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1.1 Molecular	imaging	

Small	 animal	 imaging	 is	 a	 new	 standard	 in	 preclinical	 research	 and	 drug	

development.	 Together	 with	 clinical	 imaging,	 used	 for	 medical	 diagnoses,	 this	

relatively	 new	 technique	 enables	 us	 to	 visualize	 processes	 on	 the	 molecular	 level	

leading	to	the	general	term	of	molecular	imaging.	

According	to	the	description	by	Mankoff	 [1]	molecular	 imaging	 is	“the	visualization,	

characterization	 and	 measurement	 of	 biological	 processes	 at	 the	 molecular	 and	

cellular	levels	in	humans	and	other	living	systems”.	In	contrast	to	biomedical	imaging	

by	 microscopy,	 molecular	 imaging	 provides	 the	 ability	 to	 visualize	 molecular	

processes	 in	 a	 non-invasive	manner.	 This	 way	 it	 is	 possible	 to	 study	 the	 biological	

processes	in	their	natural	environment	extracting	spatial	and	temporal	information	in	

a	 longitudinal	manner.	 In	the	context	of	small	animal	molecular	 imaging	this	means	

that	 an	 animal	 (mostly	 mouse	 or	 rat)	 can	 be	 followed	 over	 time	 starting	 from	 a	

healthy	baseline	status	to	disease	and	optionally	after	treatment.	These	longitudinal	

measurements	 allow	 intra-animal	 evaluation	 and	 eliminate	 the	 inter-animal	

variability,	 thereby	 increasing	the	statistical	power	and	thus	reduces	the	number	of	

animals	that	will	be	needed	to	achieve	statistical	significance.	Molecular	imaging	can	

be	performed	with	a	range	of	instruments	as	described	in	the	next	section.	

1.2 Imaging	modalities	

Molecular	 imaging	 can	 be	 performed	 with	 positron	 emission	 tomography	 (PET),	

single	photon	emission	computed	tomography	(SPECT),	X-Ray	computed	tomography	

(CT),	 magnetic	 resonance	 (MR),	 optical	 bioluminescense/fluorescence	 and	

ultrasound	(US)	(Figure	1.1).	Typical	imaging	parameters	of	these	modalities	such	as	

resolution	 and	 sensitivity	 as	 well	 as	 their	 advantages	 and	 disadvanteages	 are	

summarized	 in	 Table	 1.1	 New	 technologies	 are	 still	 emerging	 and	 recently	

photoacoustic	 imaging	was	 added	 to	 the	 small	 animal	 imaging	modalities.	 PET	 and	

SPECT	make	use	of	the	particles	emitted	by	decaying	nuclei	of	the	radioisotope	(see	
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chapter	2	and	3),	CT	measures	the	attenuation	of	x-rays,	MR	measures	different	spin	

relaxation	 times	of	 nuclei	 in	 a	magnetic	 field,	US	measures	 the	 reflection	of	 sound	

waves,	 bioluminescence/fluorescence	 measures	 light	 and	 finally	 photoacoustic	

imaging	 measures	 acoustic	 waves.	 Although	 these	 modalities	 function	

independently,	 they	 are	 complementary	 and	 therefore	 often	 combined.	 An	 animal	

image	can	be	acquired	with	 functional	 imaging	 (such	as	SPECT,	PET,	 ...)	 though	 the	

animal’s	morphology	 is	often	hard	 to	visualize	and	anatomical	 imaging	 (such	as	CT,	

MR	 ...)	 can	give	more	details	about	 the	organs	and	anatomy	under	study.	Here	 the	

problem	 resides	 in	 the	 coregistration	 of	 the	 resulting	 images	 from	 the	 different	

modalities.	This	problem	can	be	achieved	by	software	where	the	different	images	are	

fused	 by	 minimizing	 a	 goodness-of-fit	 or	 similarity	 criterium.	 This	 image	

coregistration	 software	 will	 be	 required	 when	 the	 animal	 is	 scanned	 on	 different	

scanners.	On	 the	other	hand,	when	 the	hardware	 is	 combined	 in	one	 scanner	 (e.g.	

PET/SPECT-CT	or	PET/SPECT-MR)	the	different	 images	are	already	coregistered	with	

the	manufacturer’s	integrated	software.	

		

The	following	paragraphs	will	focus	on	the	modalities	PET	and	SPECT	(in	combination	

with	CT).		
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Figure	1.1	Illustration	of	the	most	used	imaging	modalities	for	small	animal	imaging:	
(A)	 µPET	 (B)	 µCT	 (C)	 µSPECT	 (D)	 fluorescence	 imaging	 (E)	MR	 (F)	 bioluminescence	
imaging.	Courtesy	of	Massoud	et	al.	[2].	

1.3 Imaging	probes	

Molecular	 imaging	(contrast)	agents	or	probes	are	either	endogenous	or	exogenous	

molecules,	which	can	be	non-invasively	detected	by	the	imaging	modalities.	Imaging	

probes	can	be	applied	in	various	ways.	In	nuclear	medicine	a	target-specific	probe	is	

commonly	used	for	cell	surface	receptors	or	 intracellular	molecules,	which	interacts	

directly	 with	 the	 target	 providing	 an	 image	 intensity	 correlating	 to	 the	 amount	 of	

target	 actively	 present.	 Here	 the	 imaging	 probe	 is	 labeled	 with	 a	 radio-isotope	

rendering	it	visible	using	a	PET	or	SPECT	scanner.	CT	contrast	agents	are	non-specific	

and	are	based	on	the	slow	clearance	(some	hours)	through	organs	such	as	the	 liver	

using	 e.g.	 small	 lipid	 spheres	 containing	 an	 iodine-based	 (high	 atomic-number)	

compound	(e.g.	Fenestra	LC)	enhancing	soft	tissue	contrast.		

The	 imaging	 probes	 used	 in	 this	 thesis	 are	 SPECT	 and	 PET	 imaging	 probes	 and	 are	

called	 radiotracers.	 Throughout	 this	 dissertation	 the	 radiotracer	 18F-
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fluorodeoxyglucose	(18F-FDG)	is	often	used	in	the	different	experiments.	18F-FDG	is	a	

glucose	 analog	 where	 the	 2’	 hydroxyl	 group	 is	 substituted	 by	 18F	 and	 will	 thus	 be	

taken	 up	 by	 glucose	 consuming	 cells.	 After	 phosphorylation	 18F-FDG	 cannot	 be	

further	metabolized	in	the	cells	and	thus	gets	trapped	in	the	cells.	These	irreversible	

kinetics	 are	 preferable	 for	 quantification	 as	 they	 yield	 high	 specific	 to	 non-specific	

concentration	 ratios	 allowing	 for	 late	 static	 imaging.	 This	 is	 in	 contrast	 to	 many	

tracers	 used	 in	 neuroreceptor	 imaging	 showing	 reversible	 kinetics	 and	 as	

consequence	tracer	uptake	in	regions	reflects	both	free	and	bound	radiotracer.	

	A	good	radiotracer	must	ideally	meet	the	following	requirements:	

1. Available	target:	

The	concentration	of	the	target	(Bmax,	typically	1-50	nM)	in	PET	is	typically	in	

the	nanomolar	range.	Low	concentrations	of	the	target	will	require	very	high	

affinity	and	low	non-specific	binding	(see	below).	

2. High	affinity	and	selectivity	for	target:	

Affinity	 is	expressed	as	1/Kd	with	Kd	being	 the	dissocation	constant,	 i.e.	 the	

equilibrium	constant	for	the	dissocation	of	the	tracer-target	complex	into	its	

components,	 i.e.	 the	 tracer	 and	 the	 target.	 To	 obtain	 good	 imaging	

properties	the	Bmax/Kd	ratio	should	be	high	(at	least	4)	reflecting	high	target-

to-nontarget	binding	ratios.	If	Bmax/Kd	is	lower	than	1,	the	radiotracer	will	not	

accumulate	over	plasma	 levels	 [3].	Besides	modifications	and	 replacements	

within	 the	 chemical	 structure	 of	 the	 radiotracer	 one	 can	 also	make	 use	 of	

multimerisation	 to	 enhance	 binding	 affinity.	 This	 approach	 introduces	

multimeric	 compounds	 presenting	 more	 than	 one	 receptor	 binding-site	 in	

one	 tracer	 molecule.	 This	 results	 in	 prolonged	 target	 retention.	When	 the	

target	is	only	present	at	 low	concentrations	in	tissue,	radiotracers	with	sub-

nanomolar	affinity	are	needed	and	radiotracers	with	a	 lower	affinity	 (10-30	

nM)	 can	 only	 be	 used	 to	 image	 targets	 that	 are	 present	 in	 high	

concentrations	[4].	
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The	required	selectivity	of	the	radiotracer	depends	upon	the	desired	target,	

interfering	target,	Bmax	and	colocalization	(i.e.	spatial	overlap).	If	for	example	

the	 goal	 is	 to	 image	 serotonine	 receptors	 (SERT)	 in	 the	 striatum	 then	

radiotracer	 selectivity	 for	 SERT/DAT	 (i.e.	 dopamine	 transporter)	 requires	 to	

be	>	100	because	in	striatum	DAT	Bmax	>>	SERT	Bmax.	However,	when	our	goal	

is	 to	 image	DAT	 in	 the	striatum	then	the	selectivity	of	our	 radiotracer	does	

not	need	to	be	that	high.	

3. High	specific	activity	

The	specific	activity	is	a	measure	of	the	amount	of	radioactive	labeled	tracer	

molecules	at	a	given	time,	compared	to	the	total	number	of	tracer	molecules	

(labelled	and	unlabelled).	Insufficient	specific	activity	may	lead	to	saturation	

of	the	target	site	by	the	unlabelled	compound.	In	receptor	imaging	the	tracer	

preferably	occupies	<1%	of	 the	available	 receptors.	 This	 requires	 tracers	 to	

be	 produced	 at	 very	 high	 specific	 activities	 (generally	 >37	 GBq/µmole)	 [5].	

Such	specific	activities	 result	 in	 the	 injection	of	 several	picomoles	of	 tracer.	
18F-fluoride	 can	 be	 produced	 in	 high	 specific	 activities	 of	 circa	 3700	

GBq/µmol	 [6].	 The	 specific	 activity	 is	 of	 less	 importance	 when	 using	 the	

radiotracer	18F-FDG.	

4. Target	accessibility	

The	radiotracers	must	be	able	to	reach	the	target.	For	most	radiotracers	this	

means	the	ability	to	cross	a	membrane	e.g.	the	blood-brain	barrier	by	passive	

diffusion.	 Many	 (poorly	 understood)	 factors	 contribute	 to	 membrane	

permeability	 but	 lipophilicity	 appears	 an	 important	 factor	 with	 highest	

permeability	when	 values	 of	 the	 logPoct/PBS	are	 in	 the	 range	 of	 2-3.	 The	 18F-

FDG	 radiotracer	 can	 cross	 the	 blood-brain	 barrier	 by	 facilitated	 transport:	

GLUT-1	transporters	are	expressed	in	brain	capillary	endothelial	cells,	cells	of	

the	choroid	plexus	and	astrocytes.	

5. Low	non-specific	(NS)	binding	
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NS	 binding	 is	 defined	 as	 non-saturable	 binding	 to	 tissue	 such	 as	 lipids,	

phospholipids,	 proteins	 etc.	 In	 a	 PET	 signal	 the	 NS	 produces	 a	 background	

signal	reducing	the	contrast	of	the	specific	binding	signal.	High	NS	binding	is	

probably	the	number	one	reason	for	radiotracer	failure.	There	is	however	no	

completely	 satisfactory	 predictor	 for	 the	 degree	 of	 NS	 binding.	 The	

correlation	 between	NS	 binding	 and	 lipophilicity	 appears	 to	 be	 strong	with	

more	NS	binding	when	lipophilicity	is	higher	(logPoct/PBS	>	4).	

6. Low	plasma	protein	binding	

High	values	of	plasma	protein	binding	will	lead	to	prolonged	blood	circulation	

and	 reduced	 target	 to	 nontarget	 ratios.	 Plasma	 protein	 binding	 increases	

with	increased	liphophilicity.		

7. Appropriate	in	vivo	pharmacokinetics	

Pharmacokinetic	 properties	 involve	 e.g.	 blood	 clearance,	 renal	 elimination	

and	 protein	 binding.	 The	 strategies	 to	 optimize	 the	 pharmacokinetics	 are	

manifold	 and	 include	 conjugation	 of	 carbohydrates	 (glycosylation),	

polethylen	 glycol	 (PEG)	 moieties	 or	 hydrophylic	 amino	 acids.	 All	 these	

modifications	adjust	the	lipophilicity	and	have	the	goal	to	minimize	uptake	in	

liver	and	kidneys	and	maximize	uptake	 in	 the	 tissue	of	 interest	 such	as	 the	

brain	 and	 tumor.	 For	 the	 18F-FDG	 radiotracer	 intense	uptake	 is	 observed	 in	

kidneys,	 ureters	 and	 the	bladder.	 This	 is	 because	 FDG	 is	poorly	 reabsorbed	

after	 filtration	 in	 the	 kidney	 and	 is	 thus	 excreted	 in	 a	 large	 amount	 in	 the	

urine.	

8. Low	amounts	of	labelled	metabolites	in	the	region	of	interest	

A	major	 drawback	 of	 a	 peptide-based	 tracer	 is	 that	 it	 can	 be	 cleaved	 by	 a	

variety	 of	 peptidases	 found	 in	 blood	 and	 other	 tissue	 such	 as	 liver	 and	

kidneys.	The	goal	is	to	obtain	a	signal	in	the	region	of	interest	that	originates	

only	from	the	original	tracer	and	not	from	the	cleaved	peptide.		
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1.4 Quantification		

Once	 a	 tracer	 is	 designed	 as	 in	 section	 1.3,	 quantitative	 molecular	 imaging	 using	

PET/SPECT	is	the	extraction	of	physiological	parameters	of	interest	from	the	kinetics	

of	that	tracer.	

1.4.1 Quantification	measures	

Quantification	can	be	done	per	pixel	but	in	practice	it	is	mostly	done	within	a	region	

(region	 of	 interest	 or	 ROI).	 Usually	 a	 stack	 of	 ROIs	 (2D)	 is	 drawn	 through	 different	

slices	(i.e.	a	volume	of	interest	or	VOI,	3D)	to	obtain	more	statistics,	as	the	SPECT/PET	

signal	 in	 pixels	 can	 be	 noisy.	 The	 images	 of	 the	 CT	 or	 MR	 can	 function	 as	 an	

anatomical	reference	to	draw	the	VOI.		If	no	CT	or	MR	is	available	the	activity	(i.e.	the	

pixel	 intensity	values)	 is	used	to	delineate	the	VOI	boundaries.	Finally,	a	template	is	

mainly	 used	 to	 derive	 a	 brain	 VOI,	 as	 the	 spatial	 activity	 distribution	 is	 contained	

within	the	brain	skull	enabling	the	spatial	normalization	to	a	brain	template.	

With	 a	 quantitative	 calibration	 of	 the	 scanner,	 the	 tracer	 uptake	 values	 can	 be	

reported	 as	 an	 activity	 concentration	 (e.g.	 kBq/cc).	 One	 can	 report	 the	 percent	

injected	dose	per	gram	or	%ID/g	(assuming	the	density	of	tissue	is	1)	by	dividing	the	

value	by	the	total	injected	dose	(e.g.	[kBq]).	One	of	the	advantages	of	this	method	is	

the	direct	link	of	this	value	to	the	quantification	measured	by	ex	vivo	biodistribution	

with	a	gamma	counter,	which	is	usually	reported	in	%ID/g.	Another	uptake	measure	

that	is	often	used	is	the	standard	uptake	value	(SUV)	and	is	calculated	as	the	%ID/g	

multiplied	 by	 the	 body	 weight	 (g)	 of	 the	 subject.	 In	 this	 way	 the	 SUV	 value	 is	

dimensionless.	 In	 alternative	 SUV	 definitions	 the	 body	weight	 is	 replaced	 by	 other	

normalization	factors	such	as	body	surface	area	or	lean	body	mass.	The	use	of	these	

factors	 in	the	SUV	definition	generates	a	measure	that	 is	more	weight-independent	

for	18F-FDG	uptake	(this	will	be	further	discussed	in	chapter	5)	[7].	Further,	SUVmean,	

SUVmax	and	SUVpeak	are	often	used.	SUVmean	reflects	the	overall	tracer	distribution	in	

the	VOI	but	 it	highly	depends	on	 the	VOI	contour.	 If	 the	VOI	cannot	be	segmented	

with	 absolute	 reliability	 the	 SUVmax	 is	 preferred.	 As	 the	 SUVmax	 can	 be	 adversely	



	 	 Introduction	to	small	animal	imaging	

	16	

affected	by	noise	the	SUVpeak,	defined	as	the	SUVmean	within	a	spherical	VOI	centered	

on	a	high-uptake	part,	can	be	recommended	although	this	measure	is	again	sensitive	

to	 the	 VOI	 (peak)	 definition.	 An	 alternative	 is	 the	 use	 of	 a	 ratio	 to	 plasma	 or	 to	 a	

reference	region	if	available.	

These	normalized	measures	of	activity	concentration	such	as	SUV	and	%ID/g	are	so	

called	 semi-quantitative	 parameters	 representing	 a	 physical	 quantity	 (i.e.	 activity	

concentration).	 The	 semi-quantitative	 measures	 are	 obtained	 from	 a	 static	 scan	

when	 tracer	 uptake	 is	most	 representative	 of	 the	 process	 of	 interest	 after	 a	 fixed	

uptake	 period	 (typically	 30	 to	 90	min,	 depending	 on	 the	 type	 of	 tracer).	 However,	

normalizing	 to	 the	 injected	 dose	 divided	 by	 body	 weight	 is	 a	 simplification	 of	 the	

tracer	quantification.	The	 tracer	 input	can	be	altered	by	processes	 in	 the	periphery	

such	 as	 tracer	 delivery	 and	 extraction	 from	 vasculature,	 binding	 to	 cell	 surface	

receptors,	 diffusion	 or	 transport	 into	 cells,	 tracer	 metabolism,	 washout	 from	 the	

tissue	 and	 excretion	 from	 the	 body.	 To	 account	 for	 the	 time	 varying	 spatial	

distribution	of	a	radiotracer	in	the	body	the	acquisition	of	the	time	course	of	the	free	

tracer	 concentration	 in	arterial	plasma	 (i.e.	 the	 input	 function)	 should	be	obtained.	

To	 obtain	 such	 an	 input	 function,	 radioactivity	 in	 the	 blood	 is	 measured	 and	

corrected	for	binding	of	the	tracer	to	red	blood	cells	and	as	well	as	 for	metabolites	

since	the	tracer	is	likely	to	be	metabolized	in	the	periphery	(e.g.	in	the	liver).	Next	to	

the	 input	 function	 a	 dynamic	 scan	 or	 series	 of	 images	 (time	 frames)	 has	 to	 be	

acquired	in	a	continuous	acquisition,	which	should	be	started	just	prior	to	the	tracer	

injection.	Due	to	the	lower	sensitivity	and	the	smaller	field-of-view	(FOV)	compared	

to	PET	these	dynamic	scans	are	almost	never	performed	in	SPECT.		

The	 tracer	dynamics	 are	 then	usually	described	and	modeled	using	 compartmental	

models.	 In	 these	 models	 the	 total	 activity	 in	 a	 region	 is	 composed	 of	 tracer	 in	

different	compartments.	A	compartment	 is	a	physiological	state	that	varies	 in	time:	

e.g.	 18F-FDG	 molecules	 in	 cells	 respresent	 a	 different	 compartment	 than	

phosphorylated	 18F-FDG	 molecules	 in	 the	 same	 cells	 (Figure	 1.2).	 The	 tracer	 is	

exchanged	between	these	compartments	and	the	proportion	of	tracer	molecules	in	a	
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given	 compartment	 that	 will	 move	 to	 another	 compartment	 within	 some	 time	 is	

defined	 by	 rate	 constants:	 K1,	 k2,	 k3	 and	 k4	 which	 are	 micro-parameters.	 The	

simplest	 model	 is	 the	 two-compartment	 (or	 one-tissue)	 model	 where	 the	 first	

compartment	is	for	the	input	function	and	the	second	compartment	for	the	tracer	in	

the	tissue.	This	model	can	be	used	to	quantify	perfusion	or	blood	flow	using	H2
15O	as	

radiotracer.	If	there	is	uptake	of	the	radiotracer	as	with	18F-FDG	the	model	extends	to	

three	compartments.	For	brain	receptor	studies	four	compartments	contribute	to	the	

signal:	 free	radioligand	in	plasma,	free	radioligand	in	tissue,	radioligand	that	 is	non-

specifically	 bound	 and	 radioligand	 specifically	 bound	 to	 the	 receptor.	 Due	 to	 the	

complexity	 of	 this	 four-compartment	model	 it	 is	 simplified	 to	 three	 compartments	

under	 the	assumption	of	 a	 rapid	equilibrium	between	 the	 free	and	non-specifically	

bound	compartments.	Another	approach	to	reduce	the	complexity	of	a	model	is	the	

combination	 of	 the	 model	 parameters	 resulting	 in	 macro-parameters	 such	 as	 the	

volume	of	distribution	(VT)	and	the	net	influx	rate	(Ki).		VT	is	defined	as	the	ratio	of	the	

radioligand	 concentration	 in	 tissue	 to	 that	 in	 plasma	 and	 is	 in	 its	 simplest	 form	 (in	

one-tissue	compartment	model)	defined	as	K1/k2.	The	net	influx	rate	Ki	represents	an	

irreversible	process	and	 is	 equal	 to	K1	 in	 the	one-tissue	 compartment	model	 (k2=0)	

and	 equal	 to	 K1k3/k2+k3	 in	 the	 two-tissue	 compartment	 model	 (k4=0).	 In	 18F-FDG	

studies	Ki	can	be	multiplied	with	the	concentration	of	the	plasma	glucose	and	divided	

by	the	lumped	constant	to	get	an	estimate	of	the	metabolic	glucose	rate	(MRglc)	as	

illustrated	 in	 chapter	 5.	 The	 lumped	 constant	 accounts	 for	 the	 differences	 in	

transport	and	phosphorylation	rates	between	glucose	and	18F-FDG.	
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Figure	 1.2	 The	 three-compartment	 or	 two-tissue	 model	 for	 the	 18F-FDG	 radiotracer.	 After	
injection	 18F-FDG	 in	 the	 capillaries	 (Cp)	 distributes	 through	 the	 body.	 K1	 represents	 the	
extraction	from	plasma	into	tissue	(Cf)	while	k2	represents	the	transport	rate	from	tissue	back	
into	 plasma.	 After	 its	 transfer	 to	 the	 tissue,	 18F-FDG	 is	 phosphorylated	 (k3	 represents	
phosphorylation	 rate)	 and	 can	 not	 be	 further	 metabolized	 (Cb).	 When	 the	 PET	 study	 is	
performed	 within	 an	 hour	 after	 18F-FDG	 injection	 no	 dephosphorylation	 occurs	 or	 k4=0.	 A	
voxel	represents	all	three	compartments	and	is	represented	by	the	dashed	box.		
	

Other	 methods	 than	 compartmental	 modeling	 to	 calculate	 macro-parameters	 are	

graphical	methods	such	as	Patlak	 (for	 irreversible	 tracers)	and	Logan	 (for	 reversible	

tracers)	 by	 simplifying	 the	 compartmental	 models	 (multiple	 order	 differential	

equations)	to	linear	estimation	problems.	However	when	data	noise	is	too	high	these	

simplified	methods	can	 lead	 to	biases	 in	 the	estimates.	The	use	of	 such	a	graphical	

method	is	illustrated	in	chapter	5	where	the	glucose	uptake	or	the	glucose	metabolic	

rate	is	defined	using	the	slope	(i.e.	Ki)	of	the	Patlak	plot	and	compared	with	the	semi-

quantitative	SUV	measure.	Without	net	uptake	of	the	tracer,	i.e.	the	Logan	plot,	the	

slope	of	the	fitted	line	represents	VT.	

1.4.2 Quantification	challenges	
Although	 compartmental	 modeling	 directly	 models	 the	 different	 processes	 of	 the	

tracer,	 there	 are	 still	 some	 challenges	 in	 the	 quantification	 of	 nuclear	 images	
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including	 the	 determination	 of	 the	 input	 function	 in	 small	 animals.	 The	 major	

challenges	in	quantification	can	be	categorized	in	the	following	classes:	

• Instrumentation	and	measurement	factors:	factors	related	to	imaging	system	

performance	(e.g.	resolution)	and	data	acquisition	protocols;	

• Physical	factors:	factors	related	to	the	physics	of	positron/photon	interaction	

with	biologic	tissues;	

• Reconstruction	 factors:	 issues	 related	 to	 assumptions	 made	 by	 image	

reconstruction	algorithms;	

• Physiological	 factors:	 factors	 related	 to	motion	 (e.g.	 respiratory)	 and	 other	

physiological	issues;	

• Image	 processing	 factors:	 issues	 related	 to	 the	 delination	 of	 the	 tissue	 of	

interest	 and	 difficulties	 in	 developing	 and	 applying	 tracer	 kinetic	 models,	

especially	at	the	voxel	level	(parametric	imaging).	

	

The	 influence	of	 reconstruction	and	the	choice	of	 tracer	kinetic	models	are	beyond	

the	scope	of	this	dissertation.	The	performance	of	the	instrumentation	and	physical	

factors	 are	 discussed	 in	 chapter	 2	 and	 3	 for	 respectively	 PET	 and	 SPECT	 and	 the	

physiological	factors	in	chapters	4,	5,	6	and	7.	

	

Some	quantification	challenges	require	more	attention	in	small	animal	 imaging.	The	

partial	 volume	 effect	 and	 the	mass	 effect	 are	 important	 issues	 due	 to	 respectively	

the	 small	 size	 and	 the	 small	 blood	 volume	 of	 the	 rodents.	 Partial	 volume	 effects	

occur	when	 the	VOI	 is	 small	 compared	with	 the	 resolution	of	 the	 scanner.	 Indeed,	

due	 to	 the	 limited	 spatial	 resolution,	 a	 small	 point	 source	 of	 radiation	 will	 be	

smeared	 out	 and	 appear	 as	 a	 blob	 of	 lower	 activity	 concentration	 in	 the	

reconstructed	image.	As	a	consequence,	small	objects	appear	to	have	lower	activity	

concentration	 in	 comparison	 to	 larger	 objects	 of	 equal	 true	 activity	 concentration.	

One	 can	 correct	 for	 partial	 volume	 effects	 if	 the	 recovery	 coefficient	 (RC)	 can	 be	

determined.	 The	RC	 is	 the	 ratio	of	 the	measured	activity	 concentration	 to	 the	 true	
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activity	concentration.	If	the	VOI	size	(in	all	planes)	is	approximately	twice	the	image	

resolution,	then	the	partial	volume	effect	is	negligible.	It	is	also	necessary	to	correct	

for	cross	contamination	or	activity	spillover	from	the	surrounding	areas	into	the	VOI	

due	to	the	limited	spatial	resolution	(this	will	be	e.g.	an	important	aspect	in	chapter	

6).	 The	mass	 effect	 occurs	when	 the	 binding	 of	 the	 radiolabeled	 tracer	 is	 partially	

blocked	because	of	too	much	unlabeled	tracer	is	bound	to	the	target.	This	effect	not	

only	 reduces	 the	 image	 contrast	 but	 may	 also	 cause	 errors	 in	 quantitative	

measurements	if	the	amount	of	unlabeled	tracer	varies	between	different	studies.	It	

is	 therefore	 important	 to	know	the	specific	activity,	 i.e.	 the	amount	of	 radioactivity	

per	mol	injected	tracer.	

