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PET and MRI-guided focused ultrasound surgery for 
hypoxic-tissue ablation combined with radiotherapy 

in solid tumors 

INTRODUCTION 

 

A	 large	 volume	 of	 clinical	 and	 experimental	

data	 clearly	 demonstrates	 that	 tumor	 hypoxia	

remains	a	signi�icant	challenge	for	chemothera-

py,	photodynamic	therapy	and	radiation	therapy	
(1-5).	Hypoxia-related	resistance	 is	a	major	cause	

of	 treatment	 failures	 (6,	 7).	Mild	 temperature	hy-

perthermia	(MTH,	<43oC)	has	been	proposed	 to													

increase	 the	 overall	 oxygen	 concentration	 (i.e.,	

pO2)	 to	 improve	 tumor	 response	 and	 reduce				
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ABSTRACT 

 

Background: The ra�onale was to develop an abla�on approach to destroy 

regions of tumor resistant to radia�on and thus reduce the �me required for 

whole tumor abla�on, while improving overall tumor control a�er 

radiotherapy. Materials and Methods:  The system is composed of a micro 

positron emission tomography (mPET), 7T magne�c resonance imaging (MRI), 

and a customized MRI-compa�ble focused ultrasound applicator. 18F-

fluoromisonidazole (18F-miso) radioac�ve tracer delineated hypoxic regions 

based on a threshold tumor/muscle ac�vity ra�o. 18F-miso PET/MRI fused 

images were used for targe�ng tumor hypoxic regions for focused ultrasound 

abla�on. With MRI real-�me temperature imaging guidance, PET-detected 

hypoxic regions of tumor could be selec�vely ablated to temperatures (T>55 
o
C). In vivo valida�on experiments were performed in SCK and 4T1 murine 

mammary carcinomas. In two tumor response assays, sequence dependence 

of combined radiotherapy and abla�on was studied in the SCK tumor model. 

Tumor abla�on was performed using a conduc�ve probe or focused 

ultrasound and ionizing radia�on administered in single doses of 15-20 Gy. 

Results: Tumor growth was abolished when abla�on was applied immediately 

AFTER radia�on while interes�ngly; when abla�on was administered 

immediately BEFORE radia�on, there was no difference in observed growth 

delay compared to abla�on or radia�on alone. Conclusion: PET and MRI 

guided focused ultrasound surgery (MRgFUS) of tumor hypoxic regions is 

feasible and will be poten�ally useful for preclinical studies using ultrasound, 

radia�on or chemotherapy. This study suggests that radia�on precedes 

abla�ve therapy to avoid unwanted stress response or addi�onal hypoxia 

induced by the abla�on, poten�ally confounding the improved response 

poten�al for combined therapy. 
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tumor	 recurrence	 (8-10).	 Numerous	 efforts	 have	

also	 demonstrated	 the	 potential	 of	 developing	

small	 molecule	 drugs	 (e.g.,	 bioreductive															

prodrugs)	to	directly	kill	hypoxic	cells	but	few	if	

any	have	made	it	to	clinical	use	(11).	Rather	than	

increasing	tumor	oxygenation	using	MTH	or	kill-

ing	 hypoxic	 cells	 using	 bioreductive	 prodrugs,	

we	 postulated	 that	 identi�ication	 of	 the	 tumor	

hypoxia	 regions	 using	 imaging	 and	 subsequent	

thermal	 ablation	 of	 these	 regions	 to	 alleviate	

hypoxia-related	 resistance	 may	 synergize	 with	

conventional	 radiation	 or	 chemo-	 therapies.	

This	 may	 remove	 the	 need	 for	 ablation	 of	 the	

entire	 tumor-	 a	 prohibitive	 factor	 in	 many	 set-

tings	due	to	tumor	size	or	 location.	To	test	this	

hypothesis,	 a	 hypoxia-directed	 ablation	 system	

for	small	animals	was	developed	so	that	various	

comparative	studies	could	be	performed.	

Compared	 with	 the	 available	 noninvasive	

methodologies	 to	assess	 the	oxygenation	 levels	

in	 soft	 tissue	 such	 as,	 64Cu-ATSM	 (diacetyl-bis	

(N8-methylthiosemicarbazone))	 PET	 (12-15),	 19F	

MRI	 (16) 	 and	 Blood-Oxygenation-Level-

Dependent	 (BOLD)	 MRI	 ( 1 7 , 	 18) ; 	 18F-

�luoromisonidazole	(18F-miso)	PET	imaging	was	

selected	 due	 to	 the	 wide	 availability	 and															

potential	 for	quantitative	analysis	 (19-22).	 	 ATSM	

hypoxia	 imaging	 has	 been	 evaluated	 with																					

several	 Cu-isotopes,	 64Cu	 showing	 the	 best													

signal/noise	ratio.	However,	64Cu	has	a	relative-

ly	longer	half-life	(t1/2	=	12.7h)	compared	to	18F	

(t1/2	=	1.8h)	and	studies	with	ATSM-isotopes	are	

often	compared	to	18F-miso	as	the	standard	(23).	

