	is	clearly	an	

oversimplification.	Future	work	on	solid	mechanical	modeling	of	the	breast	may	help	address	this.	

Additionally,	the	fixed	focus	of	the	current	HoloLens	display	at	~2	m	means	that	there	is	significant	

accommodation	mismatch	between	real	and	virtual	objects	when	working	at	arm’s	length.	

Hardware	with	variable‐focus	optics	may	address	this	in	the	future.	Finally,	creating	a	convincing	

illusion	of	a	tumor	inside	the	breast	is	also	challenging	with	the	purely	additive	light	display,	but	is	

aided	by	depicting	the	skin	surface	mesh	and	cut‐away	image	planes.	

Figure	3.	Results	in	6	different	patients’	tumors.	“Cognitive	fusion”	indicates	where	the	surgeon	expected	
to	find	the	mass	based	on	their	pre‐operative	assessment	of	images,	without	palpation.	This	duplicates	the	
type	of	estimation	the	surgeon	might	have	used	if	the	tumor	were	non‐palpable.	“HoloLens”	indicates	
where	the	surgeon	saw	the	mass	using	the	mixed‐reality	display.	“Palpation”	indicates	where	an	unbiased	
second	physician	palpated	the	mass	without	knowledge	of	the	other	outlines.	In	cases	a	and	b,	the	
HoloLens	projected	the	tumor	closer	to	the	palpation	gold‐standard	than	the	surgeon’s	“cognitive	fusion”	
estimate.	In	other	cases,	neither	HoloLens	nor	cognitive	fusion	was	as	accurate	as	desired	but	were	clearly	
within	the	same	quadrant.	Potential	sources	of	alignment	error	are	discussed	in	the	text.	
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Future	studies	are	needed	to	validate	the	accuracy	for	non‐palpable	tumors.	Once	validated,	clinical	

trials	that	compare	mixed‐reality	guided	surgery	with	conventional	breast	conservation	in	a	

randomized	design	will	be	necessary	before	wider	adoption	of	this	technology.	Nevertheless,	the	

promising	results	in	this	initial	pilot	suggest	continued	investigation	will	be	fruitful.	
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