	

Specifically	for	small	animal	imaging	the	handling	of	the	subject	has	a	profound	effect	

on	 the	 imaging	 results.	 E.g.	 in	 Figure	 1.3	 the	 influence	 of	 the	 body	 temperature,	

fasting	and	anesthesia	is	shown.	It	is	therefore	imperative	to	account	for	or	minimize	

the	 influence	of	 these	 factors.	As	 a	 consequence	 imaging	data	will	 be	 less	 variable	

and	 allow	 reaching	 significance	 with	 fewer	 animals.	 Below	 some	 animal	 handling	

procedures	 such	 as	 anesthesia,	 route	 of	 administration,	 body	 temperature	 and	

monitoring	 of	 vital	 signals	 are	 discussed.	 We	 will	 further	 investigate	 the	 effect	 of	

some	of	these	and	other	factors	in	chapter	4	and	6.	

1.4.2.1 Anesthesia	

While	 compliant	 human	 patients	 are	 willing	 to	 lie	 still	 during	 molecular	 imaging	

exams,	 anesthetic	 drugs	 are	 needed	 to	 reduce	 movement	 of	 the	 animal	 during	

imaging.	 Anesthesia	 is	 generally	 induced	 by	 administering	 a	 sub	 lethal	 dose	 of	 a	

toxin.	Examples	of	injectable	anesthetics	include	pentobarbital,	ketamine,	midazolam	

and	 xylazine.	 Common	 examples	 of	 gas	 anesthesia	 are	 halothane,	 isoflurane,	

sevoflurane	 and	 desflurane.	 It	 is	 important	 to	 understand	 the	 different	 effects	 of	

each	 of	 these	 anesthesia.	 Both	 injectable	 and	 inhalant	 anesthesia	 can	 cause	

hypothermia,	 acidosis	 (due	 to	 inhalation	 of	 exhaled	 CO2),	 dehydration,	

hyperglycemia	and	reduced	metabolic	activity.	Short	lasting	agents	such	as	propofol	
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can	lead	to	a	variable	depth	of	anesthetic	state	and	thus		a	variable	physiology	during	

imaging.	There	are	many	examples	of	specific	effects	such	as	the	enhancement	of	the	

inhibitory	effects	of	cocaine	on	dopamine	transporter	[8]	when	using	isoflurane.	Thus	

anesthesia	can	interact	with	the	PET	outcome	measure	(Figure	1.3)	while	the	impact	

of	 these	 anesthesia	 effects	 is	 not	 fully	 understood	 which	 can	 be	 problematic	 for	

translational	 imaging.	 The	 effects	 of	 isoflurane,	 the	 most	 widely	 used	 anesthetic	

when	imaging	small	animals,	are	discussed	in	chapter	4	of	this	thesis.		

For	these	reasons	in	static	imaging	it	is	better	to	keep	the	animal	in	a	conscious	state	

during	 tracer	 uptake	 and	 anesthetize	 the	 animal	 just	 before	 the	 onset	 of	 imaging.	

Such	is	evidently	not	possible	when	performing	a	dynamic	scan.	The	disadvantage	of	

this	awake	procedure	is	that	there	may	occur	stress	related	alterations	in	the	animal,	

leading	 to	 altered	 corticosterone,	 glucose	 or	 other	 metabolic	 factors	 that	 can	

influence	 the	 experiment.	 Some	 researchers	 avoid	 the	 use	 of	 anesthesia	 by	

restraining	the	conscious	animal	or	let	the	animal	free	and	track	the	movement	[9]	or	

even	by	building	a	miniature	camera	that	is	mounted	on	the	animal	[10].	Future	work	

is	performed	to	enable	awake	scanning	of	rodents	[11].	

1.4.2.2 Route	of	administration	

Radiotracers	 and	 other	 substances	 can	 be	 administered	 to	 the	 animals	 through	 a	

variety	 of	 routes.	 The	 absorption,	 bioavailability	 and	metabolism	 of	 the	 substance	

differ	 depending	 on	 this	 administration	 route.	 Radiotracers	 are	 mostly	 injected	

intravenous	(iv)	into	the	tail	vein	as	this	is	a	quick	and	effective	way	for	delivery	into	

the	 blood	 stream.	 However	 to	 obtain	 reproducible	 injections	 the	 amount	 of	

extravasation	should	be	minimized	as	this	remaining	solution	is	not	bioavailable	and	

should	 thus	 not	 be	 considered	 as	 part	 of	 the	 injected	 dose.	When	 the	 amount	 of	

extravasation	 is	 quite	 substantial	 it	 is	more	 accurate	 to	 image	 the	 entire	 body	 and	

calculate	the	activity	within	the	animal	based	on	the	image	data.	In	general	no	more	

than	10%	of	the	total	blood	volume	can	be	injected	or	removed.	Injecting	too	much	

can	 cause	 fluid	buildup	 in	 the	 lungs	and	cause	 temperature	 shock	 if	 the	 solution	 is	
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not	warmed.	Withdrawing	 too	much	blood	can	 leave	 the	 rodents	anemic	and	alter	

the	physiology	in	a	variety	of	ways.		

Alternative	 administration	 routes	 for	 fast	 delivery	 into	 the	 blood	 stream	 are	 the	

penile	 vein	 and	 retro-orbital	 injections.	 Penile	 vein	 injections	 are	 more	 rapid	 and	

reproducible	 than	 the	 tail	 vein	 injections	 but	 the	 consequences	 are	 higher	 when	

damaging	the	vein.	Retro-orbital	 injections	only	allow	limited	 injection	volumes	and	

have	the	potential	to	cause	infection	and	blindness.	

If	 speed	 of	 delivery	 is	 not	 a	 crucial	 factor,	 subcutaneous	 and	 intraperitoneal	 (ip)	

injections	are	a	simple	and	reliable	alternative	without	risk	of	extravasation.	Here	the	

risk	is	that	the	radiotracer	does	not	reach	the	blood	stream	as	you	can	puncture	the	

bowel	or	bladder.	Intradermal	(id)	and	intramuscular	(im)	should	be	avoided	because	

of	the	thin	skin	and	small	muscle	mass	in	rodents.	

1.4.2.3 Body	temperature	

Body	temperature	control	is	an	important	aspect	in	small	animal	imaging	as	there	is	a	

risk	 of	 introducing	 hypothermia	 during	 scanning	 of	 anesthetized	 animals	 if	 the	

necessary	precautions	are	not	 taken.	Hypothermia	 causes	 the	blood	 to	divert	 from	

peripheral	tissues	to	maintain	the	core	body	temperature	causing	e.g.	18F-FDG	uptake	

in	 brown	 fat	 lowering	 the	 18F-FDG	 brain	 uptake	 (Figure	 1.3B	 and	 E).	 On	 the	 other	

hand	it	is	important	not	to	overheat	the	animal	as	even	a	core	temperature	elevation	

of	3-4	 °C	 is	 sufficient	 to	denature	proteins	and	cause	heat	 shock	 [12].	A	commonly	

used	method	 to	 heat	 the	 animal	 is	 the	 use	 of	 a	 heating	 pad	 containing	 a	 resistive	

wire	heating	element	enabling	precise	control	of	the	temperature.	Another	method	

often	used	in	MR	systems	is	the	use	of	warmed	air.	The	air	however	does	not	transfer	

that	much	heat	to	the	animal	and	the	airflow	can	lead	to	dehydration	when	used	for	

longer	times.	
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Figure	 1.3	 Sagittal	 sections	of	mice	 showing	 the	distribution	of	 the	 radiotracer	 18F-
FDG	after	uptake	under	various	conditions:	(A)	not	fasted,	warmed,	no	anesthesia	(B)	
fasted,	 not	 warmed,	 no	 anesthesia	 (C)	 fasted,	 warmed,	 no	 anesthesia	 (D)	 fasted,	
warmed,	 no	 anesthesia,	 conscious	 injection	 (E)	 not	 fasted,	 not	 warmed,	 no	
anesthesia	 (F)	 µCT	 for	 anatomical	 reference	 (G)	 not	 fasted,	warmed,	 isoflurane	 (H)	
fasted,	warmed,	 isoflurane	(I)	fasted,	warmed,	ketamine.	When	the	animal	 is	fasted	
there	 is	more	 uptake	 in	 the	 brain	 and	 less	 in	 the	 heart.	 Heating	 prevents	 18F-FDG	
uptake	 in	 the	 brown	 fat	 tissues	 and	 anesthesia	 prevents	muscle	 uptake.	 Ketamine	
causes	hyperglycemia	and	thus	less	18F-FDG	uptake.	Courtesy	of	Fueger	et	al.	[13]	

1.4.2.4 Monitoring	of	vital	signals	

The	benefits	of	monitoring	vital	signals	in	imaging	(such	as	heart	and	respiratory	rate)	

are	twofold.	On	one	hand	it	enables	to	assess	the	depth	of	anesthesia	and	to	adapt	

the	anesthesia	concentration	as	needed.	On	the	other	hand	the	vital	signals	can	be	

included	into	the	PET	and	can	then	be	used	as	triggers.	The	respiratory	and/or	heart	

cycles	can	then	be	divided	into	a	series	of	gates	and	this	can	be	used	e.g.	to	separate	

systolic	from	diastolic	phases	of	the	cardiac	motion.	In	this	way	one	can	minimize	the	

spillover	 and	 partial	 volume	 effect	 if	 the	 left	 ventricle	 blood	 pool	 is	 being	 used	 to	
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derive	the	input	function	and	to	image	at	specific	phases	of	the	respiratory	cycle.	The	

electrocardiogram	 signals	 can	 be	 obtained	 from	 electrodes	 and	 needles	 (carbon	

electrodes	 in	 case	 of	 MRI	 or	 CT)	 positioned	 on	 or	 in	 the	 skin	 of	 the	 paws.	 The	

respiratory	signal	can	be	obtained	from	a	pressure	cushion	placed	under	the	animal.	

As	 discussed	 in	 1.4.2.3	 the	 control	 of	 the	 body	 temperature	 is	 important	 as	 it	 can	

change	 physiology	 and	 thus	 the	 PET	 imaging	 results.	 The	 body	 temperature	 of	 the	

animal	can	be	monitored	using	a	rectal	thermometer.	

1.5 Applications	in	Neurosciences	

This	section	focuses	on	some	models	and	common	radiotracers	 in	neurosciences	as	

the	rodent	brain	will	be	the	main	organ	of	interest	throughout	this	dissertation.	For	

applications	 in	oncology	and	 inflammation	 the	 interested	 reader	 is	 referred	 to	 [14]	

and	[15],	[16]	respectively.	

1.5.1 Animal	models	

Animal	models	in	neuroscience	are	used	to	elucidate	the	mechanisms	underlying	the	

human	 condition	 and	 to	 translationally	 evaluate	 pharmacological,	 behavioral	 or	

other	 treatments	 for	 the	 disease.	 There	 are	 animal	 models	 available	 for	 all	 major	

neurodegenerative	diseases	as	well	as	for	epilepsy,	stroke	etc.	However,	developing	

models	 that	 fully	mimic	 human	 neurological/psychiatric	 disorders	 is	 in	many	 cases	

challenging.	 The	 models	 either	 reproduce	 the	 main	 pathological	 features	 of	 the	

disorders	by	mechanisms	that	may	not	necessarily	occur	in	humans	or	they	are	based	

on	 known	 pathophysiological	 mechanisms	 but	 may	 not	 reproduce	 all	 the	 features	

seen	 in	 patients.	 The	 rodent	 models	 in	 neurosciences	 are	 genetically	 engineered,	

pharmacological	 induced	 or	 produced	 through	 advanced	 biotechnology	 techniques	

(e.g.	 viral	 vector	 technology).	 The	use	of	 the	mouse	as	 a	model	 is	 however	 limited	

due	to	the	small	size	of	the	brain	(500	mm3)	compared	to	the	volumetric	resolution	

limitations	of	the	current	SPECT/PET	(3.4	mm3)	scanners.		



	 	 Introduction	to	small	animal	imaging	

	 25	

The	section	will	only	discuss	models	of	schizophrenia	and	Alzheimer’s	disease	(AD)	as	

these	 models	 will	 be	 part	 of	 experiments	 in	 chapter	 4	 and	 6	 respectively.	

Schizophrenia	 is	a	chronic	brain	disorder	affecting	1%	of	the	human	population	and	

involves	 a	 range	 of	 cognitive,	 behavior	 and	 emotional	 problems.	 Pharmacological	

animal	models	play	the	most	dominant	role	in	schizophrenia	research	[17].	Increasing	

evidence	supports	the	idea	that	dysfunction	of	the	glutamatergic	system	is	a	primary	

pathophysiological	 change	 seen	 in	 schizophrenia	 [18].	 It	 is	 clinically	 observed	 that	

inhibition	of	N-methyl-D-aspartate	(NMDA)	receptors	by	noncompetitive	antagonists	

such	 as	 ketamine	 causes	 schizophrenia-like	 psychoses	 in	 normal	 people	 and	

exacerbates	 psychotic	 symptoms	 in	 schizophrenics	 [19].	 In	 chapter	 4	 we	 used	

memantine	 as	 NMDA	 antagonist	 as	 it	 induces	 a	 greater	 and	 more	 robust	 brain	

activation	than	ketamine	 [20].	Other	neurotransmitters	such	as	dopamine	 (DA)	and	

serotonin	 are	 other	 neurotransmitters	 involved	 in	 schizophrenia.	 The	 reader	 is	

referred	to	[21]	and	[17]	for	more	information	on	animal	models	of	schizophrenia.	

Alzheimer’s	disease	is	a	chronic	neurodegenerative	disease	affecting	up	to	70%	of	all	

people	with	dementia.	At	first	AD	patients	suffer	from	short-term	memory-losses	and	

later	 on	 more	 symptoms	 appear	 such	 as	 disorientation,	 personality	 changes	 and	

problems	 with	 language	 leading	 to	 complete	 dementia	 [22].	 The	 pathological	

hallmarks	 of	 AD	 are	 the	 extracellular	 deposition	 of	 amyloid-β	 (Aβ)	 plaques	 and	

intracellular	 neurofibrillary	 tangles	 which	 consists	 of	 filamentous	 aggregates	 of	

phosphorylated	proteins	 called	 tau	 [23].	 There	 are	numerous	mouse	models	 of	AD	

pathology,	which	overexpress	some	of	the	mutated	forms	of	the	amyloid	precursor	

protein	 (APP)	 and	 presenilin	 (PS)	 that	 cause	 the	 autosomal	 dominant	 inheritable	

forms	of	familial	AD	[24].	 In	chapter	6	double-mutant	APPswePS1.M146V	(TASTPM)	

transgenic	mice	are	used	 in	protocol	optimization	experiments	 for	AD	 imaging	with	
18F-FDG.	 These	mutations	 lead	 to	 deposition	 of	 parenchymal	 and	 vascular	 amyloid	

deposits	in	the	brain	but	do	not	give	rise	to	the	tau	neurofibrillary	tangles	seen	in	AD.	
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1.5.2 Molecular	targets	

The	NMDA	receptor	antagonists	ketamine	and	memantine	used	in	the	schizophrenia	

model	 cause	 a	 reduction	 in	 inhibitory	 tone	 on	 inhibitory	 GABAergic	 interneurons	

resulting	 in	 a	 disinhibition	 of	 associated	 principal	 neurons	 and	 consequently	 an	

increase	 in	 extracellular	 glutamate	 [25].	 The	 radiotracer	 18F-FDG	 is	 thus	 suitable	 to	

measure	 these	 hyperactive	 glutamatergic	 neurons	 as	 they	 consume	more	 glucose.		

Tracers	to	measure	DA	synaptic	output	(i.e.	the	binding	of	the	radioligand	to	the	D2	

receptor)	include	11C-raclopride	and	123I-IBZM.	Serotonin	levels	can	be	measured	with	

radioligands	 for	 the	 serotonin	 5-HT	 (hydroxytryptamine)	 receptors.	 The	 reader	 is	

referred	to	literature	for	a	more	extensive	overview	of	schizophrenia	radiotracers.	In	

chapter	 4	 18F-FDG	 is	 used	 as	 radiotracer	 in	 a	 protocol	 optimization	 experiment	 in	

order	to	measure	the	expected	increase	in	brain	activation.	

Several	tracers	have	been	used	to	study	various	AD	models.	For	example	18F-FDG	can	

be	 used	 as	 the	 brain	 mainly	 depends	 on	 glucose	 and	 around	 70%	 of	 the	 body’s	

glucose	 gets	 consumed	 in	 the	 brain.	 In	 AD,	 18F-FDG	 brain	 uptake	 reflects	 the	

reduction	in	neuronal	energy	demand	arising	from	synaptic	dysfunction	and	loss.	11C-

labeled	 Pittsburgh	 compound-B	 (11C-PIB)	 binds	 to	 β-amyloid	 plaques	 and	 has	 been	

succesfully	used	to	monitor	plaque	load	in	mice	[26].	Other	radiolabeled	compounds	

with	 affinity	 to	 β-amyloid	 plaques	 are	 18F-florbetaben,	 18F-flutemetamol	 and	 18F-

florbetapir.	



	

	

	

	

	

	

	

	

	

	

	

	

Chapter	2	

Small	animal	Positron	Emission	Tomography	
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2.1 Introduction	

Chapter	 1	 already	 briefly	 introduced	 PET	 among	 the	 different	 imaging	 modalities	

together	 with	 radiotracers	 and	 some	 applications.	 This	 chapter	 explains	 the	 PET	

imaging	modality	 in	more	detail	and	deals	with	 the	physics	of	 the	decay	process	of	

the	radiotracer,	the	hardware	needed	for	detection	of	the	gamma	rays,	the	methods	

used	to	produce	PET	images	and	the	performance	assessments	of	PET	imaging.	Note	

that	 several	 sections	 such	 as	 the	 photon	 interactions	 in	 matter	 2.2.4	 and	 image	

reconstruction	2.4.3	also	apply	to	SPECT		(chapter	3).	

2.2 Physics	of	PET	

2.2.1 Nuclear	physics	and	positron	emission	

Atoms	are	 characterized	by	 their	 atomic	number	 (Z)	 and	mass	number	 (A)	 and	are	

denoted	as	 XZA 	where	X	is	the	symbol	for	the	atom.	The	atomic	number	is	defined	as	

the	 number	 of	 protons	 and	 the	mass	 number	 equals	 the	 sum	 of	 the	 protons	 and	

neutrons.	 Atoms	 with	 the	 same	 number	 of	 protons	 (Z),	 but	 with	 a	 different	mass	

number	 (A),	 are	 called	 isotopes.	 Radioisotopes	 are	 isotopes	 with	 either	 an	 excess	

number	of	protons	or	neutrons	and	are	unstable	leading	to	radioactive	decay	to	form	

a	more	stable	element.	This	radioactive	decay	has	been	shown	to	be	unaffected	by	

pressure	 and	 temperature	 allowing	 us	 to	 characterize	 radioactive	 nuclei	 by	 their	

decay	times	and	modes	and	energies	of	decay.	The	decay	period	or	half-life	(T1
2
)	of	

the	 radioisotope	can	be	used	 to	calculate	 the	activity	after	 some	time	t	 (A(t))	as	 it	

decays	in	an	exponential	way:	

					  A t  =  A!exp (−λt)	 	 (2.1)		

or	 	A t  = 	A!exp(−ln2 ×	 !
!!
!

)	 	 (2.2)	
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where	λ	is	the	decay	constant	and	A0	the	activity	at	time	0.	Activity	is	represented	by	

the	number	of	disintegrations	per	second	or	the	becquerel	(Bq).	The	curie	is	however	

still	often	used	and	1	mCi	represents	37	MBq.		

PET	 radioisotopes	 decay	 through	 positron	 (β+)	 emission	 where	 the	 positron	 is	 the	

antiparticle	to	the	electron	(e-).	Here	a	proton	is	converted	into	a	neutron	(n)	and	a	

positron	(e+).	The	positron	is	then	ejected	from	the	nucleus	together	with	a	neutrino	

(ν):	

p!  →  n +  e! +  ν +  energy			 (2.3)	

The	 energy	 released	 during	 positron	 emission	 is	 shared	 between	 the	 daughter	

nucleus,	 the	positron	and	the	neutrino	and	can	take	a	continuum	of	values	up	to	a	

maximum,	Emax,	which	depends	on	the	difference	between	the	energetic	states	of	the	

parent-daughter	 nuclei.	 Proton-rich	 radioisotopes	 can	 also	 decay	 by	 electron	

capture.	Here	the	nucleus	captures	an	orbital	electron	and	converts	a	proton	into	a	

neutron:	

p! +  e!  →  n +  ν +  energy			 (2.4)	

Electron	capture	can	lead	to	emission	of	x-rays	(filling	of	the	orbital	vacancy	created	

by	the	captured	electron)	or	gamma-rays	(electron	capture	leaves	the	nucleus	in	an	

excited	 state	 with	 further	 decay	 to	 the	 ground	 state	 by	 emission	 of	 one	 or	 more	

gamma-rays).	 PET	does	not	 detect	 this	mode	of	 decay	 as	 the	PET	detectors	 detect	

only	511	keV	photons	(see	2.2.3).	Therefore	one	defines	the	branching	fraction	of	a	

radioisotope	which	is	the	fraction	of	decays	that	occur	via	positron	emission.	

2.2.2 Radioisotopes	for	PET	
A	 selection	 of	 radioisotopes	 that	 are	 commonly	 used	 in	 PET	 imaging	 are	 listed	 in	

Table	 2.1.	 The	 relatively	 long	 half-life,	 low	 positron	 range,	 strong	 carbon-fluoride	

bond	 and	 the	 ease	 with	 which	 one	 can	 produce	 high	 amount	 of	 the	 18F	 isotope	

(multiple	 curies)	 make	 the	 18F	 isotope	 the	 most	 useful	 among	 the	 common	 PET	

radioisotopes.	 The	 precursor	 carrier-free	 18F-fluoride	 ion	 can	 be	 made	 by	 proton	
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irradiation	 of	 enriched	 18O	water	 producing	 18F-	 ions	 in	 the	water.	 18F-	 nucleophilic	

substitution	 reactions	 can	 then	provide	 products	with	 high	 specific	 activity	 such	 as	
18F-FDG.	The	most	common	method	to	produce	11C	is	by	bombardment	of	14N2	with	

protons	 [27].	By	using	 the	high	purity	nitrogen	gas,	 high	 specific	 activity	of	 11C-CO2	

can	 be	 obtained	 as	 principal	 precursor	 material	 for	 the	 preparation	 of	 a	 host	 of	

secondary	 11C	 precursors.	 The	 appropriate	 half-life,	 positron	 emission	 and	 the	 fact	

that	there	 is	no	distinguishable	difference	from	the	stable	counterpart	with	respect	

to	 biological	 properties	makes	 11C	 useable	 for	 repeated	 PET	 imaging	 studies	 in	 the	

same	subject	within	a	 relatively	 short	 time	 frame.	 15O	 together	with	 13N	are	of	 less	

use	 in	 the	preparation	of	complex	radiopharmaceuticals	due	to	 their	short	half-life.	
15O	is	used	in	radiotracers	such	as	15O-H2O,	15O-CO	and	15O-CO2.	13N	is	mostly	used	to	

label	amino	acids.	Over	the	last	decade	89Zr	has	been	extensively	studied,	mainly	as	a	

radiolabel	for	antibodies	as	the	decay	half-life	matches	the	pharmacokinetics	of	the	

monocloncal	antibody	[28].	

Table	2.1	Common	radioisotopes	used	in	PET	imaging	
Radioisotope	 Nuclear	reaction	 Half-life	 Emax	(keV)	 Branching	fraction	
18F	 18O(p,n)18F	 109.8	min	 634	 0.97	
11C	 14N(p,α)11C	 20.4	min	 959	 1.00	
15O	 15N(p,n)15O	 122	s	 1732	 1.00	
13N	 16O(p,α)13N	 9.97	min	 1198	 1.00	
89Zr	 89Y(p,n)89Zr	 3.3	d	 897	 0.23	

2.2.3 Principle	of	PET	
After	 the	emission	of	 the	positron,	 its	 energy	will	 dissipate	 and	annihilation	occurs	

with	an	electron	where	the	mass	of	the	electron	and	the	positron	will	be	converted	

into	electromagnetic	energy	(Figure	2.1)	[29].	Because	both	the	positron	and	electron	

are	 at	 rest,	 the	 energy	 released	 comes	 largely	 from	 the	mass	 of	 the	 particles	 and	

equals	1.022	MeV:	

E = mc! = m!c! +m!c!	 	 (2.5)	

where	me	 is	 the	mass	 of	 the	 electron,	mp	 is	 the	mass	 of	 the	 positron	 and	 c	 is	 the	

speed	of	light.	Because	the	net	momentum	is	close	to	zero	the	annihilation	results	in	

the	emission	of	two	back-to-back	photons	with	equal	energy,	 i.e.	with	an	energy	of	
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1.022MeV/2	 or	 511	 keV.	 By	 detecting	 both	 photons	 in	 coincidence	 using	 opposing	

detectors	 a	 line	 can	be	defined	along	which	 the	decaying	atom	was	 located.	 There	

are	some	errors	 in	the	determination	of	this	 line	mainly	caused	by	two	effects.	The	

first	 of	 these	 effects	 is	 the	 positron	 range,	 which	 is	 the	 distance	 from	 the	 site	 of	

positron	emission	to	the	site	of	annihilation	(which	can	be	reasonably	high	for	some	

positron	emitters,	e.g.	mean	0.6	mm	for	18F	in	water	[30]).	The	second	effect	comes	

from	 the	 fact	 that	 the	positron	 and	electron	 are	not	 completely	 at	 rest	when	 they	

annihilate.	As	consequence	the	annihilation	photons	will	not	be	exactly	at	180°.	This	

is	effect	 is	 known	as	noncolinearity	 (nc)	 and	 its	blurring	effect	 can	be	estimated	as	

[31]:		

nc  =  0.0022 x D	 	 (2.6)	

where	 D	 is	 the	 diameter	 of	 the	 PET	 scanner.	 In	 small	 animal	 PET	 scanners	 the	

diameter	is	relatively	small.	Both	effects	result	in	a	lower	spatial	resolution	(see	2.5.1	

for	a	discussion	on	spatial	resolution).	

	

Figure	2.1	Principle	of	PET.	The	emitted	positron	annihilates	with	an	electron	resulting	in	the	
emission	of	 two	 gamma	photons	 (ϒ)	 detected	 in	 coincidence	by	 detectors	 on	 the	 PET	 ring.	
After	 reconstruction	 of	 the	 sinogram	 or	 the	 listmode	 data	 3D	 images	 of	 the	 radiotracer	
distribution	can	be	viewed	and	analyzed.	
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2.2.4 Photon	interactions	in	matter	

After	 annihilation	 the	 photons	 can	 undergo	 interactions	 with	 the	 tissue,	 the	 PET	

detector	 material	 and	 shielding	 material.	 As	 described	 in	 2.2.4.1	 and	 2.2.4.2	 the	

photoelectric	effect	and	Compton	scattering	are	the	two	major	mechanisms	by	which	

511	keV	photons	interact	with	matter	[32].	Therefore	only	a	flux	of	511	keV	photons,	

I(x),	will	pass	the	animal	tissue	without	interaction:	

I(x)  =  I(0) exp(−µx)	 	 (2.7)	

where	I(0)	is	the	original	511-keV	photon	flux,	x	the	thickness	of	the	tissue	and	μ	the	

linear	 attenuation	 coefficient	 which	 is	 material-dependent	 and	 equal	 to	 μ	 ≈	

μphotoelectric	+	μcompton.	As	rodents	are	much	smaller	than	humans,	the	attenuation	and	

scatter	effect	 is	of	 less	 importance	as	 it	 is	with	humans.	The	amount	of	attenuation	

and	scatter	can	be	estimated	and	corrected	for	as	described	in	2.4.2.	