MRI	 tri�luoroethoxy-misonidazole	 (TF-miso)	

imaging	 suffers	 from	 the	 necessity	 for	 large	

quantities	 (75mg/kg	 v	 15µg)	 compared	 to	 18F-

miso	 PET	 imaging	 (23)	 while	 BOLD	 MRI	 is	 an												

indirect	 measure	 of	 oxygenation	 as	 the											

technique	 measures	 deoxyhemoglobin,	 thus											

vascular	volume	and	red	blood	cell	density	must	

be	 consistent	 per	 voxel	 for	 accurate	 measure-

ments	 (24).	 In	 contrast,	 18F-miso	 radiochemistry	

was	 �irst	 reported	 in	1986	 and	 the	 mechanism	

of	 marking	 hypoxic	 cells	 is	 established	 in	 the																

literature	(25).		

As	 a	 thermal	 therapy	 method,	 Magnetic														

Resonance-guided	Focused	Ultrasound	Surgery,	

MRgFUS,	 has	 become	 increasingly	 popular	 due	

to	its	high	quality	structural	imaging,	simultane-

 

ous	 temperature	 monitoring	 and	 noninvasive	

heat	delivery.	It	has	been	clinically	used	to	treat	

various	diseases,	for	example;	uterine	�ibroids	(26

-28),	 breast	 cancer	 (29),	 cervical	 cancer	 (30),	 liver	

cancer	(31),	and	bone	cancer	including	metastases	
(32).	 For	 small	 animal	 studies,	 compact	 MRgFUS	

systems	 have	 been	 developed	 (33-35).	 In	 this												

project,	 an	 MRI-compatible	 spherically-focused	

ultrasonic	 applicator	 was	 fabricated	 and															

installed	in	an	animal	immobilization	cradle	that	

can	attach	to	a	7T	MRI	(Bruker)	and	a	microPET	

(Siemens)	scanner.	While	not	optimal	for	image	

co-registration,	 we	 were	 able	 to	 use	 this											

approach	for	our	preliminary	proof-of-principle	

studies.	 In	 the	 future,	 an	 integrated	 PET-MRI														

scanner	 for	 simultaneous	 imaging	 will	 advance	

this	 research	 approach	 due	 to	 a	 signi�icant												

reduction	 in	 the	 potential	 misplacement	 of											

patient’s	during	transfer	from	PET	to	MRI	(36,	37).	

Here,	 we	 report	 on	 the	 development	 and													

performance	 evaluation	 of	 our	 preclinical	 PET	

and	 MR-guided	 focused	 ultrasound	 (MRgFUS)	

surgery	 system	and	 the	 general	 usefulness	of	 a	

combined	 radiation	 and	 ablation	 treatment													

approach	 for	 advanced	 solid	 tumors.	 The															

signi�icance	of	potential	applications,	limitations,	

combined	 therapy	 and	 future	 development	 of	

this	system	are	discussed.		
	

	

MATERIALS	AND	METHODS	

	

Experimental	protocol	for	PET	and	MRgFUS	

The	 experimental	 protocol	 of	 PET	 and	 MRI-

guided	 hypoxia-directed	 ablation	 in	 mouse														

tumors	 was	 approved	 by	 the	 University	 of								

Arkansas	 for	 Medical	 Sciences	 (UAMS)	 Institu-

tional	Animal	Care	and	Use	Committee	(IACUC).	

As	illustrated	in	�igure	1,	it	includes:	(1)	injection	

of	the	18F-miso	agent,	(2)	identi�ication	of	hypox-

ic	 areas	 with	 PET	 imaging	 and	 MR	 structural					

imaging,	and	(3)	 focused	ultrasound	ablation	of	

hypoxic	targets	guided	by	real-time	MR	temper-

ature	 imaging.	 Mouse	 breast	 tumor	 cell	 lines	

(SCK	 or	 4T1)	 were	 implanted	 subcutaneously	

into	the	right	hind	limb	of	A/J	or	balb/c	conven-

tional	 mice	 as	 described	 previously	 and	 shown	

in	 �igure	 1	 (38,	 39).	 Six	 tumor	 bearing	 (table	 1)	

were	used	for	the	PET/MRgFUS	study	when	the	
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analyzed	 using	 the	 microPET	 analysis	 software	

(ASI	 Pro	 VM	 TM).	 Attenuation	 and	 scatter	 are							

corrected	 by	 a	 normalization	 scan	 and	 image	

reconstruction	 was	 performed	 using	 a	 2D													

ordered-subset	 expectation	 maximization	

(OSEM2D)	algorithm.	Multi-slice	transverse	PET	

images	of	the	tumor	region	were	exported	to	an	

independent	computer	for	registration	with	T2-

weighted	 images	 from	 the	 subsequent	 MRI														

anatomical	imaging	study.	The	measured	isotope	

uptake	in	the	tumor	and	the	left	healthy	thigh	(as	

a	 reference)	 were	 used	 to	 calculate	 the																						

tumor-muscle	(T/M)	activity	ratio	pixel	by	pixel.	