2.2.4.1 The	photoelectric	effect	

The	 photoelectric	 effect	 results	 in	 the	 absorption	 of	 the	 high-energy	 photon	 by	

transferring	 its	 energy	 to	 an	 orbital	 electron	 (Figure	 2.2).	 The	 orbital	 electron	 has	

then	 enough	 energy	 to	 escape	 the	 atom	 after	 which	 it	 is	 quickly	 absorbed	 in	 the	

surrounding	tissue.	At	511	keV	the	probability	of	this	effect	is	roughly	proportional	to	

the	atomic	number	Z	of	the	surrounding	medium.			

2.2.4.2 Compton	scattering	

Besides	absorption	the	photon	can	scatter	off	an	electron	(recoil	electron),	whereby	

the	 photon	 changes	 its	 travel	 direction	 and	 transfers	 some	 of	 its	 energy	 to	 the	

electron	(Figure	2.2).	The	energy	of	the	scattered	photon	(Esc)	depends	on	the	scatter	

angle	θ	and	the	energy	of	the	incident	photon	(E0):	

E!" =  !!
!! !!

!!!!
(!!!"#!)

	 	 (2.8)	

where	c	is	the	speed	of	light.	
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Figure	 2.2	 Schematic	 representations	 of	 the	 photoelectric	 effect	 (left)	 and	 the	 Compton	
scattering	(right).	E0	is	the	energy	of	the	incident	photon	and	Esc	is	the	energy	of	the	scattered	
photon.	

2.3 PET	instrumentation	

2.3.1 PET	detectors	

2.3.1.1 Scintillation	detectors	

Most	 preclinical	 PET	 systems	 are	 based	 on	 a	 scintillation	 crystal	 coupled	 to	 a	

photodetector	 [33].	 This	 implies	 a	 two-step	 or	 indirect	 process	where	 the	 511	 keV	

gamma	 rays	 are	 first	 converted	 to	 visible	 light	 via	 a	 scintillation	 crystal.	 The	 visible	

light	is	then	converted	to	an	electric	charge	via	a	photodetector.		

To	achieve	a	good	performance	in	time/energy	resolution	and	sensitivity,	scintillators	

with	 a	 high	 atomic	 number,	 density,	 light	 output	 and	 a	 short	 decay	 time	 are	

preferred.	Table	2.2	 lists	 some	of	 the	most	common	used	scintillator	materials	and	

their	 properties	 for	 detecting	 gamma	 rays.	 Sodium	 iodide	 activated	 with	 thallium	

(NaI(Tl))	 was	 used	 in	 the	 first	 PET	 systems	 because	 of	 its	 high	 light	 output	 and	

relatively	 low	cost	but	other	scintillator	materials	were	then	discovered	with	better	

detection	efficiency	 (i.e.	 stopping	power)	at	511	keV	and	better	 coincidence	 timing	

characteristics.	Bismuth	germanium	oxide	or	BGO	became	the	scintillator	material	of	

choice	 for	 PET	 driven	 by	 its	 excellent	 stopping	 power.	 However	 the	 relatively	 low	

light	 output	 and	 the	 long	 decay	 time	 became	 problematic	 when	 PET	 imaging	

switched	 from	 2D	 to	 3D.	 These	 issues	 led	 to	 the	 introduction	 of	 lutetium	 based	

scintillators	such	as	lutetium	oxyorthosilicate	(LSO)	and	lutetium	yttrium	orthosilicate	

(LYSO)	with	a	higher	light	output	and	a	faster	decay	time.	These	scintillators	are	used	
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in	most	preclinical	systems	because	the	high	 light	output	facilitates	the	decoding	of	

very	small	cross-section	crystal	arrays.	

	

Table	2.2	Commonly	used	scintillator	materials	and	their	properties	
	 NaI(Tl)	 BGO	 LSO	 LYSO	
Atomic	number	(Z)	 51	 74	 66	 60	
Density	(g/cm3)	 3.67	 7.13	 7.4	 7.1	
Light	Yield	(k/MeV)	 41	 7	 26	 26	
Decay	constant	(ns)	 230	 300	 40	 41	
	

2.3.1.2 Photon	Detectors	

Photon	detectors	convert	 the	generated	photons	 from	the	scintillation	process	 into	

an	 electrical	 signal.	 The	 quantum	 efficiency	 (QE)	 or	 the	 conversion	 efficiency	 of	

photons	 into	 photoelectrons	 should	 thus	 be	 as	 high	 as	 possible.	 Photomultipliers	

(PMTs)	and	semiconductors	are	used	as	photon	detectors.		

PMTs	are	vacuum	photon	detectors	with	secondary	photoelectron	multiplication	by	

means	 of	 a	 number	 of	 dynodes	 at	 different	 electrostatic	 potentials.	 They	 are	

however	large	in	size	resulting	in	dead	space	and	thus	poor	packing	fraction.		

Semiconductors	such	as	silicon	photodiodes	have	a	higher	QE	(60-80%)	compared	to	

PMTs	 (20-25%)	 but	 they	 produce	 only	 one	 detected	 electron-hole	 (e-h)	 pair	 per	

scintillation	 photon.	 Therefore	 one	 applies	 higher	 voltages	 across	 the	 photodiode	

thereby	 creating	 a	 situation	 where	 an	 electron	 can	 gain	 enough	 energy	 between	

collisions	 in	 the	 silicon	 to	 release	 secondary	 electrons.	 This	 leads	 to	 an	 avalanche	

effect,	 similar	 to	 that	 seen	 in	 the	 PMT	 and	photodiodes	 are	 then	 called	Avalanche	

Photodiodes	 (APDs).	 APDs	 are	 however	 sensitive	 to	 temperature	 changes	 and	 to	

even	 small	 voltage	 drifts,	 all	 of	 which	 are	 difficult	 to	 control.	 They	 can	 however	

operate	 under	 the	presence	of	magnetic	 fields,	which	makes	 them	appropriate	 for	

PET-MR.	 As	 the	 gain	 of	 APDs	 is	 still	 moderate,	 Geiger-mode	 APDs	 (G-APD)	 were	

introduced.	 In	 contrast	 to	APDs,	G-APDs	operate	 slightly	 above	breakdown	 voltage	

(i.e.	the	minimum	reverse	voltage	to	make	the	photodiode	conduct	in	reverse).	As	a	

consequence	the	electric	field	is	high	enough	that	a	single	charge	carrier	can	trigger	a	
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self-sustaining	avalanche.	A	G-APD	is	also	referred	to	as	a	Silicon	PMT	(SiPM)	because	

of	its	ability	to	detect	photons	with	a	high	gain	comparable	to	a	PMT.	

2.3.1.3 Semiconductor	detectors	

With	respect	to	scintillator	based	detectors,	semiconductor	detectors	can	offer	a	gain	

by	approximately	a	factor	two	in	energy	resolution	and	a	factor	greater	than	two	in	

intrinsic	 spatial	 resolution.	 In	 a	 semiconductor,	 incident	 gamma	 rays	 create	

photoelectric	 and	 Compton	 interactions	 thereby	 creating	 an	 electron	 with	 high	

kinetic	energy.	The	electron	energy	 is	 lost	by	creating	a	number	of	e-h	pairs,	which	

are	 then	transported	to	 the	corresponding	collection	electrodes	 inducing	a	current.	

Thus	 the	 gamma	 ray	 detection	 is	 a	 direct	 process	 in	 contrast	 to	 indirect	 detection	

with	 scintillation	 detectors	 (Figure	 2.3).	 The	 direct	 detection	 makes	 it	 possible	 to	

make	 more	 compact	 systems,	 which	 is	 an	 important	 advantage	 in	 small	 animal	

imaging.		

	

	

Figure	 2.3	 Schematic	 representation	 of	 the	 indirect	 conversion	 of	 a	 gamma-ray/X-ray	 in	 a	
scintillation	detector	(left)	versus	direct	conversion	in	a	semiconductor	detector	(right)	[34]	
	

Cadmium	 telluride	 (CdTe),	 Cadmium	 Zinc	 Telluride	 (CdZnTe)	 and	 Silicon	 (Si)	

semiconductors	 are	 currently	 the	 most	 used	 semiconductor	 detectors.	 Si	 has	

however	 a	poor	detection	efficiency	 at	 511	 keV	and	CdTe	or	CdZnTe	are	 therefore	
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preferred	in	PET.	CdTe	and	CdZnTe	are	characterized	by	a	high	stopping	power,	high	

energy	resolution	and	are	operatable	at	room	temperature.	

	

2.3.2 PET-CT	
PET	provides	functional	images	with	little	anatomical	information.	Therefore,	the	PET	

signal	is	difficult	to	localize.	A	solution	to	this	problem	is	the	integration	of	PET	with	

an	anatomical	 imaging	technique	such	as	CT.	These	anatomical	 images	can	serve	as	

an	 input	 for	 correction	 algorithms	 for	 attenuation,	 scatter	 and	 partial	 volume.	 To	

combine	PET	with	the	CT	modality	 there	are	no	changes	needed	to	the	PET	system	

itself.	One	 approach	 is	 to	move	 the	 imaging	bed	between	 the	 stand-alone	 imaging	

systems.	This	approach	requires	fixation	of	the	animal	and	then	a	simple	rigid	body	

registration	is	sufficient	for	fusing	the	PET	and	CT	images.	Nowadays	both	modalities	

are	 integrated	 into	a	single	system.	Examples	of	 integrated	PET/CT	systems	are	 the	

FLEX	 Triump™	 II	 (TriFoil	 Imaging,	 Chatsworth,	 USA)	 [35]	 and	 the	 Inveon	 (Siemens,	

Knoxville,	USA)	[36].	Integrated	systems	offer	the	advantage	that	the	animal	does	not	

need	 to	 be	moved	 but	 has	 several	 drawbacks	 such	 as	 the	 long	 tunnel	 design	 and	

restricted	access	to	the	animal.	

2.3.3 PET-MR	

PET	 can	 be	 combined	with	MR	 to	 obtain	 additional	 anatomical	 information	 of	 the	

animal.	 MR	 has	 several	 advantages	 over	 CT	 such	 as	 reduced	 radiation	 dose	 and	

enhanced	soft	tissue	contrast.	To	combine	PET	with	the	MR	modality	there	are	some	

changes	needed.	There	are	several	approaches	to	achieve	simultaneous	PET	and	MR	

imaging	such	as:	the	use	of	optical	fibers	out	of	the	magnetic	field	[37]	or	the	use	of	

magnetic	field	insensitive	APDs	[38].	
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2.4 PET	imaging	methods	

2.4.1 Data	collection	
The	 detection	 in	 PET	 imaging	 is	 based	 on	 the	 quasi-simultaneous	 detection	 of	 two	

coincidence	events	(although	collimator	based	PET	also	exist	as	discussed	in	3.2.2.2).	

This	 technique	 is	 called	 electronic	 collimation	 [33].	 The	 line	 that	 connects	 the	 two	

detectors	that	detected	the	photons	is	called	the	line	of	response	or	LOR.	These	LORs	

are	 collected	 at	 different	 angles	 and	 radial	 offsets	 and	 can	 then	 be	 used	 to	

reconstruct	 a	 complete	 cross-sectional	 image	 of	 the	 object	 (see	 2.4.3	 for	 image	

reconstruction).	 The	 photons	 can	 be	 detected	 by	 the	 interaction	 between	 photon	

and	detector	 (photoelectric	effect	or	Compton	scatter).	When	a	photon	 interacts	 in	

either	 of	 the	 detectors,	 the	 signals	 are	 amplified	 and	 analyzed	 to	 determine	 if	 the	

energy	is	above	a	certain	threshold	(an	energy	window	of	350	keV	to	650	keV	is	often	

used).	 If	the	energy	criterion	is	satisfied,	the	pulse	height	analyzers	generate	a	logic	

pulse	 whereafter	 the	 pulses	 are	 fed	 into	 a	 coincidence	 module.	 This	 module	

determines	if	both	pulses	occur	within	a	time	period	2τ	(e.g.	6	ns	on	Siemens	Inveon)	

where	 τ	 is	 the	 coincidence	 window.	 Events	 that	 both	 meet	 the	 energy	 and	 time	

criteria	 are	 then	 conveyed	 to	 the	 sorting	 hardware	 that	writes	 the	 raw	data	 in	 list	

mode.	 In	 this	mode,	 each	 coincidence	 event	 is	written	 sequentially	 to	 a	 computer	

disc,	along	with	 the	 two	 locations	at	which	 the	photons	 interacted	and	 the	 time	at	

which	the	event	occurred.	The	events	in	the	list	can	then	be	integrated	over	any	time	

interval,	 allowing	 the	 number	 and	 duration	 of	 frames	 to	 be	 chosen	 and	 altered	 as	

necessary,	after	a	scan	has	been	completed.	

The	 vast	majority	 of	 events	 (90%	or	more)	 detected	 by	 the	 PET	 scanner	 are	 single	

events	 [39].	 Here	 only	 one	 of	 the	 two	 annihilation	 photons	 is	 detected	 and	 the	

partner	photon	may	be	on	a	trajectory	such	that	it	does	not	intersect	a	detector	(due	

to	 modest	 solid	 angle	 coverage	 around	 the	 animal).	 These	 single	 events	 are	 not	

accepted	 by	 the	 PET	 scanner,	 but	 they	 are	 responsible	 for	 random	 and	 multiple	

coincidence	events.	However	 they	still	have	to	be	processed	by	the	electronics	and	
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are	 thus	 a	 determining	 factor	 in	 issues	 related	 to	 the	 dead	 time	 of	 the	 detector.	

Random	coincidences	 (Figure	2.4)	or	 randoms	are	coincidences	 from	two	unrelated	

single	annihilation	photons	and	thus	do	not	carry	any	spatial	 information	about	the	

activity	distribution	and	produce	an	undesired	background	 in	 the	 final	 images.	 If	 S1	

and	S2	are	the	single	count	rates	(counts	per	second)	in	a	pair	of	detectors,	then	the	

randoms,	R,	can	be	determined	by:	

R =  2τS!S!	 	 (2.9)	

From	the	formula	it	can	be	seen	that	the	randoms	rate	is	directly	proportional	to	the	

timing	window	 τ	 and	 to	 the	 square	of	 the	 activity	 in	 the	 FOV.	A	 thirth	 coincidence	

type	 are	 scattered	 coincidences	 (Figure	 2.4)	where	 one	 or	 both	 of	 the	 annihilation	

photons	has	undergone	a	Compton	scatter.	The	total	number	of	events	detected	by	

coincidence	is	referred	to	as	prompt	coincidences.	

	
Figure	 2.4	 Illustration	 of	 a	 scattered	 and	 random	 coincidence.	 Event	 1	 shows	 a	 coincident	
event	where	one	of	the	γ	rays	is	scattered.	Events	2	and	3	represent	a	random	coincidence	of	
two	 unrelated	 events	 with	 only	 one	 photon	 being	 detected	 (singles).	 Scatter	 and	 random	
coincidences	 yield	 incorrect	 positional	 information	 and	 contribute	 to	 a	 relatively	 uniform	
background	to	the	image	that	results	in	a	loss	of	contrast.	
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2.4.2 Data	correction	
As	 in	 this	 thesis	we	want	 to	 investigate	 the	 influence	of	physiological	determinants	

on	 the	 quantification	 of	 the	 radiotracer	 uptake	 we	 first	 have	 to	 apply	 all	 the	

necessary	correction	and	calibrations	[39]	to	eliminate	these	contributions.	Only	then	

the	intensity	of	the	reconstructed	image	is	proportional	to	the	amount	of	activity	at	

the	corresponding	location.	

2.4.2.1 Correction	for	random	coincidences	

There	 are	 two	 main	 approaches	 to	 estimate	 the	 number	 of	 randoms.	 The	 first	

approach	 is	based	on	equation	2.9.	 If	 the	 rate	at	which	single	events	occur	 in	each	

detector	is	measured,	and	the	coincidence	timing	window	τ	is	known,	then	the	rate	

of	 randoms	 for	any	pair	of	detectors	can	be	computed	and	subtracted.	The	second	

approach	makes	use	of	a	delayed	coincidence	timing	window.	The	counts	measured	

in	the	timing	window	are	the	sum	of	randoms	and	trues.	When	the	timing	window	is	

delayed	 all	 coincidences	 counted	 are	 regarded	 as	 being	 randoms	 having	 the	 same	

rate	of	coincidences	as	 in	the	undelayed	window.	The	randoms	are	then	subtracted	

from	the	prompts.	

2.4.2.2 Dead	time	correction	

In	an	ideal	system,	the	count	rate	should	increase	linearly	with	increasing	activity	in	

the	FOV	However,	this	is	not	the	case	because	the	main	source	of	dead	time	in	most	

PET	 systems	 is	 the	 processing	 of	 each	 event	 in	 the	 detector	 front-end	 electronics	

(energy	 discrimination,	 event	 positioning,	 ...).	 Correction	 for	 dead	 time	 typically	

involves	 a	model	 of	 the	 dead	 time	 behavior	 of	 the	 system	 at	 different	 count	 rate	

levels	 by	 means	 of	 experiments	 involving	 repeated	 measurements	 of	 a	 decaying	

source.	

2.4.2.3 Normalization	

The	normalization	corrects	for	two	effects:	1)	geometric	differences	of	the	location	of	

the	various	crystals	and	2)	different	crystal	efficiencies.	Geometric	differences	arise	
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because	 the	 amount	 of	 activity	 detected	 depends	 on	 the	 angle	 of	 the	 crystal	 pair	

relative	 to	 the	 common	 radioactive	 source	and	on	 the	distance	of	 the	 source	 from	

the	center	of	the	FOV.	A	correction	for	the	different	crystal	efficiencies	 is	necessary	

because	each	crystal	has	a	unique	efficiency	due	to	the	crystal	manufacturing	process	

and	detector	electronics.	Normalization	is	thus	needed	to	ensure	a	uniform	response	

and	 can	 be	 performed	 using	 a	 uniform	 source	 illuminating	 all	 possible	 LORs.	 The	

normalization	 coefficients	 are	 assumed	 to	 be	 proportional	 to	 the	 inverse	 of	 the	

counts	in	each	LOR.	The	coincidence	detection	efficiency	of	a	pair	of	detectors	i	and	j	

is	assumed	to	be	composed	of	the	product	of	the	individual	detector	efficiencies,	ε,	

and	 geometrical	 factors,	 gi,j.	 The	 normalization	 correction	 factors	 ni,j	 are	 therefore	

given	as:	

n!,! =  !
!! × !!  × !!,!

	 	 (2.10)	

The	geometrical	 factors	are	 typically	determined	once	 for	a	particular	 system	using	

very	 high	 counting	 statistical	 acquisitions	 at	 the	 factory	 and	 can	 be	 assumed	 to	

remain	constant.		

2.4.2.4 Attenuation	correction	

As	 the	511-kev	photons	 traverse	 the	 tissue	 towards	 the	detectors,	 the	photons	get	

attenuated	 according	 to	 the	 formula	 2.7.	Without	 a	 correction	 for	 this	 attenuation	

the	central	portions	of	the	animal	will	appear	to	have	lower	activity	as	photons	in	the	

center	 must,	 on	 average,	 pass	 through	 more	 tissue	 to	 reach	 the	 detectors.	 The	

probability	that	both	annihilation	photons	will	escape	the	animal	and	be	detected	is	

equal	 to	 𝑒!!!and	 correction	 is	 thus	 the	 reciprocal	 𝑒!! 	with	 D	 as	 the	 tissue	

thickness	of	the	animal	for	the	LOR	between	the	detectors.	Recent	PET	systems	are	

mostly	 combined	 with	 a	 CT	 (see	 2.3.2),	 which	 can	 be	 used	 to	 construct	 an	

attenuation	map	of	density	differences	throughout	the	body.	With	stand	alone	PETs	

a	 set	 of	 rotating	 rod	 sources	 can	 be	 used	 to	 acquire	 a	 transmission	 scan.	 In	

combination	 with	 a	 blank	 scan,	 with	 no	 objects	 in	 the	 scanner,	 the	 attenuation	

correction	matrix	 can	 then	 be	 created	 by	 dividing	 the	 blank	 scan	 sinogram	 by	 the	
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transmission	 scan	 sinogram.	 The	 blank	 scan	 will	 also	 compensate	 for	 the	 natural	

radiation	 of	 lutetium	based	 detectors	which	 spontaneously	 emits	 β- particles	 (avg.	

energy	of	182	keV)	and	γ	photons	(max.	energy	of	307	keV)	resulting	in	background	

contamination.	

2.4.2.5 Scatter	correction	

Compared	 to	 clinical	 imaging	 the	 scatter	 fraction	 when	 imaging	 small	 animals	 is	

small.	 The	origin	 of	 scatter	when	 scanning	 small	 animals	 is	mainly	 from	 the	 gantry	

(crystal	 scatter)	 and	 environment	 rather	 than	 the	 animal	 itself.	 As	 the	 annihilation	

photon	 loses	energy	after	Compton	 scattering	one	 can	 set	 an	energy	window.	This	

window	cannot	be	too	narrow	because	a	significant	fraction	of	the	primary	511-keV	

photons	deposit	only	a	portion	of	 the	energy	within	the	detector	volume.	Together	

with	the	fact	that	the	energy	resolution	is	not	perfect		(10	to	20%	depending	on	the	

crystal)	 the	energy	window	 is	mostly	set	between	350	keV	and	650	keV.	Setting	an	

energy	 window	 is	 thus	 most	 efficient	 in	 rejecting	 low	 energy,	 large	 angle	 scatter.	

Besides	 the	 energy	 window,	 scatter	 correction	 is	 mostly	 done	 by	 calculating	 the	

scatter	distribution	from	analytical	formulas	and	source	and	object	geometry	[40].	

2.4.3 Image	reconstruction	

When	a	whole	set	of	coincidence	events	are	detected	an	image	can	be	created	in	a	

process	called	image	reconstruction	[41].	Image	reconstruction	is	needed	to	provide	

quantitatively	accurate	cross-sectional	images	of	the	distribution	of	the	radiotracer	in	

the	animal.	During	the	course	of	the	PET	scan,	the	total	number	of	counts	measured	

by	a	particular	detector	pair	will	be	proportional	to	the	integrated	activity	along	the	

line	joining	the	two	detectors.	These	data	are	commonly	referred	to	as	 line	integral	

data.	 The	 role	of	 image	 reconstruction	 is	 to	 convert	 the	 line	 integrals	measured	 at	

many	different	angles	around	the	object	into	a	2D	image	that	quantitatively	reflects	

the	distribution	of	 positron-emitting	 atoms	 in	 a	 slice	 through	 the	object	 parallel	 to	

the	detector	 plane.	 There	 are	 two	 classes	of	 image	 reconstruction	 algorithms.	One	

class,	 the	 analytical	 approach,	 reconstructs	 the	 image	 in	 a	 single	 step.	 The	 most	
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common	method	of	 this	class	 is	 the	Filtered	Backprojection	or	FBP.	The	other	class	

makes	use	of	 iterative	methods	where	a	 series	of	 successive	 iterations	 tries	 to	 find	

the	image	that	 is	most	consistent	with	the	measured	data.	The	PET/SPECT	scanners	

discussed	 in	 this	 thesis	 make	 us	 of	 reconstruction	 software	 that	 utilize	 iterative	

methods.	 Image	data	 using	 FBP	 are	 assumed	 to	 better	 represent	 the	 correct	 value	

since	 it	 has	 no	 issues	 with	 convergence	 unlike	 iterative	 algorithms.	 Indeed,	 with	

insufficient	 number	 of	 iterations	 in	 iterative	methods,	 voxel	 values	may	 not	 reach	

convergence	 and	 this	 can	 affect	 quantification.	 Moreover,	 if	 a	 large	 number	 of	

iterations	 is	 used,	 the	 noise	 in	 the	 image	 increases	 affecting	 the	 precision	 of	

measured	 quantitative	 values.	 However,	 with	 a	 sufficient	 number	 of	 iterations,	

iterative	methods	offer	better	 image	quality	and	more	accurate	quantification	 than	

analytic/FBP	algorithms	[42].	This	is	because	iterative	algorithms	produce	less	streak	

artefacts	and	 incorporate	more	complex	models	of	 the	underlying	physics	 [43].	 For	

these	 reasons	 FBP	 is	 almost	 not	 used	 anymore	 in	 the	 reconstruction	 of	 nuclear	

images.	 Therefore	 we	 will	 limit	 the	 discussion	 in	 this	 section	 to	 the	 iterative	

reconstruction	algorithm.	

In	 iterative	 reconstruction	 approaches	 an	 initial	 guess	 is	 made	 of	 the	 image	

distribution	 often	 a	 blank	 or	 uniform	 grayscale	 image	 (Figure	 2.5).	 The	 next	 step	

calculates	the	projection	data	for	the	radioactivity	distribution	in	the	initial	guess:	the	

forward-projection.	These	estimated	projection	data	are	then	compared	to	the	actual	

measured	 projection	 data	 and	 based	 on	 the	 differences	 the	 initial	 guess	 is	 then	

adjusted.	 The	 whole	 process	 is	 then	 repeated	 until	 the	 estimated	 image	 closely	

matches	 the	 true	 radioactivity	 distribution.	 There	 are	 many	 different	 types	 of	

iterative	 algorithms	 and	 they	 mainly	 differ	 in	 the	 cost	 function	 (i.e.	 the	 function	

describing	 the	 difference	 between	 the	 measurement	 and	 the	 estimation)	 and/or	

update	function.	The	forward	projection	models	the	system	matrix	M!"	representing	

the	probability	that	that	a	photon	originating	in	voxel	k	(image	space)	is	detected	in	

projection	 i	 (projection	 space)	 (Figure	 2.5).	 Here	 many	 factors	 such	 as	 system	

geometry,	 detector	 characteristics,	 positron	 range	 and	 noncolinearity	 can	 be	



	 	 Small	animal	Positron	Emission	Tomography	

	 43	

modelled	 within	 the	 reconstruction	 process.	 The	 most	 common	 iterative	

reconstruction	 is	 based	 on	 the	 maximum	 likelihood	 expectation	 maximization	 or	

MLEM	 algorithm	 [44].	 MLEM	 takes	 the	 Poisson	 noise	 of	 the	 projection	 data	 into	

account	and	updates	the	estimated	image	elements	f!	as	follows:	

f!
!!! =  !!

!

!!"!
 M!"!

!!
!!"!!

!
!

	 	 (2.11)	

where n	refers	to	the	iteration	and	p!	is	the	mean	of	the	i-th	projection.		

Instead	of	using	 the	entire	 sinogram	 for	each	update,	one	 can	divide	 the	 sinogram	

into	 subsets	 to	 speed	 up	 the	 algorithm.	 This	 algorithm	 is	 called	 ordered	 subset	

expectation	maximization	or	OSEM	[45].	If	we	divide	the	projections	in	e.g.	4	subsets	

the	MLEM	 algorithm	 is	 first	 applied	 with	 the	 projections	 of	 subset	 1	 to	 obtain	 an	

image	 estimate	 that	 in	 its	 turn	 enters	 into	 the	 algorithm	 using	 subset	 2	 and	 this	

process	 gets	 repeated	 for	 all	 4	 subsets.	 Thus	 one	 complete	 iteration	 will	 have	 4	

image	updates	and	converges	roughly	4	times	faster	than	the	conventional	MLEM.	
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Figure	 2.5	 Flowchart	 for	 iterative	 image	 reconstruction.	 An	 initial	 estimate	 is	 forward	
projected	 to	 calculate	 a	 sinogram.	 This	 sinogram	 is	 compared	with	 the	measured	 sinogram	
and	the	result	of	the	comparison	is	backprojected	into	image	space	to	update	the	image.	
	