In	 this	 study,	 the	 hypoxic	 regions	 were																		

characterized	and	delineated	with	the	criteria	of	

T/M	>	1.2	(42,	43).	

	

MR	structural	and	temperature	imaging	

Following	 PET	 scanning,	 the	 cradle	 with	 the	

setup	 intact	 was	 transferred	 to	 a	 7T	 MRI	

(PharmaScan,	 Bruker).	 The	 sequence	 of	 Rapid	

Acquisition	 with	 Refocused	 Echoes	 (RARE)	 T2-

weighted	 imaging	 (table	 2)	 was	 conducted.	 By	

aligning	the	PET	images	with	the	high	resolution	

MR	T2-weighted	structural	images,	the	18F-miso-

detected	 hypoxic	 areas	 can	 be	 overlaid	 on	 the	

MRI	T2-w	images	to	serve	as	targets	for	MRgFUS	

tumors	grew	to	approximately	1	cm	in	diameter.	

The	 mice	 were	 kept	 under	 general	 anesthesia	

during	 imaging	 and	 ablation	 by	 breathing	 1-

1.5%	iso�lurane	balanced	with	air.	To	reduce	the	

motion,	 the	 animal	 breathing	 rate	 was	 closely	

monitored	 and	 the	 �low	 rate	 of	 iso�lurane	 air	

was	manually	controlled.	

	

Identi!ication	of	tumor	hypoxic	regions	

The	18F-miso	 tracer	was	produced	on-site	as	

described	 previously	 with	 a	 Siemens/CTI														

medical	cyclotron	(3D	Imaging,	Little	Rock,	AR)	

and	 transferred	 to	 the	 small	 animal	 imaging	

suites	 (40).	 The	 18F-miso	 agent	 with	 1.05	 ±	 0.11	

mCi	(mean	±	standard	deviation)	was	assayed	by	

a	 dose	 calibrator	 (Capintec	 CRC-15W)	 and										

immediately	injected	intravenously	(i.v.)	via	the	

tail	 vein	 (as	 indicated	 in	 �igure	 1	 and	 table	 1).	

The	 mouse,	 focused	 ultrasound	 transducer,	

breathing	monitor	and	anesthesia	tube	were	set	

up	 and	 secured	 in	 an	 animal	 immobilization				

cradle.	MicroPET	three-dimensional	PET	images	

were	 acquired	 90-125	 minutes	 after	 tracer											

uptake	 and	 images	 reconstructed	 requiring							

approximately	 30	 minutes	 for	 the	 initial																	

microPET	 procedure	 and	 image	 processing	 (41).	

The	 biodistribution	 of	 18F-miso	 tracer	 was												

Figure 1. Three basic steps of PET/MRI-guided FUS hypoxic-�ssue abla�on.  

Table 1. Record of 
18

F-miso isotope uptake by tumor bearing mice. 

Tumor 

model 
Tumor 

type 
Tumor size 

(cm i.d.) 
Mouse weight 

(g) 
Ac�vity 

(mCi) 
Tumor ini�al     

temperature (
o
C) 

Uptake 
�me (min) 

1 SCK 1.0 21 0.89 32.4 90 
2 SCK 1.9 17 1.12 35.1 100 
3 4T1 1.2 22 1.05 30.7 102 
4 4T1 1.1 20 1.20 31.2 120 
5 4T1 1.7 18 1.08 32.6 125 

6* 4T1 1.2 17 0.97 34.2 95 

Note: the sixth mouse is used as the example in Figure 7 to present MR temperature maps during FUS abla�on. 
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ablation.	 A	 user	 interface	 (Visual	 C++)	 was													

developed	 on	 an	 independent	 computer,	 into	

which	the	PET	and	MRI	data	could	be	 imported	

from	 the	 MRI	 and	 microPET	 workstations													

respectively	 and	 processed.	 The	 online	 MR										

temperature	 imaging	 during	 the	 FUS	 heating	

was	done	using	 a	Fast	 Low	Angle	 Shot	 (FLASH,	

table	2)	MRI	sequence	 (44).	Based	on	 the	Proton	

resonance	 frequency	 (PRF)	 –	 shifted	 scheme,	

three	 slices	 of	 temperature	 images	 were												

computed	 as	 a	 guidance	 to	 modulate	 and															

terminate	the	FUS	heating.		

	

	MRI-compatible	FUS	applicator	

A	 non-magnetic	 single	 spherically-focused	

ultrasound	applicator	was	devised	based	on	the	

parameters	 obtained	 from	 numerical	 simula-

tions.	 As	 illustrated	 in	 �igure	 2-a,	 the	 aperture	

size	 (38	 mm	 in	 diameter)	 could	 produce																	

suf�icient	 acoustic	 power	 (resonant	 frequency	

2.25MHz)	for	ablations.	It	was	able	to	�it	into	the	

animal	cradle	and	the	bore	(60	mm	in	diameter)	

of	a	7.0	T	Bruker	MRI	scanner.	The	focal	 length	

of	 the	 spherical	 shell	was	chosen	 to	be	50	mm,	

ensuring	 the	ability	 to	ablate	at	various	depths.	