2.5 Performance	measurements	

Compared	 to	 clinical	 PET	 imaging	 the	 regions	 under	 investigation	 in	 preclinical	

imaging	 are	 several	 orders	 of	 magnitude	 smaller.	 This	 requires	 a	 higher	 spatial	

resolution	 (sub-mm),	 which	 should	 be	 uniform	 throughout	 the	 FOV.	 Due	 to	 the	

smaller	 amount	 of	 radioactivity	 administered	 to	 the	 animal,	 preclinical	 systems	

should	be	able	to	detect	a	 large	fraction	of	the	occurred	annihilation	events.	 In	this	

section	 we	 discuss	 some	 measures	 used	 to	 evaluate	 PET	 systems.	 A	 performance	

evaluation	 of	 some	 µPET	 systems	 is	 then	 described	 in	 section	 2.6.	 To	 objectively	

compare	 the	 performance	 of	 small	 animal	 PET	 systems,	 the	 National	 Electrical	

Manufacturers	Association	has	developed	some	guidelines	 (NEMA	NU	4-2008,	 [46])	



	 	 Small	animal	Positron	Emission	Tomography	

	 45	

on	how	to	measure	and	present	the	performance	parameters	as	you	can	read	in	the	

following	paragraphs.	

2.5.1 Reconstructed	spatial	resolution	
The	 reconstructed	 spatial	 resolution	 of	 a	 system	 can	 be	 defined	 as	 the	 minimum	

distance	 between	 two	 point	 sources	 such	 that	 they	 can	 still	 be	 distinguished	 from	

each	other.	 For	 systems	based	on	 scintillation	crystal	elements	 the	 intrinsic	 limit	 in	

spatial	resolution	is	determined	by	the	crystal	element	width	and	for	systems	based	

on	 semiconductor	 detectors	 spatial	 resolution	 is	 determined	 by	 the	 pitch	 of	 the	

readout	 electrode	 wires,	 strips	 or	 pads.	 The	 nature	 of	 the	 positron	 annihilation	

process	 poses	 some	 additional	 limitations	 on	 the	 resolution	 such	 as	 the	 positron	

range	 [47]	 and	 the	 noncolinearity	 (section	 2.2.3).	 In	 addition,	 when	 the	 photon	

enters	and	penetrates	the	detector	at	an	oblique	angle	there	is	no	information	about	

the	depth	of	 interaction	(DOI),	which	affects	the	spatial	 resolution	of	a	PET	system.	

This	is	called	the	parallax	error.	The	latter	is	particularly	true	for	small	FOVs	such	as	in	

preclinical	PET	systems.	A	consequence	of	the	limited	spatial	resolution	is	the	partial	

volume	effect	discussed	in	section	1.4	and	chapter	7.	

The	spatial	resolution	can	be	measured	with	a	22Na	point	source	and	the	full	width	at	

half	 maximum	 (FWHM)	 and	 the	 full	 width	 at	 tenth	 maximum	 (FWTM)	 are	 then	

reported	for	several	prescribed	positions	in	the	FOV.	Three	components	of	resolution	

are	measured	 by	 taking	 orthogonal	 profiles	 through	 the	 reconstructed	 image.	 The	

radial	and	tangential	components	are	in	the	transaxial	plane	and	the	axial	component	

is	 along	 the	 axis	 of	 the	 scanner.	 Typical	 µPET	 spatial	 resolutions	 are	 in	 the	 range	

between	1.2	and	2	mm	(Table	2.4).	

2.5.2 Sensitivity	
Photon	sensitivity	of	a	PET	system	is	the	ratio	of	the	detected	coincident	photon	pair	

event	 rate	 (measured	 in	 counts	 per	 second)	 to	 the	 emitted	 radioactivity	 from	 the	

imaged	animal	(Bq).	It	is	however	common	to	present	the	sensitivity	as	a	percentage.	

Typical	 photon	 sensitivities	 of	 preclinical	 systems	 are	 between	 1	 and	 7%	 and	 are	
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larger	 than	 in	clinical	 systems	due	 to	 the	 larger	 solid	angle	coverage	of	 the	 imaged	

animal.	In	order	to	achieve	a	high	sensitivity	the	atomic	number	Z	and	the	density	ρ	

of	the	detector	material	should	be	high	to	increase	intrinsic	detector	efficiency.	The	

intrinsic	 efficiency	 is	 also	 affected	 by	 the	 dead	 space	 between	 detectors.	 The	

sensitivity	is	further	degraded	by	the	fact	that	not	all	registered	coincident	events	are	

actually	the	ones	we	want	(section	2.4.1).	

The	 sensitivity	 can	 be	 measured	 with	 the	 22Na	 source	 that	 is	 used	 to	 determine	

spatial	resolution.	

2.5.3 Energy	resolution	
A	detector	with	an	ideal	energy	resolution	would	show	a	delta	function	in	an	energy	

spectrum	of	the	system’s	response	to	the	absorbed	511	keV.	In	reality	the	response	

shows	a	Gaussian	distribution	with	a	FWHM	of	several	tens	of	keV	about	511	keV.		

The	low	conversion	efficiency	of	the	incident	photon	energy	to	electric	charge	results	

in	 energy	 resolution	 degradation.	 Energy	 resolution	 is	 important	 to	 properly	

distinguish	scattered	from	unscattered	events	as	discussed	in	section	2.4.2.5.		

The	 energy	 resolution	 is	 calculated	 by	 dividing	 the	 FWHM	 by	 the	 energy	 and	

expressed	as	a	percentage.	

2.5.4 	Time	resolution	

The	time	resolution	is	defined	as	the	uncertainty	to	which	the	arrival	time	of	an	event	

is	estimated	by	the	detector	system.	The	photon	arrival	time	needs	to	be	extracted	

as	accurately	as	possible	as	PET	 is	based	on	coincident	photon	detection.	The	 time	

resolution	depends	on	a	number	of	parameters	such	as	 the	 light	output,	 the	decay	

time	 and	 the	 geometry	 of	 the	 scintillator.	 Furthermore,	 the	 noise,	 gain	 and	 transit	

time	spread	of	the	photodetector	influence	the	time	resolution.	The	time	resolution	

is	kept	as	low	as	possible	to	minimize	the	width	of	the	coincidence	window	and	thus	

minimizing	the	number	of	random	coincidences	(section	2.4.2.1).	
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2.5.5 Scatter	fraction	
Scatter	 fraction	 (SF)	 is	 defined	 as	 the	 fractions	 of	 the	 prompt	 events	 that	 can	 be	

attributed	to	scattered	photons	and	is	the	ratio	of	scattered	to	total	events	measured	

at	low	counts	rate.		

SF	is	usually	measured	with	a	line	source	(18F	or	11C)	placed	at	different	radial	offsets	

in	 a	 cylindrical	 phantom.	 Profiles	 through	 the	 sinogram	 are	 used	 to	 estimate	 the	

number	of	scattered	events	within	the	FOV.	Scatter	within	the	peak	is	estimated	by	

assuming	a	constant	background	of	scatter	under	the	peak.	

2.5.6 Count-rate	performance	and	dead	time	

Count-rate	performance	is	measured	with	the	same	phantom	construction	as	in	2.5.5	

initially	filled	with	a	high	activity	concentration	and	measured	over	a	long	time.	Data	

is	then	acquired	until	the	fraction	of	random	coincidences	and	the	system	dead	time	

is	 negligible.	 The	 rate	 of	 the	 prompts,	 randoms	 and	 scattered	 events	 are	 then	

recorded	and	plotted	as	a	function	of	the	activity.	

The	deviation	of	 the	 trues	 rate	 at	 high	 activity	 from	an	 ideal,	 linear	 dependence	 is	

due	to	scanner	dead	time.	Dead	time	is	defined	as	a	percentage:	

%DT = 1 − T/T!"	 	 (2.12)	

where	T	 is	 the	actual	 trues	 rate	and	T!"	is	 the	 trues	 rate	 linearly	extrapolated	 from	

low	count	rate	data.		

2.5.7 Noise	equivalent	count	rate	
The	trues	count	rate	measurements	in	2.5.6	do	not	directly	indicate	image	signal-to-

noise	 in	 the	 presence	 of	 relatively	 changing	 trues,	 randoms	 and	 scatter	 rates.	 A	

better	 measure	 of	 signal-to-noise	 is	 provided	 by	 the	 noise	 equivalent	 count	 rate	

(NEC):	

NEC =  !!!

!!"!
	 	 (2.13)	

where	R!	is	the	true	event	rate	and	R!"!	is	the	total	event	rate	(prompts).	
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2.5.8 Image	uniformity	

Uniformity	measures	 the	 deviations	 from	 a	 uniform	 response	 in	 the	 reconstructed	

image	 of	 a	 uniform	 source.	 In	 this	way	we	 can	 assess	 the	 attenuation	 and	 scatter	

correction	 performance.	 The	 NEMA	 NU	 4	 PET	 image	 quality	 phantom	 [48]	 can	 be	

used	 as	 it	 contains	 a	 large	 uniform	 region.	 The	 mean,	 minimum,	 maximum	 and	

standard	deviation	of	the	activity	in	this	uniform	region	are	then	reported.	

2.5.9 Guidelines	for	176Lu	based	cameras	

In	the	NEMA	guidelines	special	consideration	is	given	to	cameras	employing	lutetium	

based	detectors,	as	176Lu	decay	will	contribute	to	some	amount	of	true	and	random	

coincidences.	Measurement	of	the	 intrinsic	count	rate	from	scintillator	radioactivity	

is	thus	needed	to	obtain	an	accurate	measurement	of	the	true	count	rate.	

2.6 Performance	evaluation	of	small	animal	PET	systems	

In	 this	 section	 we	 will	 investigate	 the	 performance	 measurements	 of	 some	

commercially	available	µPET	scanners.	The	section	starts	first	with	the	configuration	

of	 the	µPET	systems	 followed	by	 their	performance	evaluations	as	derived	 from	an	

extensive	literature	study.		

2.6.1 System	descriptions	

Several	 preclinical	 PET	 systems	 are	 available	 on	 the	 market:	 the	 microPET	 FOCUS	

(Siemens)	 [49],	 the	microPET	 Inveon	 (Siemens)	 [50]-[52],	 the	MOSAIC	 (Philips)	 [53],	

the	eXplore	VISTA/Argus	(GE)	[54],	the	ClearPET	(Raytest)	[55]	and	the	LabPET	(TriFoil	

Imaging)	 [56],	 [57]	 amongst	 others.	 The	 following	 paragraphs	 describe	 the	

configuration	of	these	µPET	systems,	which	are	briefly	summarized	in	Table	2.3.	

The	microPET	FOCUS	consists	of	168	 LSO	detectors	arranged	 in	4	 contiguous	 rings,	

with	a	25.8	cm	diameter.	Axial	and	transaxial	FOV	are	respectively	7.6	and	19.0	cm.	

Each	 detector	 consists	 of	 a	 12	 x	 12	 LSO	 crystal	 array	 of	 1.51	 x	 1.51	 x	 10.00	mm3	

elements	making	a	 total	of	24192	elements.	The	 scintillation	 light	 is	 transmitted	 to	
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position-sensitive	 PMTs	 (i.e.	 PMTs	 with	 multiple	 anodes,	 PSPMT)	 via	 optical	 fiber	

bundles.	

The	Inveon	is	the	latest	generation	of	the	Siemens	preclinical	systems	and	consists	of	

64	 LSO	 detectors	 arranged	 in	 4	 contiguous	 rings,	with	 a	 ring	 diameter	 of	 16.1	 cm.	

Axial	and	transaxial	FOV	are	respectively	12.7	and	10.0	cm.	Each	detector	consists	of	

a	 20	 x	 20	 LSO	 crystal	 array	 of	 1.51	 x	 1.51	 x	 10.00	mm3	elements	making	 a	 total	 of	

25600	LSO	elements.	A	 tapered	 light	guide	couples	 the	LSO	crystals	of	a	block	 to	a	

PSPMT.	

The	 MOSAIC	 contains	 14456	 GSO	 (gadolinium	 oxyorthosilicate)	 crystals	 with	

dimensions	 of	 2	 x	 2	 x	 10	mm3,	 arranged	 in	 52	 rings	 of	 278	 crystals	 each.	 The	GSO	

crystals	are	glued	to	a	continuous	light	guide	and	are	read	out	by	a	hexagonal	array	

of	 288	 PMTs	 with	 a	 diameter	 of	 19	 mm	 each.	 Axial	 and	 transaxial	 FOV	 are	

respectively	12.0	and	12.8	cm	with	a	gantry	diameter	of	19.7	cm.		

The	 eXplore	 VISTA	 is	 a	 DOI	 correcting	 system	 implemented	 by	 dual-scintillator	

phosphor	 sandwich	 (phoswich)	 detector	 modules.	 This	 means	 that	 two	 different	

types	of	scintillation	crystals	read	out	the	same	photodetector.	 Identification	of	the	

crystal	of	 interaction	 (and	 thus	DOI)	 is	 realized	by	pulse	 shape	discrimination	given	

the	different	decay	time	constants	of	the	two	scintillation	crystal	types.	Since	one	of	

the	 crystals	 should	 have	 a	 slower	 decay	 time	 compared	 to	 the	 other,	 this	

configuration	 has	 slightly	 worse	 timing	 performance.	 The	 benefits	 are	 the	

suppressing	 of	 resolution	 degradation	with	 increasing	 radial	 position	 together	with	

improved	sensitivity	due	to	the	greater	depth	of	crystals	that	can	be	used.	In	VISTA,	

the	crystals	are	cerium-doped	LYSO	in	the	front	crystal	layer	and	cerium-doped	GSO	

in	the	rear	layer.	The	GSO	layer	is	optically	coupled	to	a	PSPMT.	The	total	number	of	

crystals	is	12168	and	the	phoswich	element	dimensions	are	1.45	x	1.45	x	7	mm3	for	

LYSO	and	1.45	x	1.45	x	8	mm3	for	GSO.	Axial	and	transaxial	FOV	are	respectively	4.8	

and	6.7	cm	with	a	gantry	aperture	of	8	cm.	

The	ClearPET	provides	DOI	information	with	the	LYSO	and	the	cerium	doped	lutetium	

yttrium	aluminum	 (LuYAP:Ce)	 crystals	 in	phoswich	 configuration.	 The	 crystal	matrix	
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consists	 of	 8	 x	 8	 LYSO	 and	 8	 x	 8	 LuYAP	 crystal	 elements	 of	 size	 2	 x	 2	 x	 10	 mm3	

optically	coupled	to	PSPMTs.	The	detector	modules	can	be	rotated	360°	around	the	

FOV	 allowing	 partial	 ring	 geometries.	 The	 adjustable	 FOV	 diameter	 is	 a	 unique	

feature	of	the	ClearPET	to	image	both	small	and	medium	(diameter	respectively	13.5	

and	25.0	cm)	size	animals.	In	both	FOVs	the	axial	scan	length	is	11.0	cm.	

The	 LabPET	 is	 an	 APD	 based	 scanner	 and	 exists	 in	 three	 versions,	 each	 with	 a	

different	FOV:	LabPET4	with	3.75	cm	axial	FOV,	LabPET8	with	7.5	cm	axial	FOV	and	

LabPET12	with	11.4	cm	axial	FOV.	Transaxial	FOV	is	10	cm	and	ring	diameter	is	16.2	

cm	 for	 all	 the	 three	 versions.	 The	 LabPET	detectors	 are	 composed	of	 two	different	

types	of	scintillators,	LGSO	and	LYSO,	optically	coupled	side-by-side	to	form	phoswich	

pairs	read	out	by	a	single	APD	having	dimensions	of	1.8	x	4.4	mm.	Individual	crystals	

have	dimensions	of	2	x	2	x	14	mm3	 (LGSO)	and	2	x	2	x	12	mm3	 (LYSO)	and	make	a	

total	 number	 of	 3072,	 6144	 or	 9216	 crystals	 in	 respectively	 the	 LabPET4,	 LabPET8	

and	LabPET12.	

2.6.2 Performance	evaluation	

The	 performance	 characteristics	 (sensitivity,	 spatial	 and	 energy	 resolution)	 of	 the	

µPET	 scanners	 were	 individually	 evaluated	 and	 are	 summarized	 in	 Table	 2.4.	 The	

commercial	 animal	 PET	 systems	 were	 also	 objectively	 compared	 to	 each	 other	 by	

Goertzen	 et	 al.	 using	 the	 NEMA	 NU	 4-2008	 phantom	 [58].	 However	 variation	 in	

system	 design	makes	 direct	 comparisons	 between	 systems	 from	 different	 vendors	

difficult.	 Moreover,	 the	 NEMA	 tests	 itself	 can	 be	 questioned	 as	 for	 example	 the	

spatial	 resolution	 test	 requires	 filtered	 backprojection	 (FBP)	 reconstruction.	 It	 is	

therefore	possible	that	a	system	with	poor	measured	spatial	resolution	may	produce	

images	 of	 exceptional	 resolution	 and	 quality	 when	 reconstructed	with	 an	 iterative	

algorithm.	We	can	however	conclude	that	state-of-the-art	µPET	systems	can	obtain	

resolutions	of	about	1.5	mm.	As	mentioned	in	2.5.2	the	sensitivity	is	affected	mostly	

by	the	solid-angle	coverage	of	the	detector	ring.	This	means	that	systems	such	as	the	

Inveon	with	a	long	axial	FOV	and	small	ring	diameters	obtain	higher	sensitivity	values	

compared	to	the	other	systems.	According	to	the	study	of	Goertzen	et	al.	this	higher	
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sensitivity	 of	 the	 Inveon	 resulted	 in	 the	 highest	 values	 of	 NEC	measured	 with	 3.7	

MBq	 of	 18F	 in	 a	 line	 source	 	 (Table	 2.4).	 In	 general	 the	 NEC	 will	 increase	 with	

extended	 FOV	 as	 did	 the	 NEC	 of	 the	 labPET12	 in	 comparison	 to	 the	 NEC	 of	 the	

labPET8.	Of	more	interest	are	the	contrast	recovery	coefficient	(CRC)	measurements	

as	such	measurements	assess	the	resolution-sensitivity	trade-off.	CRC	measures	the	

ratio	 of	 the	 concentration	 in	 hot	 rods	 to	 the	 concentration	 in	 a	 uniform	 region.	

Goertzen	 et	 al.	 used	 the	 NEMA	 NU	 4-2008	 phantom	 containing	 5	 hot	 rods	 with	

diameters	of	1,	2,	3,	4	and	5	mm	to	obtain	the	CRC	values.	There	are	however	two	

major	drawbacks	of	measuring	contrast	recovery	in	this	phantom:	(i)	the	five	fillable	

hot	rods	of	the	phantom	are	located	in	zero	activity	background	and	(ii)	the	walls	of	

the	fillable	hot	rods	represent	an	inactive	region	and	are	too	thick	compared	to	the	

resolution	 of	 the	 µPET	 scanners.	 The	 CRC	 values	 should	 be	 measured	 with	 a	

background	of	reasonable	activity	to	represent	in	vivo	cases	but	the	NU4	IQ	phantom	

is	not	suitable	for	this	purpose.	In	chapter	3	we	propose	another	IQ	phantom	able	to	

measure	 hot	 rods	 in	 a	 warm	 background.	 The	 IQ	 phantom	 was	 used	 in	 µSPECT	

measurements	 but	 its	 capillary	 inner	 diameters	 of	 0.6,	 0.8,	 1.0,	 1.5	 and	 2.0	 mm	

represent	also	the	µPET	resolutions.	In	addition	the	wall	thickness	of	these	capillaires	

is	small	compared	to	the	resolution	of	the	µPET	scanners.	To	eliminate	the	wall	effect	

in	the	NU4	IQ	phantom	Lajtos	et	al.	proposed	a	method	for	the	determination	of	the	

CRC	parameters	[59].	In	this	study	the	uniform	region	of	the	phantom	was	measured	

for	 5	min	 (position	1),	 then	 the	phantom	was	 shifted	by	 1.5	 cm	 (position	2)	 in	 the	

same	acquisition	resulting	in	an	artifically	merged	image	where	the	rods	overlap	the		

uniform	region	enabling	the	evaluation	of	CRC	values.	The	study	compared	the	CRC	

values	of	 the	 Siemens	 Inveon	and	 the	GE	Explore	Vista	 among	other	µPET	 systems	

such	as	the	Genisys4,	the	MiniPET-2	and	the	nanoScan	PC.	In	this	study	the	Siemens	

Inveon	 provided	 better	 performance	 based	 on	 the	 higher	 CRC	 values	 for	 all	 rod	

diameters.	 For	 an	 object	 contrast	 of	 4	 the	 Siemens	 Inveon	 together	 with	 the	

nanoScan	PC	obtained	a	CRC	of	0.8	for	the	1.5	mm	rod	diameter,	whereas	the	other	

scanners	obtained	CRC	values	between	0.4	and	0.7.	 	
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Table	2.4	Performance	characteristics	of	commercially	available	small	animal	PET	scanners	
System	 Transaxial/axial	

resolutiona	(mm)	
Sensitivity	

(%)	
Energy	resolution	

(%)	
NEC	at	3.7	MBq	

(kcps)	
FOCUS	220	 1.30/1.46	 3.4	 18.5	 47.3	
Inveon	 <	1.8	 9.3	 14.6	 129.0	
MOSAIC	 2.7/3.4	 0.65	 22	 59.6	
VISTA	 1.4	 4	 29.6	 18.7	
ClearPET	 1.3	 3.8	 ?	 29.3	
LabPET	 0.84/1.55b	 1.3b/3c	 25c	 23.5b/38.9c	
aat	center	of	FOV	
bLabPET8	
cLabPET12	
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Chapter	3	

Small	animal	Single	Photon	Emission	

Computed	Tomography		

	

	

	

	

This	chapter	is	published	as:	

	

Performance	 evaluation	 of	 small-animal	 multipinhole	 μSPECT	 scanners	 for	 mouse	

imaging.	

Deleye	S,	Van	Holen	R,	Verhaeghe	J,	Vandenberghe	S,	Stroobants	S,	Staelens	S.	

Eur	J	Nucl	Med	Mol	Imaging.	2013	May;40(5):744-58.	
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3.1 Introduction	

SPECT	 is	a	common	functional	 imaging	 technique	showing	many	similarities	 to	PET.	

This	 chapter	 thus	 only	 highlights	 unique	 SPECT	 features	 and	 the	 reader	 is	 referred	

back	to	chapter	2	for	those	features	common	between	PET	and	SPECT.	More	specific	

the	physics	of	SPECT	and	the	SPECT	instrumentation	will	be	discussed	in	this	chapter	

followed	by	a	performance	evaluation	of	 some	commercially	available	small	animal	

SPECT	scanners.	

3.1.1 Physics	of	SPECT	

3.1.1.1 Radioisotopes	for	SPECT	

In	 SPECT,	 radioisotopes	 decay	 mainly	 through	 gamma	 emission	 after	 an	 isomeric	

transition	 of	 the	 nucleus	 from	 its	 higher	 excited	 state	 to	 lower	 excited	 state	 or	

ground	state	[60].	99mTc	is	the	most	widely	used	γ-emitter	in	SPECT	radiotracers	and	

decays	with	 a	half-life	of	 6	h,	 thereby	emitting	 a	 single	photon	with	energy	of	 141	

keV.	 99mTc	 has	 a	 rich	 chemistry	 and	 can	 be	 separated	 from	 its	 mother	 nuclide	
99molybdenum	(99Mo)	by	column	chromatography.	Since	the	half-life	of	99Mo	is	66	h,	

transient	equilibrium	 is	achieved,	which	allows	 the	daily	use	of	 99mTc	up	 to	1	week.	

Because	of	 the	ease	of	 labeling	radioiodination	 is	often	done	 in	SPECT	with	131I,	 123I	

and	 125I	 used	 both	 for	 diagnosis	 and	 therapy	 (due	 to	 the	 beta	 radiation)	 for	 e.g.	

thyroid	uptake	measurements	and	cancer	treatment.	111In	with	its	half-life	of	2.8	days	

is	useful	to	study	biomolecules	with	relatively	slow	in	vivo	kinetics	such	as	antibodies	

and	peptides.	

3.1.1.2 Principle	of	SPECT	

The	single	photons	emitted	from	the	radionuclide	are	detected	by	a	gamma	camera.	

The	 photons	 can	 only	 reach	 the	 detector	 if	 they	 pass	 through	 the	 holes	 of	 a	

collimator.	This	way	information	is	obtained	about	the	origin	of	the	photon	which	is	

somewhere	 on	 the	 line	 between	 the	 point	 of	 detection	 on	 the	 detector	 and	 the	

center	of	the	collimator	hole.	The	collimator	is	thus	made	of	a	material	with	a	large	
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atomic	number	Z	 (e.g.	 lead	and	tungsten)	to	stop	the	photons	that	do	not	pass	the	

collimator	 hole.	 Most	 photons	 are	 thus	 stopped	 lowering	 the	 sensitivity	 of	 this	

technique.	In	most	SPECT	systems	the	camera	moves	around	the	patient	to	obtain	2D	

images	that	can	be	reconstructed	(see	2.4.3)	to	produce	a	3D	tomograph.	

3.1.1.3 	SPECT	versus	PET	

The	 use	 of	 extrinsic	 collimation	 to	 derive	 the	 photon’s	 direction	 hampers	 SPECT	

overall	 sensitivity	 compared	 to	 PET,	 which	 is	 based	 on	 electronic	 coincidence	

counting	 to	 gather	 spatial	 information.	 Therefore	 in	 SPECT,	 one	 needs	 to	 find	 an	

optimum	between	imaging	time,	injected	dose	and	image	noise.	On	the	other	hand,	

the	spatial	resolution	of	μSPECT	is	much	higher	since	there	is	no	physical	lower	limit	

caused	by	positron	range	and	photon	acolinearity	as	is	the	case	in	μPET.	This	higher	

spatial	resolution	is	however	accomplished	with	smaller	pinholes	reducing	sensitivity	

even	more.	As	SPECT	does	not	require	further	corrections	for	randoms	and	dead	time	

effects,	 the	 uncertainties	 in	 quantitative	 accuracy	 from	 these	 corrections	 are	 not	

present.	Moreover,	parallax	(DOI)	effects	in	the	detector,	which	is	the	most	dominant	

factor	in	the	resolution	loss	of	PET,	is	much	smaller	in	SPECT	due	to	its	lower	photon	

energy.	 Moreover	 in	 μSPECT,	 these	 DOI	 effects	 are	 usually	 reduced	 by	 pinhole	

magnification	(typically	a	factor	3	to	12).	While	PET	is	able	to	follow	the	distribution	

of	 radiolabeled	 synthetic	 molecules	 with	 exquisite	 sensitivity,	 the	 relatively	 short	

half-lives	of	the	common	positron	emitters	11C	(20	min)	and	18F	(109	min)	make	them	

less	 suited	 to	 radiolabelling	 endogenous	biomolecules.	Due	 to	 their	 relatively	 large	

size,	peptides	and	antibodies	diffuse	slowly	into	tissue,	particularly	 if	obstacles	such	

as	 the	 blood–brain	 barrier	 reduce	 the	 delivery	 rate,	 and	 have	 relatively	 slow	

clearance	 from	 blood.	 In	 imaging	 studies,	 this	 may	 require	 hours	 or	 days	 for	

localization	 and	 washout	 from	 blood	 to	 achieve	 acceptable	 target	 to	 background	

levels.	 The	 time	 required	 for	 localization	 and	 blood	 clearance	 favors	 isotopes	with	

longer	half-lives	 such	as	 the	 single	photon	emitters	 99mTc	 (6.02	h),	 123I	 (13.2	h)	 and	
111In	 (2.8	 days).	 Technetium,	 indium	 and	 iodine	 have	 good	 chemical	 properties	 in	

binding	biological	compounds	and	do	not	require	a	closeby	cyclotron,	which	reduces	



	 	Small	animal	Single	Photon	Emission	Computed	Tomography	

	58	

costs.	 Another	 advantage	 of	 SPECT	 is	 the	 ability	 to	 image	 two	 (or	 even	 three)	

isotopes	simultaneously	especially	using	detectors	with	high	energy	resolution	such	

as	CdZnTe	(section	3.1.2.2).	These	properties	of	SPECT	has	led	to	a	broad	spectrum	of	

applications:	 cardiovascular	 imaging	 [61],	 [62],	 imaging	 gene	 expression	 [63],	

oncology	 [64],	 [65],	 bone	 metabolism	 [66],	 neuro-imaging	 [67],	 inflammation	 [68]	

amongst	other	fields.	