A	 piezoelectric	 ceramic	 transducer	 (Boston														

Piezo-Optics,	Inc.,	Boston,	MA)	was	secured	in	an	

acrylic	 frame	with	air	backing	and	sealed	using	

silicone	 to	 maintain	 watertight	 integrity.	 An	

acrylic	water	 �illed	housing	was	attached	 in	 the	

front	 of	 the	 transducer	 for	 acoustic	 coupling											

between	 the	 transducer	 and	 the	 tumor;	 it	 was	

conical	to	assist	in	aiming	the	acoustic	focus	on	

the	target.			

The	relative	acoustic	pressure	distribution	of	

this	 transducer	 was	 measured	 in	 a	 degassed											

water	tank;	the	relative	power	distribution	(i.e.,	

the	 squared	 acoustic	 pressure)	 is	 shown	 in												

�igure	 2-b.	 A	 needle	 hydrophone	 (Model	 Dapco	

#NP10-1,	active	diameter	=	0.2	mm)	was	moved	

using	a	computer-controlled	three-axes	scanning	

system	(NF90	series	 stepping	motor	 controller,	

Velmex	inc.)	in	a	rectangular	focal	plane	(40×40	

mm).	The	applied	sonication	for	these	measure-

ments	was	with	an	electrical	input	power	of	1.0	

W	at	a	frequency	of	2.25	MHz.	The	scanning	step	

size	was	set	close	to	the	diameter	of	the	hydro-

phone,	0.2	mm	along	the	x,	y	and	z	directions.	15	

W	 of	 acoustic	 power	 was	 supplied	 on	 the													

transducer	surface,	which	produced	3.63	MPa	at	

the	 center.	 The	 heating	 performance	 of	 this									

applicator	has	been	veri�ied	via	ablations	 in	gel	

phantom,	ex-vivo	and	in-vivo	mouse	tumors	(33).	

	

Table 2. The imaging parameters of 
18

F-miso PET and MR imaging. 

Imaging modali�es Func�on Parameters 

PET Hypoxia 
Isotope, 

18
fluromisonidazole, dose = 1.0±0.1 mCi/mouse, 

injected i.v. 120 minutes uptake 

MRI sequences 
T2 RARE 

Structure 

TR/TE = 2500/33, NSA = 3, Flip angle=180º, Number of slice 

= 9, FOV = 40 * 40 mm, Matrix = 256x256, Resolu�on = 

0.16*0.16 mm 

MRI FLASH Temperature 
TR/TE = 37/3.4, FOV = 45*45 mm, Slice = 3, Resol = 

0.18*0.35, Matrix = 256*128 

Figure 2. Non-magne�c focused ultrasound device. (a) The single spherically-focused ultrasound applicator with a 

laser localizer indica�ng the focus posi�on, (b) the measured sound pressure squared (power). 
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Ablation	of	tumor	hypoxic	regions	

Prior	to	the	ablation,	the	mouse	tumors	were	

shaved	 to	 allow	 for	 acoustic	 coupling	 with	 the	

ultrasound	 �ield	 produced	 by	 FUS	 sonication.	

The	initial	tumor	temperature	T0	was	measured	

with	 a	 subcutaneously-inserted	 thermocouple.	

Based	 on	 T0,	 a	 sequence	 of	 MR	 temperature															

images	 acquired	 during	 ablation	 was	 used	 to	

create	 a	 temperature	 map	 using	 the	 MR-

measured	 temperature	 changes.	 As	 shown	 in	

�igure	3,	once	a	hypoxic	target	was	determined,	

we	 performed	 a	 FUS	 preview	 heating	 prior	 to	

the	FUS	ablation.	The	preview	heating	was	short	

and	mild	(e.g.	in	this	study,	10W	acoustic	power	

for	2s,	the	peak	temperature	<43oC)	so	that	the	

actual	position	of	 the	 focus	 could	be	 visualized	

by	a	MR	temperature	image	while	the	tissue	was	

not	 thermally	 damaged.	 Based	 on	 the	 distance	

between	the	actual	and	planned	position	of	 the	

focus,	we	 repositioned	 the	FUS	applicator	until	

the	ultrasound	focus	matched	the	planned	spot.	

The	hypoxic	regions	were	then	ablated	using	the	

MRgFUS	 method,	 in	 which	 the	 heating	 was											

manually	modulated	based	on	the	simultaneous	

real-time	MR	 temperature	monitoring.	 In	 some	

cases,	 animal	 motion	 occurred	 due	 to	 muscle	

contraction,	 inconsistent	 iso�lurane	 supply,	 or	

Figure 3. Protocol of PET/MRI-guided hypoxic-�ssue abla�on. 

reaction	 to	noise	coming	 from	the	MRI	gradient	

magnets.	 If	 severe	 motion	 occurred,	 reposition-

ing	 of	 the	 FUS	 applicator	 and	 registration											

between	PET	and	MR	images	was	performed.	

	

Tumor	 growth	 delay	 assay	 and	 combined-

modality	treatment		

In	 the	 tumor	 growth	 delay	 study,	 two																	

separate	experiments	were	performed	using	two	

ablation	 techniques.	 In	both	 studies,	 SCK	 tumor	

bearing	 A/J	 mice	 were	 randomly	 assigned	 to	

each	group	(n=3-6)	when	tumor	volume	reached	

approximately	 250	 mm3.	 In	 the	 �irst	 study,	

groups	 were	 as	 follows:	 control	 (untreated),													

HIFU	ablation,	15	Gy	ionizing	radiation,	or	HIFU	

ablation	immediately	followed	by	15	Gy	ionizing	

radiation.	 HIFU	 ablation	 was	 performed	 as												

described	 previously,	 were	 temperature	 within	

the	 tumor	 reached	>50C	 (45).	Only	partial	 tumor	

ablation	 was	 performed	 in	 order	 to	 study	 the													

effects	 when	 combined	 with	 radiotherapy.																	

Radiotherapy	was	administered	using	 the	Small	

Animal	 Conformal	 Radiation	 Research	 System	

(SACRRS)	at	a	dose	rate	of	1.92	Gy/min	at	225	kV	

and	13	mA	(46,	47)	under	iso�lurane	anesthesia.		

In	 the	 second	 study,	groups	were	as	 follows:	

control	 (untreated),	 conductive	 ablation	 (CITT)	
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regions	 typical	 of	 these	 tumor	 types,	 in	 which	

the	 isotope	 did	 not	 distribute	 due	 to	 lack	 of	

blood	supply.		

	

3D	hypoxic	volumes	in	mouse	tumors	

In	 all	 six	 animals,	 the	 mice	 were	 kept															

immobile	 under	 anesthesia	 resulting	 in	 motion	

artifacts	 being	 negligible,	 allowing	 PET	 and	 MR	

images	 to	be	aligned	without	using	other	 regis-

tration	 algorithms.	 In	 �igure	 5,	 an	 example	 of	

multi-slice	 MRI	 RARE	 T2-weighted	 anatomical	

images	 (left	 column)	 and	 18F-miso	 PET	 images	

(middle	 column)	 of	 a	 4T1	 tumor	 were	 comple-

mentary	to	one	another	and	provide	precise	3D	

location	 of	 the	 hypoxic	 regions	 (the	 right											

column).	 The	 volumes	 of	 the	 PET-detected												

hypoxic	 regions	 in	 tumors	 of	 all	 six	 mice	 were	

estimated	 from	 the	 images	 by	 outlining	 the													

regions	 of	 interest	 with	 tumor/muscle	 (T/M)	

ratio	 >	 1.2	 and	 are	 plotted	 in	 �igure	 6.	 The	 MR	

temperature	 imaging-guided	 preview	 heating	

worked	 effectively	 in	 all	 instances	 to	 properly	

align	 the	 focus	 on	 the	 hypoxic	 target.	 The											

ablations	 were	 successfully	 done	 with	 pulsed	

FUS	power	(2.25MHz,	15	Watts),	 an	example	of	

which	 is	 shown	 in	 �igure	 7.	 Sequences	 of	 MR	

temperature	 maps	 were	 acquired	 continuously	

to	 describe	 the	 dynamic	 temperature	 distribu-

tions	 through	 the	 ablation.	 The	 maximum															

temperature	was	approximately	70o	C.	The	MRI	

temperature	imaging	and	the	focused	ultrasound	

heating	were	performed	 simultaneously	and	no	

signi�icant	interference	was	detected.	

alone,	20	Gy	ionizing	radiation	or	20	Gy	ionizing	

radiation	 immediately	 followed	 by	 CITT																

ablation.	CITT	ablation	was	used	as	the	ablation	

modality	 for	proof	 of	principle	 in	 these	 studies	

due	to	the	relative	ease	of	partially	ablating	the	

central	portion	of	a	larger	group	of	tumors	in	a	

relatively	 consistent	 fashion.	 In	 brief,	 CITT													

ablation	 was	 performed	 using	 a	 custom	 laser-

heated	 stainless	 steel	 ablation	 probe	 as	 de-

scribed	previously	 (39).	 	 After	 inserting	 into	 the	

center	of	the	tumor	(approximately	5	mm	deep)	

a	temperature	range	of	70-80C	was	maintained	

at	 the	 ablative	 probe	 tip	 for	 5	 minutes.	 Radio-

therapy	 was	 performed	 as	 a	 single	 treatment	

dose	of	20Gy	using	a	Faxitron		X-ray	cabinet	sys-

tem	 (CP-160,	 Faxitron	 X-Ray	 Corp.,	 Wheeling,	

IL)	at	a	dose	rate	of	1.079Gy/min	(150	kVp	and	

6.6	mA)	under	ketamine/xylazine	anesthesia.		
	