Although	 clinical	 PET	 scanners	 outperforms	 SPECT	 scanners	 in	 terms	 of	 resolution,	

the	contrary	is	true	for	the	preclinical	arena.	Here,	the	significantly	higher	resolution	

(in	a	smaller	FOV)	of	multipinhole	SPECT	compared	to	PET	is	in	many	cases	essential	

when	 imaging	small	animals,	especially	mice.	The	smaller	FOV	and	 lower	sensitivity	

remain	however	a	big	issue	for	dynamic	SPECT	allowing	only	longer	time	frames	(>	1	

min)	in	a	small	region	of	interest.		

3.1.2 SPECT	instrumentation	

Small	 animal	 SPECT	 systems	 are	 not	 merely	 scaled	 down	 versions	 of	 their	 clinical	

counterparts	but	make	use	of	dedicated	multipinhole	collimators.	As	a	consequence	

of	 the	 pinhole	 magnification,	 measuring	 with	 a	 pinhole	 collimator	 can	 yield	 a	

reconstructed	 spatial	 resolution	 that	 is	 better	 than	 the	 detector’s	 intrinsic	 spatial	

resolution	 (Figure	 3.1).	 However	 working	 with	 a	 small	 pinhole	 deteriorates	 the	

sensitivity,	which	has	to	be	counteracted	to	avoid	high	injected	activities	or	excessive	

acquisition	times.	While	the	first	generation	of	systems	were	still	manufactured	with	

a	 single	 pinhole	 [69]-[72]	 in	 combination	 with	 a	 conventional	 gamma	 camera	

requiring	 long	 scan	 times	 (±1h)	 and	 high	 doses	 (>	 1	mCi),	 recent	 systems	 are	 now	

built	with	multiple	pinhole	collimators	[73]-[78].	Current	small	animal	designs	rotate	

the	detectors	combined	with	axial	bed	translation	or	have	stationary	detectors	and	

translate	the	bed	in	XYZ	directions	to	extend	the	FOV	up	to	the	entire	animal’s	body.	

Examples	of	 such	designs	are,	 amongst	others,	 the	A-SPECT	 [71],	 the	HiSPECT	 [79],	

the	 T-SPECT	 [80],	 the	 SemiSPECT	 [81],	 the	 FAST-SPECT	 [82],	 the	 U-SPECT-II,	 the	

NanoSPECT	and	the	X-SPECT.	A	more	extensive	overview	of	pinhole	 imaging	can	be	

found	in	[83].		
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Figure	 3.1	Principle	of	pinhole	 imaging.	To	 image	small	animals	a	much	higher	 resolution	 is	
needed	 than	 used	 in	 the	 clinic	with	 parallel-hole	 collimators	 (left).	 The	 higher	 resolution	 is	
achieved	 by	 pinhole	 magnification	 (right)	 defined	 by	 the	 ratio	 of	 the	 collimator-detector	
distance	to	animal-collimator	distance	[83].	
	

3.1.2.1 SPECT	detectors	

Although	 the	 higher	 spatial	 resolution	 is	 mainly	 achieved	 by	 the	 pinhole	

magnification	 improving	 the	 spatial	 resolution	 beyond	 the	 detector	 intrinsic	

resolution	new	approaches	in	the	detector	designs	were	also	achieved.	The	array	of	

single	anode	PMTs	used	in	clinical	SPECT	can	be	replaced	by	PSPMTs	capable	of	very	

high	 intrinsic	spatial	 resolution	due	to	the	multiple	anodes	whose	outputs	are	used	

to	calculate	an	X	and	Y	position	signal	 for	each	detected	scintillation	event.	G-APDs	

show	significant	promise	as	alternatives	to	PSPMTs	as	they	have	similar	gain	to	PMTs	

(105-107),	 fast	 timing	properties	 and	 are	MRI-compatible	 as	 discussed	 in	 chapter	 2.	

An	alternative	approach	is	the	use	of	a	pixelated	crystal	array	comprising	small	tightly	

packed	crystals.	The	intrinsic	spatial	resolution	is	then	approximately	the	same	as	the	

crystal	 pitch,	 which	 is	 the	 distance	 between	 the	 centers	 of	 adjacent	 crystals.	 The	
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most	 common	 inorganic	 scintillation	 crystals	 are	NaI(Tl)	 and	 caesium	 iodide	 doped	

with	thallium	CsI(Tl)	or	sodium	CsI(Na).	CsI(Tl)	has	a	greater	density	and	light	output	

but	 a	 slower	 decay	 time	 than	 NaI(Tl).	 However	 CsI(Tl)	 is	 only	 slightly	 hygroscopic,	

making	 it	 less	 likely	 to	 deteroriate	 over	 time.	 Alternatives	 for	 the	 inorganic	

scintillators	 are	 the	 semiconductors.	 CdZnTe	 e.g.	 is	 better	 suited	 for	 the	 relatively	

lower	gamma	ray	energies	of	SPECT	than	PET.	The	probability	of	interaction	for	a	149	

keV	gamma	ray	is	83%	for	5.0	mm	of	CdZnTe	and	energy	resolution	is	approximately	

6-7%	 [84].	 The	 reader	 is	 referred	 to	 section	 2.3.1	 for	 details	 on	 the	 detector	

properties.	

3.1.2.2 SPECT-CT/MR/PET	

To	provide	multi-modality	imaging,	SPECT	systems	as	with	PET	systems	(section	2.3.2	

and	2.3.3),	are	nowadays	combined	with	an	integrated	CT,	which	is	placed	behind	or	

within	the	gantry	of	the	SPECT	imager.	The	most	important	application	is	to	localize	

activity	in	the	anatomical	framework	provided	by	CT.	Additionaly,	the	CT	information	

can	 be	 used	 to	 perform	 partial	 volume,	 scatter	 and	 attenuation	 correction	 for	

improved	tracer	quantification	[85].		

As	 with	 PET,	 the	 addition	 of	 MR	 improves	 our	 understanding	 of	 the	 physiological	

processes	 that	 are	 being	 imaged;	 a	 few	 examples:	 In	 neurology	 the	 blood	 oxygen	

level	dependent	or	BOLD	signal	gives	more	 information	about	 the	changes	 in	brain	

blood	flow	(and	thus	neuronal	activation	as	both	are	coupled)	and	blood	volume.	In	

cardiology	MR	can	differentiate	fatty	from	fibrous	plaques	 in	vulnerable	plaques.	 In	

oncology	 a	 high	 resolution	MR	 can	 provide	 the	 anatomical	 context	 for	 the	 specific	

oncologic	process.	

There	 is	 also	 a	 growing	 demand	 to	 apply	 imaging	 techniques	 to	more	 challenging	

questions	that	relate	to	multiple	molecular	pathways	in	the	body.	Thus,	the	ability	of	

SPECT	to	simultaneously	acquire	separate	images	of	different	molecules,	enabling	to	

resolve	 the	 temporal	 relationship	 between	 different	 biological	 processes,	 becomes	

more	important.	This	cannot	be	assured	with	sequential	studies	(i.e.	with	two	stand	

alone	or	docked	systems)	when	there	is	a	rapidly	changing	pathophysiology.	Imaging	
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multiple	 molecular	 pathways	 at	 the	 same	 time	 can	 be	 solved	 by	 multi-isotope	

imaging	 in	 SPECT	 or	 by	 simultaneous	 imaging	 of	 PET	 and	 SPECT.	 In	 simultaneous	

PET/SPECT	 imaging	the	down	scatter	of	 the	511	keV	photons	to	the	 lower	energies	

can	 be	 problematic	 and	 energy	 window	methods	must	 be	 used	 to	 correct	 for	 the	

down	scatter.	Due	to	the	down	scatter	the	γ	emitter	source	activity	should	be	at	least	

several	times	higher	than	the	β+	activity.	This	high	singles	count	rate	can	however	be	

disadvantageous	for	the	PET	due	to	the	dead	time	of	the	system.	To	reduce	the	511	

keV	photon	penetration	collimators	with	traditional	pinholes	need	to	be	replaced	by	

thicker	collimators	containing	clustered	pinholes	where	each	pinhole	in	a	cluster	has	

a	narrow	opening	angle	 [86].	 There	 is	however	 still	 room	 for	 improvement	 such	as	

the	 introduction	 of	 a	 thicker	 crystal	 to	 obtain	 higher	 sensitivity	 as	 now	only	 about	

10%	of	the	511	keV	photons	that	reach	the	detector	are	detected	in	the	photopeak.	

This	 low	 sensitivity	 hampers	 the	 use	 of	 tracer	 kinetic	 modeling	 in	 simultaneous	

SPECT/PET.	

	

As	µPET	has	a	longer	standing	commercial	history	in	small	animal	molecular	imaging	

than	 µSPECT,	 performance	 evaluation	 of	 existing	 systems	 has	 already	 been	

performed	extensively	(see	section	2.6	in	chapter	2:	Small	animal	PET).	Such	is	much	

less	 the	 case	 for	 µSPECT	 systems	 available	 today.	 In	 the	 following	 sections	 of	 this	

chapter	 we	 therefore	 present	 a	 performance	 evaluation	 to	 compare	 three	 of	 the	

most	 widespread	 state-of-the-art	 SPECT	 systems	 for	 small	 animal	 imaging:	 the	 U-

SPECT-II	 (MILabs),	 the	NanoSPECT	 (Bioscan)	 and	 the	 X-SPECT	 (TriFoil	 Imaging).	 The	

evaluation	 criteria	 used	 in	 our	 comparison	 are	 reconstructed	 spatial	 resolution,	

sensitivity,	 contrast	 recovery	and	 image	uniformity	 for	different	 isotopes	 (99mTc,	 125I	

and	 111In).	 These	 evaluations	 are	 performed	 for	 high	 resolution	 (HR)	 and	 general	

purpose	 (GP)	 collimators	 and	 involve	 mouse-sized	 phantoms.	 The	 measurements	

took	place	in	the	same	time	period	on	the	latest	configuration	of	the	scanners.	
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3.2 Materials	and	Methods	

To	have	objective	and	representative	data	samples,	measurements	were	carried	out	

in	 five	 different	 imaging	 facilities:	 the	 University	 of	 Ghent	 (Belgium,	 X-SPECT),	 the	

University	 of	 Florence	 (Italy,	 X-SPECT),	 the	 University	 Medical	 Center	 Utrecht	 (the	

Netherlands,	U-SPECT-II),	Radboud	University	Nijmegen	(the	Netherlands,	U-SPECT-II)	

and	Queen	Mary	University	London	(UK,	NanoSPECT).	

3.2.1 System	descriptions	

The	main	difference	for	the	systems	under	evaluation	is	that	one	camera	(U-SPECT-II)	

has	stationary	detectors,	while	 the	others	 (NanoSPECT	and	X-SPECT)	make	use	of	a	

gantry	 rotation	 around	 the	 object.	 A	 stationary	 system	 does	 not	 need	 rotation	 of	

heavy	detectors	and	the	only	moving	part	is	a	XYZ-stage	that	is	also	used	for	system	

matrix	 measurement	 [87],	 [88]	 alleviating	 the	 need	 to	 perform	 a	 geometric	

parameter	calibration.	The	X-SPECT	and	the	NanoSPECT	have	an	adjustable	radius	of	

rotation	(ROR)	to	adjust	magnification	and	a	FOV	for	each	specific	imaging	task.	The	

U-SPECT-II	 on	 the	 other	 hand	 uses	 cylindrical	 collimators	 with	 different	 sizes	 and	

imaging	FOV	 for	 rats	and	mice	 in	order	 to	maximize	 the	count	yield	 for	 the	 task	at	

hand	[89].	Furthermore,	there	is	a	difference	in	the	overlap	of	the	projections.	The	U-

SPECT-II	 makes	 use	 of	 detectors	 where	 the	 projections	 do	 not	 overlap	 while	 the	

NanoSPECT	and	the	X-SPECT	make	use	of	projection	multiplexing.	While	multiplexing	

increases	the	sensitivity,	it	creates	ambiguity	during	image	reconstruction	[90]-[92].	It	

has	 been	 reported	 that	 artifacts	 leading	 to	 e.g.	 image	 non-uniformities	 and	 ‘ghost	

activity’	can	be	attributed	to	this	ambiguity	[90].	The	effects	of	multiplexing	depend	

on	the	activity	distribution	but	also	on	the	pinhole	design,	detector	size	and	imaging	

distance.	

U-SPECT-II		

The	 system	 shown	 in	 Figure	 3.2a,	 has	 three	 detectors	 similar	 to	 a	 clinical	 triple	

headed	 SPECT-system,	 resulting	 in	 a	 triangular	 shape.	 Each	 detector	 has	 a	 9.5	mm	



	 	Small	animal	Single	Photon	Emission	Computed	Tomography	

	 63	

thick	crystal	(NaI(Tl))	with	an	active	detector	area	of	50.8x38.1	cm	optically	coupled	

through	a	light	guide	to	55	PMTs.	The	energy	resolution	is	10	%	for	99mTc	at	140	keV.	

The	 large	 detectors	 allow	 for	 high	 pinhole	magnification	 factors,	which	 reduce	 the	

effects	of	 low	intrinsic	detector	resolution	(3-4	mm)	on	total	system	resolution.	The	

total	detector	surface	area	is	5806	cm2.	Projections	are	discretized	using	a	pixel	size	

of	 1	 x	 1	mm.	Before	 reaching	 the	detectors	 the	photons	 first	 need	 to	pass	 the	75-

pinhole	collimator	in	a	configuration	of	five	rings	with	fifteen	pinholes	per	ring.	This	

provides	 sufficient	 sampling	 in	 a	 small	 region	 so	 there	 is	 no	 need	 for	 rotation	 of	

neither	 the	 object	 nor	 the	 detector.	 However,	 the	 small	 field-of-view	 requires	 the	

animal	bed	to	be	translated	in	three	dimensions	to	acquire	whole	body	acquisitions	

which	 is	 called	 the	 scanning	 focus	method	 (SFM)	 which	 combines	 the	 scanning	 of	

multiple	 focus	 positions	with	 the	 simultaneous	 reconstruction	 of	 all	 the	 projection	

data	[93].	These	multiple	bed	positions	can	be	reduced	when	using	spiral	trajectories	

on	 the	 U-SPECT-II	 [94].	 Around	 the	 pinholes	 of	 the	 mouse	 collimators	 there	 is	 a	

tungsten	 tube	with	 75	 rectangular	 holes	 to	prevent	 the	overlap	of	 the	projections.	

Here	we	use	the	0.35,	0.6	and	1	mm	aperture	size	collimator	tubes.		A	more	detailed	

description	of	 the	 system	can	be	 found	 in	 [95]	 and	a	 selection	of	user	 applications	

with	the	U-SPECT-II	is	described	in	[96]-[104].	

X-SPECT		

The	 X-SPECT	 (Figure	 3.2b)	 as	 part	 of	 the	 Triumph	 (SPECT/PET/CT)	 in	 its	 most	

complete	 configuration	 has	 4	 rotating	 gamma	 camera	 heads	 (a	 configuration	 with	

one	 camera	 head	 will	 be	 used	 in	 this	 study	 with	 compensation	 in	 phantom	

acquisition	times)	and	is	mounted	on	the	same	axial	location	of	the	gantry	as	the	CT	

tube	and	X-ray	detector.	The	camera	consists	of	5-by-5	CdZnTe	modules	each	made	

of	16-by-16	pixel	arrays	of	1.5	mm	square	giving	a	total	of	80-by-80	pixels	and	active	

detector	area	of	12.7x12.7	 cm2.	The	pixelated	detector	 thus	has	a	1.5	mm	 intrinsic	

(discrete)	resolution	and	5%	energy	resolution	at	140keV.	Each	gamma	camera	head	

can	be	equipped	with	 interchangeable	single,	multipinhole	(5)	[105]	or	parallel	hole	
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collimators.	In	this	study,	we	only	make	use	of	the	0.5	mm	and	1.0	mm	multipinhole	

collimators.	 A	 selection	 of	 user	 applications	 with	 the	 X-SPECT	 can	 be	 found	 in	

literature	[106],	[107].		

NanoSPECT		

The	NanoSPECT	(Figure	3.2c)	consists	 in	 its	most	complete	form	of	4	rotating	heads	

each	with	a	215x230	mm2	detector.	The	crystal	thickness	is	6.35	mm	and	the	material	

NaI(Tl)	 covers	 33	 PMTs	 per	 detector	 and	 has	 an	 intrinsic	 resolution	 of	 3.5	mm	 for	
99mTc	 [108]	and	an	energy	 resolution	of	9.5	%.	These	detectors	 feature	multiplexed	

multipinhole	collimation	with	9	and	up	to	16	(optional)	pinholes	per	detector.	Here,	

we	 use	 the	 0.6	 and	 1	mm	 pinhole	 collimators.	More	 information	 can	 be	 found	 in	

[108]-[111].	 A	 selection	 of	 user	 applications	 with	 the	 NanoSPECT	 is	 described	 in	

[112],	[113].	

 
Figure	3.2	Commercially	available	small	animal	SPECT	systems	evaluated	in	this	study:	(a)	U-
SPECT-II	(b)	X-SPECT	(c)	NanoSPECT	
 

3.2.2 Evaluation	strategy	
The	highest	achievable	resolution	with	the	systems	is	measured	with	99mTc	using	the	

HR	 collimators	 and	by	 scanning	both	 a	 phantom	with	 three	hot	 rod	 inserts	 (Figure	

3.5a)	as	well	as	a	 line	source.	 In	addition,	to	mimic	the	general	purpose	use	(higher	

throughput	 because	 the	 higher	 sensitivity	 but	 with	 a	 reduced	 resolution)	 of	 the	

systems	 the	 GP	 collimators	 are	 used	 to	 measure	 spatial	 resolution,	 sensitivity,	

uniformity	and	contrast	 recovery.	A	matched	pinhole	diameter	of	1	mm	for	 the	GP	

collimators	was	used	for	all	three	systems	in	this	study.	
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3.2.2.1 HR	mode	measurements	

The	 collimators	 used	 are	 the	 respective	 vendor’s	 highest	 resolution	 option,	 being	

0.35	mm-UHR	whole	body	(WB)/focused	mouse	(75	pinholes)	for	U-SPECT-II,	the	0.5	

mm-low	 energy	 (LE)	 mouse	 (5	 pinholes/plate)	 for	 the	 X-SPECT	 and	 the	 0.6	 mm-

UHR/focused	mouse	(9	pinholes/plate)	for	NanoSPECT	(Table	1).		

To	 have	 a	 qualitative	measure	 of	 the	 resolution	 over	 the	 entire	 transaxial	 FOV	we	

scanned	a	mouse-sized	phantom	containing	three	hot	rod	inserts	(outer	diameter	of	

one	insert	is	1	cm,	length	0.85	cm)	with	diameter	sizes	of	the	capillaries	ranging	from	

0.35	mm	to	0.75	mm	(Figure	3.5a,	Table	2)	for	one	hour	on	all	systems.	The	minimum	

distance	 between	 capillaries	 in	 the	 phantom	 within	 a	 certain	 segment	 equals	 the	

capillary	diameter	in	that	segment.	These	mouse	hot	rod	phantoms	were	filled	with	a	
99mTc	 solution	 in	 a	 concentration	 of	 500	MBq/ml	 to	 avoid	 noise	 as	 a	 confounding	

factor	 in	 this	 high	 resolution	experiment.	 Circular	 scans	were	performed	 for	 the	X-

SPECT	(all	the	scans	in	the	study	were	circular	with	the	X-SPECT)	and	the	NanoSPECT	

as	the	phantom	fits	in	the	FOV	of	one	bed	position.	All	the	scans	in	the	study	had	64	

and	 24	 detector	 positions	 respectively	 for	 the	 X-SPECT	 and	 the	 NanoSPECT.	

Depending	on	the	acceleration	of	the	motor	and	the	maximum	speed	of	rotation	64	

detector	 positions	 result	 in	 ±30s	 dead	 time	 for	 the	 X-SPECT	 while	 24	 detector	

positions	 result	 in	 ±48s	 dead	 time	 for	 the	 NanoSPECT	 with	 an	 additional	 1s	 for	

changing	 its	 bed	position.	 Seventeen	bed	 translations	 (3min	32s	per	position	+	36s	

total	overhead	due	to	bed	travel	and	detector	 initialization)	with	overlapping	FOV’s	

were	 automatically	 performed	 with	 the	 U-SPECT-II.	 	 Besides	 this	 qualitative	

evaluation	of	the	reconstructed	spatial	resolution	we	measured	for	one	hour	the	full	

width	at	half	maximum	(FWHM)	of	two	line	sources	(polyethylene	tubing	filled	with	

370MBq/ml	 99mTc)	with	 an	 inner	 diameter	 of	 0.28	mm	 for	 one	 hour	with	 one	 line	

source	 (2.5	 cm	 length)	 axially	 oriented	 and	 the	 other	 (1.5	 cm	 length)	 transaxially	

positioned	 (Figure	 3.3).	 A	 spiral	 scan	 of	 three	 ‘bed	 positions’	 was	 used	 with	 the	

NanoSPECT.	Thirty-six	bed	positions	were	needed	with	the	U-SPECT-II	with	1min	40s	

per	 position	 (U-SPECT-II:	 +1min	 12s).	 The	 FWHM’s	 are	 determined	 from	 profiles	
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taken	 over	 several	 reconstructed	 cross	 sectional	 image	 slices	 and	 these	 values	 are	

averaged	 to	 obtain	 one	 value,	 which	 is	 listed	 as	 the	 FWHM	 (±	 SD).	 The	 axial	 and	

transaxial	 resolution	 is	 then	 defined	 together	 with	 the	 average	 of	 these	 two	

resolutions:	 (transaxial	 +	 axial)/2.	 SPECT	 integral	 and	 differential	 uniformities	 are	

measured	for	a	region	containing	75%	of	the	FOV	(CFOV)	of	uniformly	filled	cylinders.	

The	uniform	phantom	is	a	20	ml	syringe	(I.D.	19	mm)	filled	with	8	ml	99mTc	solution	

(78	MBq)	and	was	 scanned	 for	 two	hours.	A	 spiral	 scan	of	 two	 ‘bed	positions’	was	

used	 with	 the	 NanoSPECT.	 Fifty-four	 positions	 (2min	 15s	 per	 position	 +	 total	

overhead	of	1min	35s)	were	needed	with	the	U-SPECT-II.	On	the	NanoSPECT	a	5	ml	

syringe	 (I.D.	12	mm)	was	additionally	 scanned	as	 for	 the	20	ml	 syringe	 scan	 severe	

artifacts	 were	 observed	 in	 the	 NanoSPECT	 images.	 Integral	 and	 differential	

uniformities	 are	 then	 calculated	 according	 to	 NEMA	 (National	 Electrical	

Manufacturers	association)	formulation	[114]:	

Uniformity % = 100 x 
Max count –  Min count
Max count +Min count

          (3.1) 

The	integral	uniformity	reports	the	uniformity	calculated	over	the	CFOV	(intunCFOV),	

whereas	the	differential	uniformity	is	calculated	for	all	sets	of	three	contiguous	pixels	

separately	 (diffunCFOV).	 The	 maximum	 over	 these	 sets	 is	 then	 reported	 as	 the	

differential	uniformity	[114].	Uniformity	measures	are	strongly	affected	by	the	voxel	

sizes	and	image	resolution.	In	order	to	prevent	differences	in	uniformity	between	the	

various	systems	solely	due	to	the	resolution	effect,	the	images	were	smoothed	with	a	

Gaussian	 filter	 complementing	 the	 resolution	 of	 each	 scanner.	 The	 Gaussian	 filter	

kernel	width	was	0.92,	0.66	and	0.80	mm	FWHM	for	the	U-SPECT-II,	the	X-SPECT	and	

the	NanoSPECT	respectively	to	result	in	an	equal	resolution	of	1	mm.	

The	 average	 object-to-collimator	 distance	 for	 the	U-SPECT-II	was	 22	mm	while	 the	

ROR	 for	 the	X-SPECT	and	 the	NanoSPECT	was	30	mm.	However,	 to	 encompass	 the	

phantom	with	 the	 three	 hot	 rod	 inserts	 a	 ROR	 of	 35	mm	was	 needed	with	 the	 X-

SPECT.	These	ROR’s	are	 the	closest	possible	with	 the	respective	system’s	hard-	and	

software.	
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OSEM	image	reconstruction	was	used	for	all	systems	and	more	specific	POSEM	(pixel-

based	subsets	[87],	[115])	for	the	U-SPECT-II.	For	the	NanoSPECT	the	raw	projections	

are	smoothed	first	(1.25	mm	Gaussian	kernel)	prior	to	reconstruction	to	suppress	the	

noise.	The	software	 recommended	settings	were	used	 for	 the	number	of	 iterations	

and	 subsets	 (U-SPECT-II:	 9	 iterations	 with	 16	 subsets	 per	 iteration,	 X-SPECT:	 5	

iterations	with	8	subsets	per	iteration	and	NanoSPECT:	3	iterations	with	8	subsets	per	

iteration)	 with	 the	 lowest	 image	 voxel	 sizes	 possible,	 respectively	 0.125,	 0.25	 and	

0.13	mm.	An	energy	window	of	20%	was	set	around	140	keV	for	all	three	systems.	

	

Table	3.1	HR	and	GP	collimators	
System	 	 HR	 GP	 GP	
U-SPECT-II	 Pinhole	diameter	(mm)	 0.35	 0.6	 1	

No.	of	pinholes	 75	 75	 75	
Name	 UHR-Mouse	 GP-mouse	 UHS-mouse	

X-SPECT	 Pinhole	diameter	(mm)	 0.5	 1	
No.	of	pinholes	 20	(4	heads)	 20	(4	heads)	
Name	 LE	mouse	 LE	rat	

NanoSPECT	 Pinhole	diameter	(mm)	 0.6	 1	
No.	of	pinholes	 36	(4	heads)	 36	(4	heads)	
Name	 UHR/mouse	

focused	(Apt	4)	
HR/WB	mouse		
standard	(Apt	3)	

	

	

Figure	3.3	Schematic	drawing	of	the	line	sources,	their	positioning	and	dimensions.	The	black	
arrow	shows	the	length	of	the	capillaries.	The	white	part	in	the	black	arrow	depicts	the	part	
that	was	used	to	extract	the	profiles.	