 

RESULTS 
 

PET	hypoxia	imaging	of	mouse	tumors	

In	 all	 instances,	 three-dimensional	 18F-miso	

mPET	images	of	mouse	tumors	with	i.v.	injection	

of	1	mCi	per	mouse	and	90-125	minutes	of	up-

take	 clearly	 distinguished	 regions	 of	 hypoxic,	

necrotic,	and	oxygenated	volumes	 in	a	solid	 tu-

mor.	 In	 �igure	 4,	 the	uptake	 of	 18F-miso	 in	 SCK	

and	4T1	tumors	is	demonstrated	using	identical	

scales,	from	0	to	29	µCi/cc.	The	contours	of	T/M	

ratio	 with	 a	 value	 of	 1.2	 are	 delineated.	 The						

central	dark	area	was	determined	to	be	necrotic	

Figure 4. Representa�ve 
18

F-miso mPET images of 4T1 and SCK mammary carcinomas. Compared with 4T1 tumors, the SCK             

tumors typically demonstrated a larger necro�c, non-perfused region with similar amounts of 18F-miso uptake in the viable             

regions. 
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Combined	radiotherapy	and	ablation	enhanc-

es	 tumor	 growth	 delay	 only	 when	 ablation	

follows	radiation	

In	 two	 separate	 studies	we	combined	 radio-

therapy	with	partial	 tumor	ablation,	 simulating	

possible	 sequences	 of	 treatment	 if	 hypoxic														

targeted	ablation	were	executed	in	future	multi-

functional	 therapy	 suites.	 In	 the	 �irst	 study,												

partial	 ablation	 using	 HIFU,	 15Gy	 irradiation,	

and	 ablation	 immediately	 followed	 by	 15	 Gy								

irradiation	 all	 resulted	 in	 modest	 but	 indistin-

guishable	 increases	 in	 tumor	 growth	 delay.	 A	

greater	 than	 3-fold	 increase	 in	 tumor	 volume	

was	observed	in	all	treatment	groups	by	day	12	

Koonce et al. / Focused ablation of hypoxia to improve radiation therapy 

Figure 5. Registra�on of MRI T2-weighted and 
18

F-

miso PET images of three transverse slices of a 4T1 

tumor. The hypoxic areas characterized by contours of 

tumor/muscle (T/M) ra�o >1.2. The water bolus used 

is shown in the MRI T2-weighted images but not in the 

PET images. 

Figure 6. Tumor volumes and the extent of 
18

F-miso 

PET iden�fied hypoxic regions. Horizontal axis                   

represents the mean diameter of the tumor.  

Figure 7. MRgFUS abla�on of hypoxic regions in a tumor implanted in right hind limb of a mouse. A) T2-weighted image              

overlapped with 3-D hypoxic regions that were reconstructed based on PET images; B) a �me sequence of temperature maps 

during abla�on. 
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Figure 8. Tumor growth delay of SCK mammary carcinomas following treatment regimens of abla�on, radia�on 

and combined therapy. Effect of treatment on tumor growth was monitored using caliper measurements and 

ploLed as means ± SE. A) Tumors were treated with either HIFU abla�on, 15 Gy alone or combined therapy. n= 4-6 

tumors/group  B) Tumors were treated with conduc�ve probe abla�on, 20 Gy alone or combined therapy. n= 3-5 

tumors/group. 

Koonce et al. / Focused ablation of hypoxia to improve radiation therapy 

(the	 end	 of	 the	 study),	 compared	 to	 a	 3.8-fold	

change	observed	in	the	control	group	by	day	7,	

�igure	 8a.	 In	 the	 second	 study,	 partial	 ablation	

using	 conductive	 heating	 resulted	 in	 a	 tumor	

growth	 delay	 to	 reach	 four	 times	 the	 starting	

volume	of	1.3-fold	compared	to	control	(day	6	v.	

day	 8).	 By	 day	 14	 after	 treatment,	 the	 average	

tumor	 growth	 in	 the	 radiation	 alone	 and	 abla-

tion	 alone	 progressed	 past	 3-fold	 the	 starting	

volume.	 In	 contrast,	 the	 average	 tumor	 volume	

in	 tumors	 treated	 with	 radiation	 immediately	

followed	 by	 ablation	 regressed	 to	 below	 the											

average	starting	volume	by	day	14,	�igure	8b-	in	

essence	a	full	inhibition	of	tumor	re-growth	over	

this	time	frame.		
	

	

DISCUSSION 

 

The	 prognostic	 importance	 and	 treatment	

resistance	features	ascribed	to	hypoxia	in	tumor	

tissue	 makes	 tumor	 hypoxia	 a	 high	 priority							

target	 for	 cancer	 treatment	 and	 diagnostic									

evaluation	 [48].	 The	 current	 project	 aimed	 to	

develop	 an	 18F-miso	 PET	 and	 MRI	 guided	 FUS	

system	 to	 selectively	 ablate	 identi�ied	 tumor					

hypoxic	 regions	 and	 test	 sequence	 dependence	

when	 combined	 with	 a	 conventional	 treatment	

such	 as	 radiotherapy.	 Following	 the	 experi-

mental	 protocol	 (�igure	 1	 and	 3),	 the	 effective-

ness	 of	 this	 system	 using	 PET	 hypoxia	 imaging	

(�igure	 4),	 alignment	 of	 PET	 and	 MRI	 T2-w													

images	(�igure	5	and	6),	and	the	performance	of	

MRI	temperature	imaging	and	FUS	heating	were	

tested	 in	 vivo	 using	 two	 models	 of	 breast														

carcinoma	in	tumor	bearing	mice	(�igure	7).	