3.2.2.2 GP	mode	measurements	

For	 the	evaluation	of	 the	GP	mode,	collimators	with	1	mm	pinhole	sizes	were	used	

for	all	systems;	i.e.	the	75	multipinhole	tube	for	the	Milabs	U-SPECT-II	and	a	5	and	9	

multipinhole	plate	per	head	for	the	X-SPECT	and	the	NanoSPECT	respectively	(Table	
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3.1).	Note	that	our	definition	of	GP	collimator	(i.e.	1	mm	pinhole	diameter)	does	not	

correspond	 to	 the	 names	 the	 different	 vendors	 use	 to	 market	 their	 collimators.	

Therefore	 we	 included	 the	 U-SPECT-II	 0.6	 mm	 pinhole	 collimator	 aperture	

measurements	in	the	GP	mode	data.		Hence,	the	collimator	of	choice	for	imaging	the	

mouse-sized	phantoms	in	GP	mode	is	based	on	manufacturer	recommendations.	The	

resolution	for	these	collimators	was	measured	again	for	one	hour	using	the	two	line	

sources	 discussed	 in	 the	 previous	 section	 and	 a	 hot	 rod	 phantom	 with	 capillary	

diameters	of	0.7	mm	to	1.5	mm	(Table	3.2)	and	filled	with	a	99mTc	concentration	of	

500	 MBq/ml.	 We	 used	 an	 additional	 hot	 rod	 resolution	 phantom	 with	 smaller	

capillaries	 (0.35	 to	0.75	mm)	 for	 the	GP	U-SPECT-II	0.6	mm	collimator	as	 this	 setup	

can	achieve	a	higher	resolution.	

Table	3.2	The	dimensions	of	the	hot	rod	capillaries	(mm)	and	scan	time	(h)	used	for	the	
different	isotopes	using	the	same	concentration.	
Isotope	 HR		 GP	1	mm	 GP	U-SPECT-II	0.6	mm	 Scan	time		
99mTc	 0.35-0.4-0.45-0.5-0.6-0.75	 0.7-0.8-0.9-1.0-1.2-1.5	 0.35-0.4-0.45-0.5-0.6-0.75	 1	
111In	 -	 0.7-0.8-0.9-1.0-1.2-1.5	 0.35-0.4-0.45-0.5-0.6-0.75	 0.949	
125I	 -	 0.7-0.8-0.9-1.0-1.2-1.5	 0.35-0.4-0.45-0.5-0.6-0.75	 0.944	

A	 spiral	 scan	 of	 three	 ‘bed	 positions’	 and	 a	 circular	 scan	 were	 used	 with	 the	

NanoSPECT	respectively	for	the	line	sources	and	the	hot	rod	phantom.	Twelve	(5	min	

per	 position	 +	 total	 overhead	 of	 24s)	 and	 eighteen	 (3min	 20s	 per	 position	 +	 total	

overhead	of	24s)	positions	were	needed	with	the	U-SPECT-II	respectively	for	the	line	

sources	 and	 the	 hot	 rod	 phantom.	 Sensitivity	 (cps/MBq)	was	measured	 by	 a	 99mTc	

point	source	with	known	activity	(2.96	MBq)	positioned	in	the	center	of	the	FOV	and	

scanned	for	one	hour.	SPECT	integral	and	differential	uniformities	were	measured	as	

described	in	the	HR	mode	measurements	with	the	same	sized	20	ml	syringe.	A	spiral	

scan	 of	 four	 ‘bed	 positions’	 was	 used	 with	 the	 NanoSPECT.	 Seventy-two	 positions	

(1min	40s	per	position	+	total	overhead	time	of	2min	24s)	were	needed	with	the	U-

SPECT-II.	 We	 again	 matched	 the	 resolution	 as	 in	 the	 HR	 mode	 uniformity	

measurements	 with	 a	 Gaussian	 filter	 kernel	 of	 0.98,	 0.8	 and	 0.9	 mm	 FWHM	 for	
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respectively	the	U-SPECT-II,	 the	X-SPECT	and	the	NanoSPECT	to	result	 in	a	common	

resolution	of	1.2	mm.		

To	 measure	 the	 contrast	 recovery	 we	 designed	 and	 measured	 a	 mouse-sized	

phantom	with	5	capillaries	(Table	3.3	and	Figure	3.4)	for	20	min.	A	spiral	scan	of	three	

‘bed	positions’	was	used	with	the	NanoSPECT.	To	measure	the	mouse-sized	phantom	

with	the	U-SPECT-II	system	a	total	of	sixty-three	bed	positions,	19s	for	each	position	

(+2min	 6s	 total	 overhead)	 are	 needed.	 The	 background	 (5	 MBq/ml)	 and	 the	 four	

smallest	 capillaries	 (20	 MBq/ml)	 were	 filled	 with	 a	 99mTc	 solution	 to	 result	 in	 a	

capillary	to	background	ratio	of	4	to	1.	The	2	mm	capillary	was	left	unfilled	to	create	a	

cold	region	in	a	hot	background.	Capillary	and	background	VOIs	were	delineated	on	

the	corresponding	CT	images.	The	VOIs	were	repeated	in	seven	1	mm	thick	transaxial	

slices	 1.5	mm	 apart	 to	 obtain	 seven	 realizations.	 The	 contrast	 recovery	 coefficient	

(CRChot)	was	then	calculated	as	follows:	

CRC!"# =  

m!"# −m!"
m!"

C!"#$ − 1
          (3.2) 

where	 mhot	 and	 mBG	 are	 the	 mean	 concentrations	 measured	 in	 capillary	 and	

background	VOIs	averaged	over	the	seven	realizations	and	Ctrue	is	the	real	capillary	to	

background	ratio.		

The	cold-to-background	ratio	(CBRair)	 is	defined	as	the	activity	measured	in	the	cold	

region	(mcold)	divided	by	the	mean	of	the	background	concentration	(mBG),	which	we	

represent	as	CRCcold:	

CBR!"# =  
m!"#$

m!"
 

 CRC!"#$ = 1 −  CBR!"#          (3.3) 

The	 images	were	 repeatedly	smoothed	with	a	0.3	mm	Gaussian	 filter	 to	obtain	 the	

contrast	 recovery	 at	 different	 levels	 of	 background	 standard	 deviation.	 This	 noise	

coefficient	(NC)	was	calculated	as	follows	[116]:	
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NC % = 100 ×
1
P

σ!
m!

!

!

           (3.4) 

where	P	is	the	total	number	of	pixels	in	the	background	VOI	and	for	each	background	

pixel	 p,	 σp	 is	 the	 standard	 deviation	 and	 mp	 the	 mean	 calculated	 from	 the	 seven	

slices.		

The	 average	 object-to-collimator	 distance	 in	 these	 GP	 measurements	 for	 the	 U-

SPECT-II	was	22	mm	while	the	ROR	for	the	X-SPECT	and	the	NanoSPECT	was	35	mm	

and	 30	mm	 respectively.	 However,	 for	 the	 uniform	 cylinder	 a	 ROR	 of	 45	mm	was	

needed	with	the	X-SPECT.	

The	 same	number	of	 iterations	and	subsets	were	used	as	 in	 the	HR	measurements	

and	 software	 selected	voxel	 sizes	 for	 the	1	mm	collimators	 for	U-SPECT-II,	 X-SPECT	

and	NanoSPECT	were	respectively	0.2,	0.5	and	0.2	mm.	

	
Table	3.3	Dimensions	of	the	capillary	phantom.		
Units	are	millimeters	except	volume	in	milliliters	
Outer	phantom	diameters	
Length	 50	
Diameter	 20	
Rings	
Length	 10	
Diameter	 18	
Radius	inner	hole	 2	
Capillaries	
Overall	length	 40	
Length	in	hot	background	 20	
Radius	from	center	 5	
Capillary	 1	 2	 3	 4	 5	
Inner	diameter	 2	 1.5	 1	 0.8	 0.6	
Wall	thickness	 0.4	 0.3	 0.2	 0.2	 0.24	
Background	volume	 9.5	
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Figure	 3.4	 (a)	 Schematic	 drawing	 of	 the	 contrast	
phantom	with	five	capillaries	inside	surrounded	by	
a	hot	background.	(b)	Photograph	of	the	capillaries	
and	the	rings.	For	dimensions,	see	Table	3.3	

3.2.2.3 Extra	isotopes	

Besides	99mTc	we	use	111In	and	125I	in	our	experiments.	Different	scan	times	were	set	

to	 have	 the	 same	 number	 of	 decays	 (Table	 3.2).	 For	 these	 extra	 isotopes	 we	

measured	GP	spatial	resolution	(line	source	and	hot	rod	phantom)	and	uniformity	as	

described	in	the	previous	paragraph.	As	with	99mTc,	OSEM	reconstruction	was	applied	

with	a	20	%	energy	window	set	around	the	main	peaks	for	111In	and	for	125I	a	100	%	

window	around	the	27	keV	peak.		

3.2.2.4 Extra	collimator	

The	 newly	 designed	 µSPECT	 phantom	 as	 explained	 in	 3.2.2.2	 can	 also	 be	 used	 to	

compare	different	collimators	within	the	same	system.	The	phantom	was	scanned	on	

the	 U-SPECT-II	 system	 mounted	 with	 respectively	 the	 0.35	 and	 the	 0.6	 mm	

collimators.	The	four	smallest	capillaries	were	filled	with	a	20	MBq/ml	99mTc	solution	

and	the	background	was	changed	to	concentrations	of	0,	5	and	10	MBq/ml	to	result	

in	three	different	capillary	to	background	ratios	(2:1	and	4:1).	The	total	activity	in	the	

phantom	amounted	97	MBq	and	was	scanned	for	20	min	and	additionally	for	40	min	

for	the	0.35	mm	collimator.	The	CRChot	and	the	NC	(%)	were	calculated	as	described	

in	3.2.2.2.	
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3.3 Results	

3.3.1 System	measurements	

3.3.1.1 Spatial	resolution	–	HR	collimators	

Figure	 3.5	 illustrates	 the	 mouse-sized	 phantom	 with	 the	 three	 hot	 rod	 inserts	

measured	 with	 the	 HR	 apertures	 showing	 a	 qualitative	 indication	 of	 the	 spatial	

resolution	 in	 the	entire	FOV.	The	U-SPECT-II	 could	 resolve	 rods	as	 small	 as	0.4	mm	

(Figure	3.5b)	and	with	the	X-SPECT	(Figure	3.5c)	the	0.75	mm	rods	were	visible.	The	

NanoSPECT	could	distinguish	rods	as	small	as	0.6	mm.	However	the	transaxial	FOV	is	

only	20	mm	leaving	one	hot	rod	phantom	truncated	(Figure	3.5d).	The	line	sources	in	

the	 center	 of	 the	 FOV	 (Table	 3.4)	 acquired	 with	 these	 HR	 apertures	 measured	 a	

resolution	 (average	of	 axial	 and	 transaxial)	 as	 small	 as	0.38	mm	 for	 the	U-SPECT-II,	

0.49	mm	for	the	X-SPECT	and	0.66	mm	for	the	NanoSPECT.		

	
Figure	3.5	Mouse-sized	phantom	with	three	hot	rod	 inserts	 (0.35-0.4-0.45-0.5-0.6-0.75	mm)	
as	 measured	 with	 the	 three	 systems	 using	 their	 HR	 collimators:	 (a)	 illustration	 of	 the	
phantom,	 (b)	 U-SPECT-II	 0.35	 mm	 collimator	 (c)	 X-SPECT	 0.5	 mm	 collimator,	 and	 (d)	
NanoSPECT	0.6	mm	collimator	
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3.3.1.2 Spatial	resolution	–	GP	collimators	

Figure	 3.6	 shows	 the	 hot	 rod	 phantoms	 measured	 with	 the	 U-SPECT-II	 0.6	 mm	

apertures	and	with	 the	1	mm	apertures	of	all	 the	scanners.	The	U-SPECT-II	0.6	mm	

collimator	resolves	rods	of	0.45	mm	for	99mTc	and	between	0.5	and	0.6	mm	for	111In	

and	125I.	The	FWHM	of	the	line	sources	acquired	with	this	collimator	(Table	3.4)	gives	

a	quantitative	result	for	the	spatial	resolution.	The	average	resolutions	are	0.63,	0.71	

and	0.66	mm	for	respectively	99mTc,	111In	and	125I.	Then	for	the	1	mm	collimators	and	
99mTc,	 the	 U-SPECT-II	 resolves	 rods	 as	 small	 as	 0.7	 mm	 while	 the	 X-SPECT	

distinguishes	rods	of	0.9	mm	and	the	NanoSPECT	0.8	mm	rods.	Average	resolutions	

for	the	99mTc	line	sources	are	0.76	for	the	U-SPECT-II,	0.58	for	the	X-SPECT	and	0.69	

mm	for	the	NanoSPECT.	For	111In,	the	0.7	to	0.8	mm	rods	are	distinguishable	with	the	

U-SPECT-II	while	 for	 the	X-SPECT	and	 the	NanoSPECT	0.9	 to	1	mm	 rods	are	 visible.	

Average	resolutions	of	the	line	sources	scanned	with	the	U-SPECT-II	for	111In	are	0.85,	

for	the	X-SPECT	0.80	and	for	the	NanoSPECT	0.78	mm.	For	125I	the	U-SPECT-II	resolves	

the	rods	from	0.8	to	0.9	mm,	while	the	X-SPECT	and	the	NanoSPECT	resolve	0.9	mm	

rods.	The	average	resolutions	of	the	line	sources	are	0.79	mm	for	the	U-SPECT-II,	0.68	

for	the	X-SPECT	and	0.92	mm	for	the	NanoSPECT.	

3.3.1.3 Sensitivity	

The	point	source	sensitivity	measured	with	99mTc	and	1	mm	pinhole	apertures	for	the	

U-SPECT-II	 is	3984	cps/MBq	or	0.39%	 (and	1500	cps/MBq	or	0.15%	 for	 the	0.6	mm	

collimator),	for	the	X-SPECT	we	measure	620	cps/MBq	or	0.06%	(=	4	x	155	cps/MBq	

of	the	one-head	system)	and	for	the	NanoSPECT	751	cps/MBq	or	0.07%.	
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Figure	3.6	(a)	GP	scans	of	the	hot	rod	phantom	with	0.35-0.4-0.45-0.5-0.6-0.75	mm	with	the	
0.6	mm	pinhole	collimator	of	the	U-SPECT-II	(for	125I	the	hot	rod	phantom	0.25-0.3-0.35-0.4-
0.5-0.6	mm	was	scanned);	(b-d)	GP	scans	of	the	hot	rod	phantom	with	0.7-0.8-0.9-1.0-1.2-1.5	
mm	capillaries	with	the	1	mm	pinhole	collimator	of	the	U-SPECT-II,	X-SPECT	and	NanoSPECT	
respectively;	500	MBq/ml,	1h	scan	time	
	

3.3.1.4 Uniformity	

The	HR/GP	integral	and	differential	uniformities	are	summarized	in	Table	3.5.	The	HR	

integral	 and	 differential	 uniformities	measured	with	 99mTc	 are	 31%/15%	 for	 the	 U-

SPECT-II,	56%/38%	for	the	X-SPECT	and	93%/64%	for	the	NanoSPECT.	Since	the	20	ml	

syringe	on	the	NanoSPECT	produced	severe	artifacts	a	5	ml	syringe	was	additionally	

scanned	with	better	uniformities	of	33%/21%.	The	GP	99mTc	uniformities	are	 similar	

to	 the	HR	values.	The	GP	uniformity	measured	with	 the	higher	energy	 isotope	111In	

was	 only	 slightly	 different	 while	 the	 uniformity	 values	 deteriorated	more	 with	 125I	

(Table	3.5).	
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Table	 3.5.	 Integral	 and	 differential	 uniformities	 for	 the	 HR	 and	 GP	 collimators	 (a	 lower	
number	represents	better	uniformity)	
Isotope	 Scanner	 Collimator	 ROR	

(mm)	
intunCFOV	(%)	 diffunCFOV	(%)	

99mTc	 U-SPECT-II	 HR	 22a	 31	 15	
	 X-SPECT	 HR	 30	 56	 38	
	 NanoSPECT	 HR	 30	 93	 64	
	 NanoSPECT	 HR	 30	 	33b	 	21b	
	 U-SPECT-II	 GP	 22a	 30	 14	
	 X-SPECT	 GP	 30	 50	 30	
	 NanoSPECT	 GP	 30	 38	 25	
111In	 U-SPECT-II	 GP	 22a	 34	 15	
	 X-SPECT	 GP	 30	 52	 28	
	 NanoSPECT	 GP	 30	 35	 24	
125I	 U-SPECT-II	 GP	 22a	 41	 26	
	 X-SPECT	 GP	 30	 65	 36	
	 NanoSPECT	 GP	 30	 44	 35	
aaverage	object	to	collimator	tube	distance	
bHR	values	from	the	NanoSPECT	measured	on	a	5	ml	syringe.	
	

3.3.1.5 Contrast	recovery	and	cold-to-background	ratio	

Figure	 3.7	 shows	 the	 CRChot	 and	 the	 CRCcold	 curves	 for	 the	 different	 capillary	

diameters	and	scanners	as	a	function	of	the	standard	deviation	of	the	background.	At	

a	noise	level	of	8%	the	U-SPECT-II	achieves	a	CRC	ranging	from	0.05	for	the	0.6	mm	

rod	 to	0.42	 for	 the	1.5	mm	 rod.	 For	 this	 largest	 rod	 the	U-SPECT-II	 achieves	 a	CRC	

from	0.34	at	a	noise	 level	of	5%	to	0.45	at	a	noise	 level	of	10%.	At	this	 latter	noise	

level	the	CRCcold	is	0.70	for	the	U-SPECT-II.	At	a	noise	level	of	8%	the	X-SPECT	achieves	

a	 CRC	 ranging	 from	 0.07	 for	 the	 0.6	mm	 rod	 to	 0.37	 for	 the	 1.5	mm	 rod.	 For	 this	

largest	rod	the	X-SPECT	achieves	a	CRC	from	0.26	at	a	noise	level	of	5%	to	0.42	at	a	

noise	level	of	10%.	The	CRCcold	at	10%	noise	level	is	0.52.	Finally,	at	a	noise	level	of	8%	

the	NanoSPECT	achieves	a	CRC	ranging	from	0.09	for	the	0.6	mm	rod	to	0.34	for	the	

1.5	mm	rod.	For	this	1.5	mm	rod	the	NanoSPECT	achieves	a	CRC	from	0.27	at	a	noise	

level	of	5%	to	0.36	at	a	noise	level	of	10%.	At	this	10%	noise	level	the	CRCcold	is	0.42	

for	the	NanoSPECT.	The	cross-sections	of	the	phantom	can	be	seen	in	Figure	3.8	at	a	

noise	level	of	10%.	



	 	Small	animal	Single	Photon	Emission	Computed	Tomography	

	 77	

	
Figure	 3.7	 (a-d)	 CRChot	 curves	 for	 the	 different	 capillary	 diameters	 as	 a	 function	 of	 the	
standard	deviation	of	the	background.	(e)	CRCcold	curves	for	the	2	mm	cold	capillary	(only	air)	
as	a	function	of	the	standard	deviation	of	the	background	
	

	



	 	Small	animal	Single	Photon	Emission	Computed	Tomography	

	78	

	

Figure	 3.8	 (A)	 Photograph	 of	 the	
phantom.	 The	 white	 arrows	 indicate	
the	1.5	mm	and	1	mm	capillaries.	The	
capillaries	are	filled	with	a	red	coloring	
liquid	for	visualization,	except	for	the	2	
mm	 capillary.	 (B-D)	 Transverse	 and	
sagittal	 cross-sections	 of	 the	 contrast	
phantom	 with	 10%	 background	
standard	 deviation	measured	 with	 (B)	
the	U-SPECT-II,	(C)	the	X-SPECT	and	(D)	
the	NanoSPECT.	

3.3.2 Extra	collimator	

Figure	3.9	shows	the	contrast	and	the	noise	for	the	99mTc-filled	capillaries	of	different	

diameters	 measured	 with	 two	 different	 contrast	 ratios.	 CRChot	 (cases	 with	

background)	is	plotted	as	a	function	of	the	noise	(NC).	NC	is	plotted	as	a	function	of	

the	 number	 of	 iterations.	 For	 the	 0.6	mm	 collimator,	 the	 contrast	 can	 be	 resolved	

(CRC	 >	 0.5)	 in	 the	 1.5	 and	 the	 1.0	 mm	 capillaries	 for	 all	 ratios.	 For	 the	 0.35	 mm	

collimator,	 despite	 a	 good	 visual	 contrast	 in	 the	 absence	 of	 a	 background	 (Figure	

3.10),	 the	contrast	could	not	be	 recovered	 for	any	capillary	 in	any	hot	background.	

Doubling	 the	 acquisition	 time	 from	 20	 min	 to	 40	 min	 to	 compensate	 the	 lower	

sensitivity	of	 the	HR	collimator	did	not	 improve	 the	contrast	but	decreased	 the	NC	

values	closer	(from	60	to	45%)	to	the	GP	NC	noise	values.	
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Figure	3.9	Top:	Contrast	for	the	99mTc-filled	capillaries	of	different	diameters	measured	with	
the	 GP	 and	 the	 HR	 collimator:	 CRC	 for	 the	 4:1	 and	 the	 2:1	 contrast.	 Bottom:	 NC	 for	 the	
different	contrast	ratios	
	

	
Figure	 3.10	 Cross-sections	 of	 the	 phantom	 image.	 SPECT	 images	 are	 smoothed	 (Gaussian,	
FWHM	=	0.6).	(A)	The	volumes	of	 interest	on	the	CT	(B)	SPECT-CT	without	background	(C-D)	
SPECT	images	without	background	(E-F)	SPECT	images	with	contrast	4:1	for	both	collimators.	
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3.4 Discussion	

The	performance	of	three	state-of-the-art	multipinhole	SPECT	systems,	all	configured	

for	 mouse	 imaging,	 was	 evaluated.	 Although	 each	 system	 has	 been	 evaluated	

previously	[95],	[105],	[109]-[111],	there	is	no	comparative	study	testing	the	systems	

with	the	same	set	of	standardized	experiments.	In	this	manuscript	we	report	on	the	

performance	metrics	to	objectively	inform	the	reader	on	the	characteristics	of	these	

widespread	SPECT	systems.	We	kept	all	acquisition	parameters	for	all	measurements	

as	equal	as	possible	between	the	scanners.	The	reconstruction	parameters	were	each	

time	chosen	based	on	 the	 recommended	parameters	of	 the	 software	and	vendor’s	

experience	with	the	system.			

	

Besides	 measuring	 the	 basic	 characteristics	 of	 these	 systems,	 the	 size	 of	 the	 FOV	

(spiral	 pitch,	 number	 of	 bed	 positions	 needed,	 ...)	 is	 an	 equally	 important	 aspect	

when	using	 these	 SPECT	 systems	 for	molecular	 imaging	 in	 daily	 preclinical	 routine.	

Those	 parameters	 will	 determine	 injected	 dose	 and	 scan	 time	 and	 may	 put	 the	

sensitivity	versus	resolution	tradeoff	in	another	daylight.	Harteveld	et	al	pointed	out	

in	2011	[48]	that	a	current	standard	for	μSPECT	 is	still	 lacking	and	they	evaluated	a	

μSPECT	scanner	 (U-SPECT-II)	using	the	NEMA	NU	4	μPET	phantom.	This	NEMA	NU4	

μPET	IQ	phantom	has	several	disadvantages	when	used	to	evaluate	μSPECT	systems:	

(i)	 the	diameter	of	 the	hot	 rods	 range	 from	1	 to	5	mm	which	 is	 above	 the	 current	

state-of-the-art	 μSPECT	 achievable	 sub-millimeter	 resolution;	 (ii)	 the	 30	 mm	

diameter	of	the	phantom	does	not	allow	μSPECT	multipinhole	scanners	to	be	used	in	

high-resolution	mode	(small	ROR	and	high	magnification)	and	(iii)	the	phantom	does	

not	 offer	 the	 possibility	 to	 have	 hot	 rods	 on	 a	 warm	 background.	 The	 latter	 is	

important	as	e.g.	in	brain	studies	the	background	activity	can	be	five	to	ten	times	the	

brain	activity.	To	alleviate	some	of	these	issues	Visser	et	al.	developed	an	alternative	

[117]	 phantom	 dedicated	 to	 image	 quality	 evaluations	 in	 μSPECT	 having	 a	 smaller	

outer	diameter	of	23.45	mm	and	hot	rods	down	to	0.35	mm	diameter	that	is	ideally	

suited	 for	 nowadays	 μSPECT	 systems.	 In	 their	 discussion	 these	 authors	 write	 that	
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having	 hot	 rods	 in	 a	 warm	 background	 would	 be	 more	 realistic.	 Their	 cold	

background	configuration	was	motivated	by	the	physical	limitations	that	prevent	the	

production	 of	 hot	 spheres	 with	 physical	 walls	 smaller	 than	 the	 spatial	 resolution	

[118].	We	 however	 propose	 a	 solution	 for	 the	 latter	 by	 constructing	 a	 μSPECT	 IQ	

phantom	using	ultra-thin	 round	borosilicate	capillaries	 (I.D.	of	0.6,	0.8,	1,	1.5	and	2	

mm)	 aligned	 using	 two	 multijet	 modelled	 (Shapeways,	 Eindhoven)	 rings	 (acrylic	

plastic,	 1.8x1.8x1.0	 cm).	 Our	 custom-made	 contrast	 phantom	 thus	 has	 a	 warm	

background	 and	 the	 capillary	 wall	 thickness	 ranged	 only	 between	 0.2	 mm	 for	 the	

smallest	and	0.4	mm	for	the	biggest	capillary,	which	is	smaller	than	half	of	the	spatial	

resolution,	measured	with	the	1	mm	GP	collimators	(Table	3.4).	An	additional	feature	

of	our	phantom	is	the	longer	capillaries	(20	mm	versus	6.5	mm	in	the	IQ	phantom)	so	

that	we	can	measure	contrast/resolution	over	more	slices	and	in	a	more	realistic	FOV	

size.	 This	 serves	 as	 an	 indirect	 measure	 for	 the	 sensitivity	 over	 a	 larger	 FOV	 with	

many	bed	positions	needed	for	the	U-SPECT-II.	Moreover,	the	capillary	diameters	are	

optimized	 to	 evaluate	 the	 different	 scanners	 equipped	with	 their	 high	 sensitivity	 1	

mm	collimators	 for	mice	 (rods	 ranging	 from	0.6	–	2.0	mm).	This	phantom	was	also	

used	 to	 characterize	 different	 collimators	 of	 the	 same	 U-SPECT-II	 system	 but	 also	

acquisition	 and	 reconstruction	 parameters	 and	 effect	 of	 scatter	 and	 attenuation	

correction	can	be	measured	using	this	phantom.	