The	measurement	of	tumor	hypoxia	using	18F-

miso	PET	has	been	previously	validated	using	a	

polarographic	needle	electrode	system	(49).	The	

tumor	 pO2	 measured	 by	 the	 polarographic								

needle	correlated	with	the	positron	emitter	18F-

miso	agent	in	tumor	tissue	in	terms	of	tumor-to-

muscle	ratio	(FMISOT/M	2h).	In	our	current	work,	

the	FMISOT/M	2h	that	corresponded	to	60%	of	the	

pO2	 readings	 <	 5.0	 mmHg	 was	 used	 as	 the								

nominal	 threshold	 to	 characterize	 the	 most							

hypoxic	tumor	regions	(�igure	4	and	5).	A	poten-

tial	artifact	in	our	results	is	the	effect	of	sedation	

on	 tumor	 oxygenation.	 Measurements	 of	 tumor	

pO2	 under	 iso�lurane	 anesthesia	 (50)	 have													

revealed	that	as	animals	are	anesthetized	by	the	

inhalation	 of	 iso�lurane	 balanced	 by	 air,	 the											

tumor	pO2	value	will	decrease	rapidly	within	1–2	

min	 and	 remains	 stable	 thereafter.	 Careful													

attention	 to	 maintaining	 physiological	 blood	

chemistry	 while	 performing	 pre-clinical																

experiments	will	need	to	be	considered	in	future	

experiments.	However,	this	may	or	may	not	have	

bearing	 on	 clinical	 studies,	 as	 patients	 are	 not	

normally	 sedated	 during	 PET/MRI	 scans-	 yet	
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they	 may	 be	 when	 ablative	 procedures	 are										

administered.	

The	 spatial	 resolution	 of	PET	 hypoxia	 imag-

ing	 is	 limited	by	many	 factors	 such	as	detector	

size,	photon	non-colinearity,	and	positron	range	
(51).	 In	 our	 studies,	 the	 microPET	 (FOCUS,												

Siemens)	 system	 used	 for	 animal	 studies	 with	
18F-miso	 tracer	 has	 the	 spatial	 resolution	 of	

nearly	 1.4	 mm	 FWHM	 (full	 width	 at	 half												

maximum).	 In	 other	 words,	 the	 uncertainty	 of	
18F-miso	PET-detected	hypoxic	contours	(�igure	

4	 and	 5)	 was	 reasonable	 for	 this	 work,													

compared	to	the	pixel	size	of	MRI	T2-w	imaging	

(1.6	mm,	�igure	5).	This	is	an	important	issue	to	

keep	in	mind	during	clinical	development	of	this	

approach	 since	 resolution	 may	 decrease	 and	

therefore	 the	 ablation	 volumes	 to	 target	 may	

become	more	 dif�icult	 to	 determine.	Albeit,	 the	

method	 described	 is	 presumably	 for	 larger	

bulky	tumors,	where	ablative	margins	of	hypox-

ic	regions	are	within	the	tumor	volume	and	can	

likely	be	expanded	to	ensure	complete	ablation	

of	 these	 regions	 assuming	 no	 proximal	 critical	

anatomy	is	involved.	Ablative	margins	for	whole	

tumor	 ablation	 are	 in	 the	 0.5-1cm	 range	 and	

thus	 targeting	 potential	 hypoxia	 in	 tumor															

periphery	will	likely	not	be	limited	either	(52).				

In	our	current	setup,	the	7T	MRI	scanner	can	

introduce	 adequate	 signal-to-noise	 ratio	 (SNR)	

but	has	a	higher	risk	of	phase	wrapping	artifacts	

in	 PRF	 shifted	 temperature	 maps.	 To	 achieve	

wrap-free	 phase	 changes,	 i.e.,	 to	 limit	 that	 the	

phase	variation	in	the	range	from	zero	to	π,	the	

maximum	 temperature	 change	 in	 tumor	 be-

tween	two	acquisitions	has	to	be	controlled	(e.g.,	

ΔTmax	<	50oC	in	this	study)	by	carefully	modulat-

ing	 the	 FUS	 heating.	 An	 unwrapping	 algorithm	

will	 be	 necessary	 otherwise,	 which	 would	 be	

best	 avoided	 due	 to	 its	 time-consuming	 nature	

and	 lack	 of	 ability	 for	 direct	 online	 analysis.	

Overall,	 interference	 was	 found	 to	 be	 of	 no														

signi�icance	within	 the	parameters	used	 in	 this	

study.	