	

When	 all	 systems	 are	 equipped	 with	 their	 HR	 collimators	 the	 spatial	 resolution	

measurements	 indicate	 that	 the	U-SPECT-II	 obtains	 the	highest	 resolution	over	 the	

entire	FOV	both	 for	 the	multi-hot	 rod	phantom	as	 for	 the	 line	 sources.	This	 can	be	

attributed	to	the	smaller	diameter	of	the	pinholes	combined	with	a	larger	number	of	

pinholes,	 the	higher	pinhole	magnification	 factor	and	the	 fact	 that	 the	pinholes	are	

on	average	closer	to	the	object.	Notable	is	that	this	larger	multi-hot	rod	phantom	is	

truncated	 with	 the	 NanoSPECT	 due	 to	 the	 smaller	 transaxial	 FOV	 of	 their	 0.6	mm	

collimators.	When	using	the	GP	collimators	(1mm	aperture,	and	the	0.6	mm	aperture	

for	 the	 U-SPECT-II)	 to	 increase	 the	 sensitivity,	 the	 highest	 overall	 resolution	 was	
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obtained	with	 the	U-SPECT-II	 based	on	 the	 assessment	of	 a	 hot	 rod	phantom	 (0.7-

0.8-0.9-1.0-1.2-1.5	mm)	placed	 in	the	centrum	of	 the	FOV.	This	was	the	case	 for	all	

isotopes	 imaged.	 Due	 to	 the	 higher	 energy	 of	 the	 111In	 emitted	 photons,	 the	

reconstructed	 resolution	 using	 this	 isotope	 is	 lower	 than	 for	 99mTc	 as	 a	 result	 of	

increasing	 collimator	 scatter	 and	 penetration	 which	 can	 be	 observed	 for	 all	 three	

systems	 tested.	 Similarly,	 the	 low	 energy	 of	 125I	 results	 in	more	 object	 scatter	 and	

poorer	 detector	 resolution.	 However,	 for	 all	 3	 systems	 tested,	 the	 image	 quality	

obtained	 remains	 high,	 even	 with	 these	 more	 challenging	 isotopes.	 When	

additionally	evaluating	the	spatial	resolution	with	the	line	source	measurements	for	

these	 GP	 collimators	 we	 find	 that	 the	 X-SPECT	 and	 NanoSPECT	 obtain	 a	 higher	

reconstructed	 resolution,	which	 contradicts	 the	 apparent	 resolution	 of	 the	 hot	 rod	

phantom	images.	The	use	of	the	crossed	capillaries	for	resolution	measurements	has	

however	often	been	debated	when	iterative	reconstruction	with	resolution	recovery	

is	used	[119],	[120].	A	possible	explanation	is,	as	discussed	in	[90]	by	Mok	et	al.,	that	

the	 sensitivity	 gained	 from	multiplexing	 can	 result	 in	 a	better	 resolution	 for	 sparse	

objects	such	as	the	line	sources.	When	larger,	non-sparse,	objects	such	as	the	hot	rod	

and	 the	uniformity	are	 scanned	such	 resolution	gains	are	 lost	due	 to	 the	 increased	

amount	 of	 overlap	 in	 the	 projections	 [90],	 [121].	 Noteworthy	 is	 that	 the	 axial	

resolution	 of	 the	 NanoSPECT	 is	 inferior	 to	 its	 transaxial	 FWHM.	 A	 possible	

explanation	 could	 be	 that	 the	 pitch	 of	 the	 spiral	 SPECT	 acquisition	 mode	 slightly	

deteriorates	 the	 axial	 resolution	or	 that	 the	overall	 resolution	 is	 degraded	more	at	

the	edge	of	 the	FOV	 for	 the	NanoSPECT.	Such	an	off-center	 resolution	degradation	

may	also	be	noted	in	Figure	3.5d:	 in	the	center	of	the	FOV	rods	as	small	as	0.6	mm	

are	resolved	while	at	the	edge	only	the	0.75	mm	rods	are	resolved.			

	

Point	 source	 sensitivity	 was	 measured	 for	 all	 systems	 with	 the	 1	 mm	 collimators	

resulting	in	the	highest	sensitivity	for	the	U-SPECT-II.	This	is	mainly	due	to	more	(75)	

pinholes,	and	 their	 strong	 focusing	arrangement	 to	 the	same	area	 in	 the	FOV.	As	a	

result	of	this	arrangement	a	smaller	FOV	is	covered	in	one	bed	position	and	this	point	
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source	 measurement	 on	 the	 U-SPECT-II	 only	 needed	 a	 single	 position.	 The	 lower	

sensitivity	 of	 the	 X-SPECT	 (5)	 and	 the	 NanoSPECT	 (9)	 can	 be	 explained	 as	 these	

systems	have	 less	pinholes	and	 the	NanoSPECT	pinholes	do	not	 focus	on	 the	 same	

area	 in	 the	 FOV,	 therefore	 spanning	 a	 larger	 FOV.	 In	 addition,	 when	 measuring	 a	

point	source,	the	X-SPECT	and	the	NanoSPECT	do	not	benefit,	in	terms	of	sensitivity,	

from	their	multiplexing	capabilities	as	the	point	source	projections	do	not	overlap.	To	

resolve	 the	difficulties	 in	comparing	and	 interpreting	point	 source	sensitivity	values	

of	 the	 different	 systems	 as	 a	 result	 of	 the	 diverse	 approaches	 (strong	 focusing	

pinholes,	multiplexing,	 different	 FOV)	 amongst	 them,	 a	 CRC	 study	was	 performed.	

Alternatively	volume	sensitivity	could	be	considered	for	which	the	sensitivity	of	 the	

NanoSPECT	and	 the	X-SPECT	 systems	would	benefit	 from	multiplexing.	However	 as	

less	 spatial	 information	 is	 available	 for	 photons	when	 projections	 overlap	 the	 gain	

sensitivity	 gain	 is	 in	 a	 sense	 artificial.	 In	 addition,	 the	 sensitivity	 gained	 from	

multiplexing	will	depend	on	the	activity	distribution	[90].		

As	 can	be	 concluded	 from	Figure	3.7	 the	U-SPECT-II	maintains	 its	 higher	 sensitivity	

and	resolution	for	a	full	size	FOV	when	acquiring	this	contrast	recovery	μSPECT	image	

quality	phantom,	especially	 for	 the	1.5	and	 the	1.0	mm	capillaries.	 For	 the	0.8	mm	

hot	rods	the	performance	of	the	U-SPECT-II	and	the	NanoSPECT	are	comparable	and	

the	 0.6	 mm	 capillaries	 are	 not	 distinguishable	 for	 any	 of	 the	 three	 systems	 when	

using	the	GP	1	mm	collimator.	In	terms	of	the	CRCcold	the	U-SPECT-II	clearly	achieves	

better	performance	than	the	other	two	systems.	The	better	CRChot	and	CRCcold	values	

for	 the	 U-SPECT-II	 may	 be	 attributed	 to	 the	 lack	 of	 multiplexing	 and/or	 higher	

resolution	 obtainable	 over	 the	 entire	 phantom	with	 the	 scanning	 focusing	method	

[93].		

	

The	U-SPECT-II	obtains	the	best	uniformity	values	(both	in	HR	and	GP	mode).	The	X-

SPECT	 values	were	 higher	 (i.e	 less	 uniform),	 but	 not	 significantly,	 than	with	 the	U-

SPECT-II	 (Mann-Whitney	 test,	 p=0.148).	 No	 artifacts	 were	 seen	 in	 the	 uniformity	

images	 (Figure	 3.11)	 for	 the	 U-SPECT-II	 and	 the	 X-SPECT.	 On	 the	 contrary,	 severe	
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artifacts	 appeared	 in	 the	 NanoSPECT	 HR	 uniformity	 images	 which	 are	 likely	 a	

consequence	of	too	much	multiplexing	(i.e.	true	overlap)	[91]	and	make	the	syringe	

look	smaller	(Figure	3.11)	with	patterns	inside.	When	we	replace	this	20	ml	syringe	by	

a	 5	 ml	 version	 for	 the	 NanoSPECT	 (with	 HR	 collimator)	 the	 uniformity	 values	

normalize	 (Table	3.5).	 In	many	small	animal	 imaging	studies	a	part	of	 the	activity	 is	

usually	clustered	in	small	volumes,	which	may	render	these	artifacts	less	severe	but	

may	still	result	in	erroneous	quantification.	

	
Figure	3.11	Transaxial	and	axial	images	of	the	HR	uniformity	measured	with	(A)	the	U-SPECT-II	
(B)	 the	 X-SPECT	 and	 (C)	 the	NanoSPECT.	 Trans-axial	 (x	 and	 y	 direction	 through	 center)	 and	
axial	(in	the	center	and	3	mm	from	the	syringe	edge)	profiles	are	shown.	
	

To	make	the	performance	comparison	between	μSPECT	scanners	more	complete	we	

refer	 to	 the	 results	obtained	by	Magota	et	 al	 [36]	and	Boisson	et	al	 [122]	with	 the	

Inveon	(dual	head)	SPECT.	In	contrast	to	our	study	involving	multipinhole	collimators	

Magota	 et	 al	 performed	 an	 evaluation	 with	 a	 single	 pinhole	 collimator.	 The	 99mTc	

spatial	 resolution	was	measured	with	an	ultra-micro	hot	 spot	phantom	 (0.75,	1.00,	

1.35,	1.7,	2.00	and	2.4	mm,	Data	Spectrum	Corporation)	filled	with	a	concentration	of	

15.9	MBq/ml	for	32	min.	The	phantom	resolutions	obtained	with	the	0.5	and	1	mm	

pinhole	collimators	(ROR:	25	mm)	were	0.84	and	1.20	mm,	respectively.	Boisson	et	al	

obtained	 a	 spatial	 resolution	 of	 1.0	mm	by	measuring	 line	 sources	with	 the	 1	mm	
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multi(5)pinhole	(mouse	whole	body,	MWB)	collimators	rotating	at	30	mm	ROR.	Both	

studies	show	resolutions	(both	in	HR	and	GP	mode)	that	are	inferior	to	the	obtained	

resolutions	in	this	study.	

A	 cylindrical	 phantom	 (I.D.	 2.5	 cm;	 length,	 9	 cm)	 filled	with	 117	MBq	of	 99mTc	 (2.6	

MBq/ml)	was	 scanned	by	Magota	 for	48	min	with	a	ROR	of	25	mm	 to	obtain	both	

volume	sensitivity	and	integral	uniformity.	The	obtained	sensitivity	was	76	cps/MBq	

and	 the	 integral	 uniformity	 was	 37%.	 Sensitivity	 was	 evidently	 low	 for	 this	 single	

pinhole	 system.	 The	 integral	 uniformity	was	 comparable	 to	 the	 one	 obtained	with	

the	 scanners	 in	 our	 study.	 Boisson	 obtained	 a	 system	 sensitivity	 of	 403.6	 cps/MBq	

with	the	1	mm	MWB	collimators,	which	is	inferior	to	the	obtained	values	in	our	study	

with	the	other	3	systems.	One	has	to	bear	in	mind	that	Magota	et	al	and	Boisson	et	al	

obtained	their	results	with	a	different	set	of	phantoms	rendering	a	direct	comparison	

difficult.	

The	performance	measures	in	this	study	all	contribute	to	the	quantitative	accuracy	in	

SPECT.	 The	 reader	 is	 referred	 to	 the	 literature	 describing	 the	 quantitative	

performance	of	each	system:	Wu	et	al	[85],	[98]	for	the	U-SPECT-II,	Lee	et	al	[123]	for	

the	 X-SPECT	 and	 Finucane	 et	 al	 [124]	 for	 the	 NanoSPECT.	 In	 short,	 for	 99mTc	 the	

quantification	error	was	 -6.2	 to	+4.8%,	±3.8%	and	±12%	 for	 respectively	measuring	

point	sources	with	the	U-SPECT-II,	a	rat-sized	uniform	phantom	with	the	X-SPECT	and	

a	3	vial	phantom	with	the	NanoSPECT.		

Besides	 the	 system	 hardware,	 imaging	 performance	 depends	 on	 maintenance,	

quality	 control,	 calibrations	 and	 environment	 (e.g.	 temperature).	 The	 CdZnTe	

detectors	in	the	X-SPECT	for	example,	may	be	prone	to	minute	impurities	associated	

with	low-energy	spectral	tailing,	pixel	dropouts,	hot	spots	and	non-uniform	response.	

Mechanical	calibration	 is	mandatory	 for	 rotating	systems	(X-SPECT	and	NanoSPECT)	

to	accurately	define	the	geometry	of	a	detector	rotating	on	a	circular	orbit.	The	more	

you	reconfigure	the	system	for	different	 tasks	 (changing	collimators,	alter	 the	ROR)	

the	more	frequent	recalibration	will	be	required.		
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Future	work	includes	the	comparison	using	collimators	designed	for	imaging	rat-sized	

objects	 and	 complementing	 our	 phantom-based	 findings	with	 in	 vivo	 experiments.	

Furthermore,	 the	 NEMA	 has	 now	 assembled	 a	 task	 force	 that	 started	 designing	 a	

standard	phantom	for	image	quality	evaluations	in	μSPECT.	

All	three	scanners	have	made	a	 large	progress	compared	to	the	early	human	SPECT	

cameras	 that	 were	 modified	 for	 small	 animal	 imaging	 by	 using	 pinhole	 collimator	

plates	 [73]-[75],	 [77],	 [78],	 [125].	 The	μSPECT	 system	of	 choice	will	 depend	on	 the	

applications	 of	 the	 user,	 the	 need	 for	 performance	 or	 the	 value	 given	 to	 flexibility	

and	the	cost	of	the	scanner.	The	cost	of	the	systems	will	vary	considerably	depending	

on	the	number	of	 the	different	collimator	sets,	with	 list	prices	 for	 the	most	 flexible	

scanners	 even	 requiring	 an	 investment	 comparable	 to	 that	 of	 a	 standard	 µPET	

system.	

3.5 Conclusion	

In	this	study	a	comparison	was	made	between	three	state-of-the-art	μSPECT	systems	

based	on	image	quality	parameters	including	spatial	resolution,	reconstructed	image	

uniformity,	point	 source	 sensitivity	 and	 contrast	 recovery.	 To	evaluate	 the	 contrast	

recovery	 we	 designed	 and	 built	 a	 contrast-to-noise	 phantom,	 to	 the	 best	 of	 our	

knowledge,	 for	the	first	 time	the	capability	to	measure	the	hot	contrast	on	a	warm	

background	 in	 the	 sub-millimeter	 resolution	 range.	We	believe	our	evaluation	 thus	

thruthfully	 reflects	 the	performance	of	each	 system	 in	 realistic	 imaging	 settings	 for	

imaging	to	acquire	mouse-sized	objects	in	practically	feasible	acquisition	times.		

	

	



	 	

	

	

	

	

	

	

	

	

	

	

	

Chapter	4	

Towards	a	reproducible	protocol	for	repetitive	

and	semi-quantitative	rat	brain	imaging	with	
18F-FDG:	Exemplified	in	a	memantine	

pharmacological	challenge		

	

	

This	chapter	is	published	as:	

	

Towards	 a	 reproducible	 protocol	 for	 repetitive	 and	 semi-quantitative	 rat	 brain	

imaging	with	(18)	F-FDG:	exemplified	in	a	memantine	pharmacological	challenge.	

Deleye	S,	Verhaeghe	J,	wyffels	L,	Dedeurwaerdere	S,	Stroobants	S,	Staelens	S.	

Neuroimage.	2014	Aug	1;96:276-87.	
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4.1 Introduction	

Previous	 chapters	 introduced	 PET	 and	 SPECT	 as	 an	 imaging	 tool.	 State-of-the	 art	

instrumentation	was	 introduced	 together	with	 its	performance	evaluation.	 Further,	

animal	handling	procedures	were	introduced	that	can	potentially	 lead	to	 inaccurate	

quantification	 of	 the	 radiotracer	 uptake.	 The	 following	 chapters	 will	 focus	 on	

physiological	determinants	that	affect	the	quantification	of	the	18F-FDG	uptake	in	the	

rodent	 brain.	 In	 chapter	 4	 and	 5	we	 start	 to	 investigate	 the	 effect	 of	 physiological	

determinants	 in	 PET	 neuro-imaging	 of	 the	 rat.	 Chapter	 4	 focuses	 on	 the	 glucose	

effects	and	whereas	chapter	5	discusses	the	effect	of	body	weight	on	the	18F-FDG	rat	

brain	 quantification.	 Chapter	 6	 discusses	 the	 effects	 in	 PET	 neuro-imaging	 of	 the	

mouse.		

More	 specifically	 in	 this	 chapter	 we	 investigate	 the	 influence	 of	 fasting	 duration,	

repeated	 scanning	 and	 especially	 the	 time	 interval	 between	 scans	 on	 18F-FDG	 rat	

brain	 uptake	 and	 establish	 a	 robust	 protocol	 for	 such	 longitudinal	 imaging	

experiments.	In	particular	influencing	factors	such	as	plasma	activity,	glucose,	stress	

and	weight	are	investigated.	We	thereby	studied	the	intra-	and	interanimal	variation	

of	 semi-quantitative	 18F-FDG	 uptake	 measures	 correcting	 for	 these	 factors	 under	

basal	 conditions	 and	 in	 a	 pharmacological	 challenge	 with	 the	 NMDA	 antagonist	

memantine.	 This	 investigation	 thus	 provides	 answers	 on	 how	 long	 rats	 should	 be	

fastened	and	what	the	effect	of	longitudinal	scanning	and	different	time-intervals	is.	

Such	 is	 taken	 together	 with	 an	 analysis	 of	 the	 factors,	 which	 can	 be	 applied	 in	

different	quantification	methods.	

4.2 Materials	and	Methods	

4.2.1 Animals	

All	 Sprague	 Dawley	 rats	 used	 in	 these	 experiments	 were	 purchased	 from	 Harlan	

Laboratories.	 Animals	 were	 group-housed,	 3	 per	 cage,	 in	 Techniplast	 1291H	 (800	

cm2)	filter-top	cages	under	standard	laboratory	conditions:	light/dark	cycle	(8	am	to	8	



Towards	a	reproducible	protocol	for	rat	brain	imaging	with	18F-FDG	

	 89	

pm),	 temperature	 of	 20-24°C	 and	 humidity	 of	 40	 to	 70%.	 Bedding	 material	 and	

refuges	 were	 provided	 and	 all	 animals	 had	 ad	 libitum	 access	 to	 water	 and	 rodent	

food	 pellets.	 Animals	 were	 treated	 in	 accordance	 with	 the	 European	 Ethics	

Committee	 (decree	 86/609/CEE)	 and	 the	 study	 protocol	 is	 approved	 by	 the	 local	

Animal	Experimental	Ethical	Committee	of	the	University	of	Antwerp,	Belgium	(2011-

67).	

4.2.2 Blood	parameters	

In	several	of	 the	experiments	one	or	more	of	 the	 following	blood	parameters	were	

determined	whereby	in	all	cases	blood	samples	were	collected	from	the	right	lateral	

vein,	i.e.	opposite	to	the	tail	vein	used	for	18F-FDG	injection,	by	means	of	inserting	a	

needle	(BD	Microlance;	0.6x25	mm).	

Whole	blood	glucose	levels	were	measured	from	a	drop	of	blood	from	the	tail	vein,	

obtained	before	and	after	the	scan	using	a	blood	glucose	meter	(One	Touch	Ultra	2,	

Lifescan,	 France).	 The	 glucose	measurements	were	performed	 in	duplicate	 and	 the	

average	 percentage	 absolute	 difference	 between	 these	 measurements	 was	

calculated	to	assess	the	reproducibility.	

Serum	 glucose	 was	 measured	 enzymatically	 as	 follows:	 blood	 samples	 (10	 drops	

collected	in	a	test	PP	tube)	were	allowed	to	coagulate	for	at	least	one	hour	and	were	

then	 centrifuged	 for	 15	 min	 at	 3300	 rpm	 and	 4°C.	 Subsequently	 100	 µL	 serum	

samples	were	obtained	for	glucose	determination	on	a	Vista	Dimension	(Siemens).	

Plasma	 activity	 levels	 were	 obtained	 from	 6	 drops	 taken	 at	 3	 min	 after	 tracer	

injection	and	collected	in	K3E	coated	tubes.	Blood	samples	were	then	centrifuged	5	

min	at	5000	rpm	and	4°C	and	50	µL	samples	were	obtained	and	activity	levels	were	

then	counted	using	an	automated	gamma	counter	(2480	Wizard2
TM,	Perkin	Elmer).		

Serum	 corticosterone	 was	 analysed	 using	 a	 commercial	 ELISA	 kit	 (Abcam,	 UK).	

Corticosterone	is	captured	by	the	immobilized	polyclonal	antibody	and	is	detected	by	

a	biotinylated	polyclonal	antibody	specific	for	corticosterone,	which	is	recognized	by	

a	 streptavidin-peroxidase	 conjugate.	 Samples	 were	 run	 in	 duplicate	 and	 colour	
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development	 after	 adding	 substrate	 for	 peroxidase	 enzyme	 was	 read	 at	 450	 nm.	

Results	were	extrapolated	from	the	standard	curve.		

4.2.3 Image	acquisition	and	processing	

Small	animal	PET	imaging	was	performed	using	two	Siemens	Inveon	PET-CT	scanners	

(Siemens	 Preclinical	 Solution,	 Knoxville,	 TN)	 [50],	 [126],	 [127].	 The	 scanner	 utilizes	

1.51	x	1.51	x	10	mm	LSO	crystals	grouped	in	20	x	20	blocks	as	discussed	in	chapter	2.	

The	axial	and	transaxial	field-of-views	are	127	and	100	mm,	respectively.	The	animals	

were	scanned	in	a	head-first-prone	position.	The	energy	and	timing	window	was	set	

to	 350-650	 keV	 and	 3.432	 nsec	 respectively.	 The	 PET	 images	 were	 reconstructed	

using	 4	 iterations	with	 16	 subsets	 of	 the	 OSEM	 2D	 [45],	 [128]	 algorithm	 following	

Fourier	 rebinning	 (FORE)	 [129],	 [130].	Normalization,	 dead	 time,	 random,	CT-based	

attenuation	and	single-scatter	simulation	(SSS)	[131]	scatter	corrections	are	applied.	

PET	images	are	reconstructed	on	a	128	x	128	x	159	grid	with	a	pixel	size	of	0.776	mm	

and	a	slice	thickness	of	0.796	mm.	

CT	 imaging	was	done	using	a	220	degrees	rotation	with	120	rotation	steps.	Voltage	

and	amperage	are	set	to	80	kV	and	500	μA,	respectively.	The	rat	head	and	thorax	are	

covered	in	3	bed	positions	of	53.55	mm	each	with	an	overlap	of	28.26	%	resulting	in	

130.4	mm	axial	FOV	with	transaxial	FOV	of	82.12	mm.	Each	individual	PET	image	was	

transformed	 into	 the	 space	 of	 a	 standard	 FDG	 PET	 template	 [132]	 using	 brain	

normalization	 in	 PMOD	 v3.3	 (PMOD	 Technologies,	 Switzerland).	 These	 spatially	

normalized	 images	were	 then	analysed	using	an	MRI	 rat	whole	brain	VOI	 template	

[132]	 available	 in	 the	 same	 software	 package	 and	 a	 priori	 coregistered	 to	 the	 FDG	

PET	 template.	All	VOI	 statistics	 (in	kBq/cc)	are	generated	and	used	 to	 calculate	 the	

different	quantification	measures.	For	the	memantine	challenge	experiment	(section	

4.3.4.3),	the	relevant	VOIs	are	selected	based	upon	a	previous	study	[133].	

Various	 quantification	 techniques	 as	 listed	 in	 Table	 4.1,	 and	 their	 effects	 on	 the	

obtained	results	are	investigated	in	each	experiment.	The	variability	of	the	different	

quantification	techniques	(used	 in	 intra-	and	 intersubject	variability)	 is	expressed	as	

the	 percentage	 coefficient	 of	 variation	 (%COV).	 Intrasubject	 COV	 is	 the	 average	 of	
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the	intra-animal	COVs	of	all	the	animals	while	intersubject	COV	is	the	average	of	the	

interanimal	COVs	over	the	different	days.	

	

Table	4.1	Overview	of	all	the	quantification	methods	that	were	used	to	quantify	the	data	in	
the	various	experiments	and	the	formulas	to	calculate	them.		
Quantification	method	 Description	/	Formula	
AC	 Brain	acitivity	concentration	in	kBq/cc	
%ID/g	 AC/ID		
%ID/gpreSEglc	 AC/ID	x	pre-scan	serum	[glc]	
SUV(ID/BW)	 AC/(ID/BW)	
SUVcort	 AC/(ID/BW)	x	[corticosterone]	
SUVpreWBglc	 AC/(ID/BW)	x	pre-scan	whole	blood	[glc]	
SUVpreSEglc	 AC/(ID/BW)	x	pre-scan	serum	[glc]	
SUVpostWBglc	 AC/(ID/BW)	x	post-scan	whole	blood	[glc]	
SUVactpl	 AC/Activity	concentration	in	plasma	
SUVpreWBglc/actpl	 (AC/Activity	concentration	in	plasma)	x	pre-scan	whole	blood	[glc]	
SUVpreSEglc/actpl	 (AC/Activity	concentration	in	plasma)	x	pre-scan	serum	[glc]	
AC,	 average	 activity	 concentration	 in	 a	 VOI;	 ID,	 injected	 dose;	 SUV,	 standard	 uptake	 value;	
BW,	body	weight;	preWBglc,	pre-scan	whole	blood	glucose	concentration;	preSEglc,	pre-scan	
serum	 glucose	 concentration;	 postWBglc,	 post-scan	 whole	 blood	 glucose	 concentration;	
Actpl,	activity	concentration	in	plasma.	
	

4.2.4 Experimental	protocols	

4.2.4.1 Varying	the	fasting	duration	

The	 effect	 of	 different	 fasting	 times	 is	 investigated	 through	 the	 animals’	 glucose	

levels	and	their	cerebral	18F-FDG	uptake	by	randomly	dividing	twenty	male	Sprague-

Dawley	 rats	 into	 five	groups.	 The	 first	 group	was	not	 fasted,	 the	 four	other	groups	

were	 fasted	 for	 6h,	 12h,	 18h	 and	 24h	 respectively.	 The	 scans	 of	 all	 groups	 were	

performed	between	9:00	am	and	11:30	am.	To	ensure	that	all	animals	of	 the	same	

group	had	exactly	the	same	fasting	duration,	food	was	removed	(during	the	night	by	

a	 sleeping-in	 resident	 animal	 handler)	 depending	 on	 the	 time	 at	 which	 the	 tracer	

injection	had	been	planned.	The	experimental	scan	protocol	is	shown	in	Figure	4.1.	
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Figure	4.1	Experimental	protocol	of	the	different	fasting	experiments.	
	

Animals	were	weighed	and	then	put	 in	 individual	cages	before	the	beginning	of	the	

experiment.	 Animals	were	warmed	 by	 placing	 the	 cages	 on	 heating	 pads	 (37°C)	 to	

reduce	 tracer	 uptake	 in	 adipose	 tissue,	 physiologically	 occurring	 at	 room	

temperature	 [126].	 Warming	 was	 continued	 during	 the	 uptake	 period	 as	 well	 as	

during	 image	 acquisition	 to	 prevent	 anesthesia	 induced	 decrease	 of	 body	

temperature.	 Twenty-five	 minutes	 after	 the	 start	 of	 the	 heating,	 rats	 were	

anesthetized	 with	 isoflurane	 (5%	 for	 induction	 and	 2%	 for	 maintenance).	 Five	

minutes	after	the	start	of	the	anesthesia	animals	received	an	iv	bolus	injection	of	18F-

FDG	(37	MBq)	in	the	left	lateral	tail	vein.	Tracer	injection	was	directly	followed	by	a	

double	measurement	of	pre-scan	whole	blood	glucose	levels	and	two	blood	samples	

were	collected	at	3	min	after	tracer	 injection	for	serum	glucose	and	plasma	activity	

values.	 Animals	 were	 then	 allowed	 to	 regain	 consciousness	 and	 after	 a	 conscious	

uptake	period	of	20	min	the	animals	were	again	anesthetized	with	isoflurane	(5%	for	

induction	and	2%	for	maintenance)	for	10	min	unconscious	uptake,	during	which	the	

animals	 were	 prepared	 and	 positioned	 onto	 the	 PET	 scanner.	 The	 resulting	 total	

uptake	 period	 was	 hence	 30	 min.	 Immediately	 after	 the	 PET	 scan,	 whole	 blood	

glucose	 concentrations	 were	 measured	 in	 duplicate	 followed	 by	 a	 5	 min	 CT	 scan	

which	is	performed	for	attenuation	and	scatter	correction	purposes.		