The	potential	development	of	tumor	hypoxia	

post-MRgFUS	 treatment	 may	 occur	 after	 this	

treatment	approach,	which	could	cause	unwant-

ed	additional	radiation	resistance.	The	MRgFUS	

ablation	 will	 create	 a	 well-demarcated	 zone	 of	

vascular	 collapse	 in	 the	 hypoxic	 target	 that	 is	

irreversibly	 ablated	 and	 destined	 to	 become									

necrotic.	 	 In	 addition,	 oxygenation	 in	 the											

surrounding	 tissue	 may	 temporarily	 increase	

after	 exposure	 to	 hyperthermic	 temperatures	

such	 as	 those	 expected	 at	 the	 edge	 of	 the												

ablation	zone,	based	on	our	previous	data	 (53-55).	

This	 may	 be	 critical,	 as	 areas	 of	 intermediate						

hypoxia	possibly	not	ablated	given	 the	 18F-miso	

T/M	 ratio	 thresholds	 used	 may	 be	 responsible	

for	failure	of	treatment	response	to	radiotherapy	

or	 other	 therapies	 (56).	 Previous	 work	 by	 our	

group	 indicates	 reoxygenation	 of	 the	 surround-

ing	viable	tumor	tissue	persist	at	 least	72h	post	

partial	 tumor	 ablation,	 suggesting	 radio															

sensitization	of	this	area	may	occur-	yet	de�ining	

the	most	effective	interval	between	ablation	and	

radiation	 could	 prove	 tricky	 for	 easy	 adoption	

into	 clinical	 practice	 (39).	 Indeed,	 our	 tumor									

response	 studies	 (�igure	 8)	 suggest	 that	 there	

may	 be	 good	 logic	 to	 applying	 the	 hypoxic-

targeted	ablation	after	 radiotherapy	 is	adminis-

tered.	 Although	 areas	 of	 hypoxia	 were	 not													

selectively	 ablated	 in	 the	 breast	 tumor	 model	

studied,	 there	 was	 a	 distinctive	 sequence											

dependence	 of	 treatments	 applied.	 	 Irradiation	

followed	 by	 ablation	 was	 clearly	 the	 most													

effective	treatment	sequence	tested.	The	cause	of	

the	 sequence	 dependent	 anti-tumor	 response	

may	be	because	radiation	at	a	high	dose	of	20	Gy	

easily	kills	all	of	the	oxic	cells,	and	the	following	

ablation	 preferentially	 kills	 regions	 where									

perfusion	is	limited	and	hypoxia	may	be	present.			

Conversely,	 when	 ablation	 precedes	 radiation,	

there	 may	 be	 additional	 hypoxia	 and	 stress									

response	 induced	 in	 the	 tissue	 surrounding	 the	

ablation	zone	which	blunts	 the	radio	 sensitivity	

of	this	tissue	and	results	in	negligible	combined	

treatment	 improvement.	 More	 clearly	 under-

standing	these	variables	may	allow	clinicians	 to	

better	 tailor	 a	 combined	 treatment	 approach	of	

radiation	and	hypoxia-targeted	HIFU	as	illustrat-

ed	in	this	study.		

The	 use	 of	 thermal	 ablation	 is	 typically												

hampered	 when	 trying	 to	 fully	 ablate	 large										

tumors	 because	 of	 long	 treatment	 sessions	 and	

potential	 to	miss	small	volumes	of	 tumor	 in	 the	

mass.	 Because	 the	 described	 new	 method	 will	

involve	 signi�icantly	 shortened	 ablation																		

treatments	 to	 only	 a	 portion	 of	 the	 tumor	 and	
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potentially	improved	radiation	or	chemotherapy	

response	 by	 the	 remainder	 of	 the	 tumor,	 FUS	

therapy	 may	 be	 adopted	 into	 treatment	 regi-

mens	 for	a	wider	 range	of	 solid	 tumors.	This	 is	

the	 �irst	 report	 to	 our	 knowledge	 to	 study	 the	

acute	sequence	dependence	of	 thermal	ablation	

and	combined	radiation	 therapy	applied	on	 the	

same	 day.	 	 Further	 experiments	 to	 understand	

the	 sequence	 dependence	 of	 selective,	 hypoxia	

targeted	 thermal	 ablation	 and	 radiation	 appear	

attractive	as	MRgFUS	and	other	thermal	ablative	

techniques	expand	their	role	in	cancer	therapy.	

In	 summary,	 irreversible	 destruction	 of														

tumor	hypoxic	tissue	and	poorly	perfused	tissue	

in	general	can	potentially	reduce	hypoxic	radio-

protection	 and	 improve	 tumor	 control	 when	

properly	combined	with	radiotherapy.	This	idea	

of	 treating	with	complementary	therapies,	radi-

otherapy	 and	 thermal	 ablation,	 with	 reciprocal	

zones	of	 ef�icacy	 is	 attractive	 and	 some	 clinical	

studies	 have	 already	 suggested	 that	 the																	

approach	has	potential	(57).	MRI-guided	ablation	

of	hypoxic	regions	of	tumors	as	part	of	de�initive	

therapy	 in	 combination	 with	 chemo	 radiation	

therapy	 could	become	a	new	clinical	 indication	

for	MRgFUS.		
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