4.2.4.2 Longitudinal	scanning	with	variable	inter-scan	time	intervals	

Six	rats	were	scanned	in	a	longitudinal	setting	with	different	time	intervals	between	

successive	scans	to	test	the	reproducibility.	The	experiment	was	spread	over	twenty-

three	 days	 and	 animals	 were	 scanned	 on	 days	 1,	 3,	 7,	 9,	 10	 and	 day	 23	 of	 the	
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experiment.	 Animals	 were	 fasted	 for	 16	 hours	 before	 each	 scan.	 A	 similar	 scan	

protocol	 as	 in	 section	 4.2.4.1	 was	 used	 (see	 Figure	 4.2).	 In	 addition	 serum	

corticosterone	 levels	 were	 measured	 to	 evaluate	 stress	 over	 time	 and	 each	 brain	

scan	was	followed	by	a	second	PET	scan	of	the	animal’s	entire	tail	to	test	the	possible	

contribution	of	the	intravenous	injection	method	to	the	variability	of	cerebral	tracer	

uptake.	

	

	
Figure	4.2	Experimental	protocol	of	the	different	scan	intervals	experiment.	
	

4.2.4.3 Pharmacological	challenge	with	memantine	

To	 investigate	whether	a	short	 inter-scan	 interval	could	 influence	the	outcome	of	a	

drug	test,	a	memantine	challenge	experiment	was	performed.	Memantine	 is	a	non-

selective	N-methyl-d-aspartate	 (NMDA)-receptor	 antagonist	which	 has	 been	 shown	

to	 dose-dependently	 induce	 region-specific	 increases	 in	 brain	 glucose	 metabolism	

when	 compared	 to	 baseline	 tracer	 uptake	 in	 these	 regions	 [133],	 [134].	 We	 have	

verified	 such	 and	 reproduced	 FDG	 increases	 in	 our	 animals	 and	 with	 our	 protocol	

(data	 not	 shown	 as	 redundant	 to	 literature).	 It	 was	 hypothesized	 that	 this	 effect	

could	be	reduced	or	even	reversed	with	short	 inter-scan	durations	 in	a	 longitudinal	

setting.	

	

Sprague-Dawley	rats	(n=6),	received	a	saline	treatment	(NaCl	0.9%,	B.	Braun	Medical,	

Germany)	 on	 the	 first	 scan	 day	 of	 the	 experiment	 and	 a	 memantine	 treatment	

(20mg/kg)	dissolved	 in	0.5	ml	saline;	memantine	hydrochloride,	Sigma-Aldrich,	MO,	

USA)	 the	 following	 scan	 day	 (24h	 in	 between).	 Again	we	 applied	 our	 standardized	
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protocol	of	section	4.2.4.1	(Figure	4.1)	and	section	4.2.4.2	(Figure	4.2)	extended	for	

the	additional	memantine	 (or	 saline)	 challenge	 i.p.	 injection	30	min	before	 the	 18F-

FDG	 i.v.	 injection	 as	 shown	 in	 Figure	 4.3.	 On	 the	 first	 scan	 day	 animals	 had	 been	

fasted	for	21.5	hours	on	average	before	scanning,	then	had	on	average	between	7h	

of	access	to	food	after	the	first	PET	scan	before	food	was	removed	again	and	animals	

were	on	average	12h	fasted	before	scans	on	the	following	day.		

	
Figure	4.3	Protocol	of	the	memantine	challenge	experiment.	
	

Table	 4.2	 gives	 an	 overview	 of	 the	 three	 described	 experiments	 summarizing	 the	

number	of	groups,	scans	and	measured	variables.	

	
Table	4.2	Overview	of	all	the	experiments	conducted	during	the	study	
Experiment	 							#	groups	 N		

per	
group	

Scan	
per	
group	

Measured	variables	for	use	in	
quantification	

varying	
fasting	
durations	

1. No	fasting	
2. 6h	fasting	
3. 12h	fasting	
4. 18h	fasting	
5. 24h	fasting	

4	 1	 Body	weight,	injected	dose,	
pre-scan	whole	blood	[glc]	in	
duplicate,	post-scan	whole	
blood	[glc]	in	duplicate,	pre-
scan	serum	[glc],	plasma	
activity	(3	min	p.i.)	

varying	inter-
scan	time	
interval	

1. Repeated	
scanning	
group	

	

6	 6	 Body	weight,	injected	dose,	
pre-scan	whole	blood	[glc]	in	
duplicate,	post-scan	whole	
blood	[glc]	in	duplicate,	pre-
scan	serum	[glc]	and	
[corticosterone]	

memantine	
challenge:	
standardized	
protocol	

1. Saline	scan	
day	1	/	
Memantine	
scan	day	2	

6	 2	 Body	weight,	injected	dose,	
pre-scan	whole	blood	[glc]	in	
duplicate	and	post-scan	whole	
blood	[glc]	in	duplicate	

	

25 min 5 
min 20 min 
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+ preWBglc (2x) 

+ Stop anesthesia 

10 min 

Start anesthesia + 
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Start brain 
PET scan 

Start 
 anesthesia 

3 
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5 
min 
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(2x) 
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start warming 

{conscious uptake} {PET acquisition} 
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4.2.5 Statistical	analysis	
Data	were	analysed	in	SPSS	v20	and	GraphPad	Prism	6.	After	verifying	that	the	data	

are	normally	distributed;	parametric	tests	were	used.	A	Shapiro-Wilk’s	test	[135]	was	

performed	to	confirm	the	normality	of	the	data	and	the	skewness	and	kurtosis	of	the	

curve	was	 investigated.	The	box-plot	and	the	Q-Q	plot	were	 inspected	as	additional	

graphical	information.	

To	 establish	 whether	 body	 weight,	 whole	 blood	 and	 serum	 glucose	 levels	 and	

variation	 in	 whole	 brain	 18F-FDG	 uptake	 were	 significantly	 different	 between	 the	

various	groups	of	naïve	animals	for	the	different	fasting	durations,	one-way	MANOVA	

and	 the	 Bonferroni’s	 post	 hoc	 multiple	 comparison	 test	 were	 performed.	

Additionally,	 differences	 between	 post-	 and	 pre-scan	 whole	 blood	 glucose	 levels	

were	investigated	using	a	repeated	measures	t-test.		

To	 investigate	 the	 variation	 of	 the	 18F-FDG	 uptake	 and	 the	 additionally	 measured	

factors	 (weight,	 injected	 dose	 and	 the	 different	 glucose	 levels)	 over	 time	 and	 to	

evaluate	the	evolution	of	the	various	measured	factors	that	could	influence	this	18F-

FDG	 biodistribution	 during	 the	 different	 scan	 interval	 experiment,	 a	 one-way	

MANOVA	 test	 was	 performed	 followed	 by	 a	 Bonferroni	 post-hoc	 multiple	

comparison	correction.		

To	test	 for	differences	 in	18F-FDG	uptake	between	saline	and	memantine	treatment	

in	different	brain	regions	(VOIs)	and	to	evaluate	changes	of	the	various	factors	that	

could	 influence	 18F-FDG	uptake	during	 the	memantine	challenge	experiment,	a	 two	

way	 repeated	 measures	 MANOVA	 test	 was	 performed	 with	 brain	 region	 and	

treatment	 as	 independent	 variables.	 In	 addition,	 to	 assess	whether	 pre-	 and	 post-

scan	glucose	 levels	were	significantly	changed	on	the	second	scan	day	compared	to	

the	 levels	 on	 the	 first	 scan	 day	 a	 repeated	 measures	 t-test	 was	 performed.	 The	

difference	in	myocardial	18F-FDG	uptake	between	both	scan	days	was	assessed	with	a	

one-way	repeated	measures	MANOVA.	

Results	 are	 expressed	 as	 mean	 ±	 standard	 error	 of	 the	 mean	 (SEM).	We	 report	 a	

difference	in	a	two-group	comparison	of	a	larger	family	after	post-hoc	correction	as	
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being	 significant	 if	 the	multiplicity	 adjusted	 p-value	 is	 smaller	 than	 the	 familywise	

level	(p<0.05)	at	which	this	particular	comparison	would	be	significantly	different	 in	

the	corresponding	confidence	interval.		

4.3 Results	

4.3.1 Varying	the	fasting	duration	
There	 were	 no	 significant	 body	 weight	 differences	 between	 the	 different	 fasting	

groups.	Pre-scan	glucose	 levels	 for	 the	different	 fasting	groups	are	 shown	 in	Figure	

4.4.	 Whole	 blood	 (Figure	 4.4A)	 and	 serum	 (Figure	 4.4B)	 pre-scan	 glucose	

concentrations	varied	significantly	(p<0.001)	across	the	various	fasting	groups.	Post-

hoc	analysis	revealed	significant	differences	between	the	group	of	animals	that	was	

not	fasted	(p<0.001)	and	the	groups	that	were	fasted	for	12h,	18h	and	24h	as	well	as	

between	the	group	that	was	fasted	for	six	hours	(p<0.05	for	whole	blood	and	p<0.01	

for	 serum)	 and	 the	 groups	 that	 were	 fasted	 for	 12h,	 18h	 and	 24h.	 The	 post-scan	

whole	 blood	 glucose	 levels	 were	 on	 average	 53.01%±10.60	 higher	 than	 pre-scan	

levels	(p<0.0001)	and	serum	glucose	levels	were	on	average	37.61%	±	22.65%	higher	

compared	 to	 the	 whole	 blood	 measurements	 (p=0.0141).	 The	 average	 absolute	

difference	 between	 two	 repeated	 glucose	meter	measurements	 was	 12.52%±2.03.	

Therefore,	 preWBglc	 was	 measured	 twice	 using	 the	 glucose	 meter	 and	 averaged	

when	used	for	SUV	correction	to	reduce	variability.	

Whole	brain	tracer	uptake	per	fasting	group	for	different	quantifications	(Table	4.1)	

is	shown	in	Figure	4.5.	The	AC,	the	SUV(ID/BW)		and	the	SUVactpl		displayed	a	significant	

(p<0.001)	variation	over	the	various	fasting	times,	with	a	relatively	low	uptake	in	the	

0h	and	6h	fasting	groups		and	a	relatively	high	uptake	in	the	12h,	18h	and	24h	fasting	

groups.	 In	 contrast,	 any	 quantification	 method	 that	 accounted	 for	 glucose	

concentration:	 SUVpreWBglc,	 SUVpreSEglc,	 SUV(preWBglc/Actpl)	 	 and	 SUV(preSEglc/Actpl)	 showed	

comparable	 uptake	 and	 did	 not	 vary	 significantly	 across	 different	 fasting	 groups.	

Table	 4.3	 shows	 an	 overview	 of	 the	 value	 range	 of	 the	 different	 quantification	

methods.	
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Figure	 4.4	Overview	of	pre-
scan	 glucose	 levels	 of	 the	
different	 fasting	 durations	
(A)	 as	 measured	 with	 the	
glucose	 meter	 (One	 Touch	
Ultra,	 Lifescan,	 France)	 in	
whole	 blood	 (2x)	 (B)	 as	
enzymatically	 measured	 in	
serum.	 Data	 is	 represented	
as	 mean	 ±	 SEM.	 (*p	 <0.05;	
**p	<0.01;	***p<0.001).	
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Figure	4.5	Overview	of	various	quantification	methods	of	the	whole	brain	18F-FDG	uptake	for	
the	 different	 animal	 groups	 fasted	 for	 0h,	 6h,	 12h,	 18h	 and	 24h.	 (A)	AC;	 (B)	 SUV(ID/BW);	 (C)	
SUVpreWBglc	correcting	for	pre-scan	whole	blood	glucose	levels;	(D)	SUVpreSEglc	correcting	for	pre-
scan	serum	glucose	levels;	(E)	SUVActpl		correcting	for	plasma	activity	values;	(F)	SUV(preWBglc/Actpl)	

correcting	 both	 for	 pre-scan	 whole	 blood	 glucose	 levels	 and	 plasma	 activity	 values;	 (G)	
SUV(preSEglc/Actpl)	correcting	 both	 for	 pre-scan	 whole	 blood	 glucose	 levels	 and	 plasma	 activity	
values.	Data	is	represented	as	mean	±	SEM	(*p<0.05,	**p<0.01,	***p<0.001,	****p<0.0001).	
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Table	 4.3	 Overview	 of	 the	 value	 range	 of	 the	 various	
quantification	methods	of	the	whole	brain	18F-FDG	uptake		
Measure	 Minimum	value	 Maximum	value	
AC	 176	 414	
SUV(ID/BW)	 2.19	 4.51	
SUVpreWBglc	 174	 371	
SUVpreSEglc	 327	 494	
SUVActpl	 0.48	 1.47	
SUV(preWBglc/Actpl)	 53	 153	
SUV(preSEglc/Actpl)	 95	 161	

	

4.3.2 Longitudinal	 scanning	 with	 variable	 inter-scan	 time	

intervals	

The	 evolution	 of	 the	 body	weight	 of	 the	 animals	 in	 this	 longitudinal	 experiment	 is	

shown	 in	 Figure	 4.6A.	 Body	 weight	 increased	 significantly	 (p<0.001)	 in	 all	 animals	

over	the	course	of	the	experiment.	

Whole	blood	and	 serum	pre-scan	glucose	 levels	 displayed	an	 increasing	 trend	over	

the	 longitudinal	 experiment.	 Post-hoc	 analysis	 showed	 a	 significant	 (p<0.05)	

difference	between	day	1	and	day	7	and	between	day	1	and	day	10	for	respectively	

whole	 blood	 and	 serum	glucose	 levels	 (Figure	 4.6B-C).	 Post-scan	 glucose	 levels	 are	

already	 significantly	 (p<0.05)	 increased	 on	 day	 3	 and	 the	 increase	 becomes	 more	

significant	(p<0.001)	on	day	7	and	10	(Figure	4.6D).	There	was	a	significant	(p<0.05)	

difference	 in	post-scan	glucose	 levels	between	day	9	and	day	10.	This	 increase	was	

also	seen	on	corticosterone	levels	(Figure	4.6E)	but	the	latter	was	only	trending	due	

to	a	larger	standard	deviation.	

Whole	blood	post-scan	glucose	 levels	were	on	average	21.77%±3.37	(±	SEM)	higher	

than	 the	pre-scan	 levels,	while	 the	pre-scan	 serum	glucose	 levels	were	on	 average	

20.83%±8.31	 higher	 compared	 to	 the	 whole	 blood	 measurements	 of	 the	 same	

glucose	 levels.	 The	 average	 percentage	 absolute	 difference	 between	 two	

measurements	of	the	same	glucose	level	was	9.2%±1.52.		
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Figure	4.6	Overview	of	the	variables	that	possibly	affected	cerebral	18F-FDG	uptake	during	the	
different	scan	 interval	experiment.	 (A)	Evolution	of	body	weight	during	experiment.	 (B)	Pre-
scan	whole	blood	glucose	levels.	(C)	Pre-scan	serum	glucose	levels.	(D)	Post-scan	whole	blood	
glucose	 levels.	 (E)	 Corticosterone	 levels.	 All	 data	 is	 presented	 as	 mean	 ±	 SEM.	 (*p<0.05,	
**p<0.01,	***p<0.001,	****p<0.0001).	
	

An	 overview	 of	 18F-FDG	 uptake	 in	 the	 brain	 across	 the	 different	 scans	 of	 the	

longitudinal	experiment,	analysed	using	different	quantifications,	 is	shown	in	Figure	

4.7.	 AC	 and	 %ID/g	 values	 of	 18F-FDG	 uptake	 (Figure	 4.7A-B)	 showed	 a	 significant	

decrease	with	time	(p<0.05)	across	the	different	scanning	sessions.		Post-hoc	analysis	

0 1 2 3 4 5 6 7 8 9 10 23
200

250

300

350

400

450

500

Day of experiment

W
ei

g
h

t (
g

)
***

**A

MANOVA****

***

0 1 2 3 4 5 6 7 8 9 10 23
80

100

120

140

160

180

Day of experiment

p
re

S
E

g
lc

 (m
g

/d
l)

C
*

MANOVA*

0 1 2 3 4 5 6 7 8 9 10 23
0

200

400

600

800

1000

1200

Day of experiment

C
o

rt
ic

o
st

er
o

n
e 

(n
g

/m
l)

E

0 1 2 3 4 5 6 7 8 9 10 23
80

100

120

140

160

180

Day of experiment

p
re

W
B

g
lc

 (m
g

/d
L

)

B
*

MANOVA*

0 1 2 3 4 5 6 7 8 9 10 23
80

100

120

140

160

180

Day of experiment

p
o

st
W

B
g

lc
 (m

g
/d

l)

D *
***

*

MANOVA****



Towards	a	reproducible	protocol	for	rat	brain	imaging	with	18F-FDG	

	101	

revealed	 a	 significant	 decrease	 (p<0.05)	 in	 brain	 uptake	 at	 day	 10	 and	 day	 23	

compared	to	the	uptake	at	day	1	and	day	3.	When	brain	uptake	was	analysed	using	

SUV(ID/BW)	(Figure	4.7D),	there	was	a	strong	trending	decrease	over	the	first	ten	days	

but	 with	 an	 increase	 on	 day	 23	 compared	 to	 day	 10.	When	 corrected	 for	 glucose	

levels	 %ID/gpreSEglc	 and	 SUVpreWBglc	 uptake	 values	 (Figure	 4.7C	 and	 E)	 did	 not	 vary	

significantly	 across	 the	 different	 scans	 any	 longer	 except	 for	 SUVpreSEglc	 at	 day	 23	

compared	to	day	1,	3,	9	and	10.	

	
Figure	 4.7	 Whole	 brain	 18F-FDG	 uptake	 values	 across	 different	 scanning	 sessions	 of	 the	
different	 scan	 interval	 experiment.	 (A)	 AC	 (B)	 %ID/g	 (C)	 %ID/gpreSEglc	 (D)	 SUV(ID/BW)	 (E)	
SUVpreWBglc	(F)	SUVpreSEglc.	All	data	is	presented	as	mean	±	SEM.	(*p<0.05).	
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Indeed,	we	showed	by	Figure	4.6C	that	when	animals	are	scanned	repeatedly,	a	clear	

trend	in	rising	glucose	levels	is	found	(f.i.	serum	glucose	before	the	scan	is	46%	higher	

at	day	10	compared	 to	day	1)	although	 fasting	 times	were	always	16h	before	each	

scan.	Accordingly,	 the	brain	 SUV(ID/BW)	 decreases	with	 -23.9	 ±	 5%	by	 day	 10	 (Figure	

4.7D)	 and	 correcting	 for	 serum	 glucose	 levels	 normalized	 this	 SUV	 difference	 over	

time	to	only	+9%	±	6%	(Figure	4.7F)	for	SUVpreSEglc	over	the	first	10	days.	On	the	other	

hand,	 a	 significant	 increase	 in	 body	 weight	 at	 day	 23	 (Figure	 4.6A)	 causes	 an	

increased	SUV	(Figure	4.7D	and	F)	

	

The	inter-	and	intra-animal	COVs	of	18F-FDG	uptake	in	the	brain	including	day	23	are	

summarized	in	Table	4.3.	AC,	%ID/g	and	SUV(ID/BW)	values	of	18F-FDG	uptake	showed	

the	 highest	 inter-	 and	 intra-animal	 COV.	 The	 COV	 was	 reduced	 when	 glucose	

correction	was	applied.	SUVpreSEglc	values	yielded	the	lowest	interanimal	variation.	On	

the	 other	 hand,	%ID/gpreSEglc	 yielded	 the	 lowest	 intra-animal	 variation.	 The	 latter	 is	

due	 to	 the	 significant	 increase	 in	 body	 weight	 at	 day	 23	 (Figure	 4.6A)	 causing	 an	

increased	SUV	(Figure	4.7F).	

When	considering	only	the	first	10	days	of	the	experiment,	the	SUV(ID/BW)	showed	the	

highest	 intra-animal	 and	 average	 inter-animal	 COV:	 15.65/17.77%	 compared	 to	

13.09/13.79%	 for	 the	 SUVpreWBglc	 and	 even	 further	 down	 to	 only	 10.71/9.51%	 for	

SUVpreSEglc.		

	

On	average	during	the	longitudinal	experiment	only	a	negligible	0.97%	±	0.04	(±SEM)	

of	the	ID	remained	in	the	tail	after	tracer	injection.	
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Table	4.4	Inter-	and	intra-animal	coefficients	of	variation	of	the	whole	brain	uptake	
for	the	different	quantification	methods.	
Quantification	method	 Inter-animal	whole	

brain	COV	
Intra-animal	whole	

brain	COV	
AC	 17.74%	 17.95%	

%ID/g	 17.73%	 19.25%	
%ID/gpreSEglc	 11.16%	 10.61%	
SUV(ID/BW)	 17.48%	 14.90%	
SUVcort	 69.11%	 61.87%	
SUVactpl	 37.56%	 -	

SUVpreWBglc	 14.83%	 13.22%	
SUVpreSEglc	 9.57%	 14.28%	
SUVpostWBglc	 14.16%	 10.80%	

	

4.3.3 Pharmacological	challenge	with	memantine	

In	 this	 memantine	 challenge	 experiment	 the	 pre-scan	 whole	 blood	 glucose	

concentration	(Figure	4.8A)	was	significantly	(p	<0.05)	increased	on	the	second	scan	

day:	85	mg/dL	±	6.25	(mean	±	SEM)	on	scan	day	1	versus	117	mg/dL	±	6.53	(mean	±	

SEM)	 on	 scan	 day	 2,	 although	 fasting	 times	 averaged	 the	 required	 12h	 (cfr.	 Figure	

4.4A).	 Post-scan	whole	 blood	 glucose	 levels	 (Figure	 4.8B)	were	 also	 significantly	 (p	

<0.01)	 higher	 during	 the	 second	 scan	 day	 of	 the	 experiment	 compared	 to	 the	 first	

scan	 day.	 The	 post-scan	 whole	 blood	 glucose	 levels	 were	 on	 average	 respectively	

48.48%±13.99	 higher	 than	 pre-scan	 levels.	 The	 average	 percentage	 absolute	

difference	 between	 two	measurements	 of	 the	 same	 blood	 glucose	 level	 using	 the	

glucose	meter	was	11.04%±2.10.	

	

Tracer	uptake	in	the	selected	VOIs	analyzed	with	the	various	quantification	measures	

is	 summarized	 in	 Figure	4.8C-E.	 There	was	no	 significant	 interaction	between	brain	

region	and	treatment.	AC	and	SUV(ID/BW)	quantification	(Figure	4.8C,	D)	did	not	show	

the	 expected	memantine	 induced	 increase	 in	 brain	 uptake	 [20],	 [134]	 but	 showed	

rather	 a	 memantine	 induced	 reduction	 of	 on	 average	 -13.5%	 ±	 2.31	 (±	 SEM)	 and	

11.11%	 ±	 2.31	 (±	 SEM)	 respectively	 (Figure	 4.9A).	 This	 decrease	 was	 significant	

(p<0.05)	 for	 the	 brain	 as	 a	 whole,	 the	 caudate	 putamen,	 the	 anterodorsal	
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hippocampus	and	the	thalamus	(p<0.01)	when	using	AC.	When	using	SUV(ID/BW)	only	

the	 thalamus	 was	 significantly	 (p<0.05)	 decreased.	 In	 contrast,	 quantification	 with	

the	 SUVpreWBglc	 	 (Figure	 4.8E)	 (i.e.	 correcting	 for	 the	 pre-scan	 whole	 blood	 glucose	

level)	did	 reveal	 the	anticipated	 increase	 in	brain	uptake	 [20],	 [134]	 in	 the	selected	

VOIs.	On	average	18F-FDG	uptake	 in	the	VOIs,	as	quantified	by	SUVpreWBglc,	 increased	

22.25%	 ±	 3.07	 (±	 SEM)	 on	 the	 day	 of	 the	memantine	 injection.	 This	 increase	 was	

significant	 (p<0.01)	 in	 the	 frontal	 cortex,	 the	 medial	 prefrontal	 cortex,	 the	 motor	

cortex	and	the	cingulate	cortex.			

	

Reflecting	the	higher	glucose	levels	and	energy	consumption,	the	myocardial	uptake	

(Figure	4.9E)	was	higher	on	the	second	scan	day	of	the	experiment	in	all	animals.	The	

AC	myocardial	uptake	values	 (Figure	4.9B)	were	on	average	308.41%	±	61.51	(SEM)	

higher	on	 the	second	scan	day	of	 the	experiment	as	well	as	SUV(ID/BW)		(Figure	4.9C)	

and	 SUVpreWBglc	(Figure	 4.9D)	 	myocardial	 uptake	which	was	 on	 average	 respectively	

316.72%	±	61.69	(SEM)	and	308.41%	±	61.51	(SEM)	higher	on	the	second	scan	day.	

This	 increase	 was	 significant	 (p	 <0.001)	 for	 AC	 and	 SUV(ID/BW)	 and	 (p<0.0001)	 for	

SUVpreWBglc.	 Incorporation	 of	 glucose	 levels	 in	 SUV	 did	 not	 influence	 differences	 in	

myocardial	uptake	between	both	scanning	sessions.	
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Figure	4.8	Overview	of	the	whole	blood	glucose	levels	and	quantification	methods	during	the	
18F-FDG-memantine	 challenge.	 (A)	 Comparison	 of	 pre-scan	 whole	 blood	 glucose	 levels	
between	both	scan	days	of	the	experiment.	(B)	Comparison	of	post-scan	whole	blood	glucose	
levels	on	both	scan	days	of	the	experiment.	(C)	Intra-animal	comparison	of	18F-FDG	uptake	in	
several	 brain	 structures	 between	 saline	 and	 memantine	 treatment	 in	 the	 memantine	
challenge	experiment	for	AC,	(D)	SUV(ID/BW)	(E)	and	SUVpreWBglc	Abbreviations:	FC	frontal	cortex,	
MPF	medial	prefrontal	cortex,	MC	motor	cortex,	CC	cingulate	cortex,	CP	caudate	putamen,	AH	
anterodorsal	hippocampus,	APC	anterior	parietal	cortex	Th	thalamus,	WB	whole	brain.	Data	is	
presented	as	mean	±	SEM.	(*p<0.05,	**p<0.01).	
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Figure	4.9	Comparison	of	brain	and	myocardial	18F-FDG	uptake	on	both	scan	days	of	the	18F-
FDG-memantine	challenge	experiment.	(A)	Illustration	of	the	lower	brain	uptake	on	scan	day	
2.	The	images	show	the	average	brain	uptake	of	all	the	animals	scanned	on	the	particular	day.	
(B)	AC	quantification	of	myocardial	uptake.	(C)	SUV(ID/BW)	quantification	of	myocardial	uptake.	
(D)	 SUVpreWBglc	 quantification	 of	 myocardial	 uptake.	 Data	 is	 presented	 as	 mean	 ±	 SEM.	
(***p<0.001,	 ****p<0.0001).	 (E)	 Illustration	 of	 a	 rat	with	 the	 higher	myocardial	 uptake	 on	
scan	day	2.	
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4.4 Discussion	

It	 is	 well	 established	 that	 blood	 glucose	 levels	 influence	 18F-FDG	 uptake	 in	 organs.	

Both	human	PET	studies	and	studies	in	rats	that	employed	tissue	sampling	to	assess	
18F-FDG	uptake	[136]	have	shown	that	hyperglycemia	decreases	18F-FDG	uptake	as	a	

result	of	the	competition	between	18F-FDG	and	glucose	for	transport	into	the	cells.	A	

more	recent	small	animal	PET	study	by	Fueger	et	al.	[126]	confirmed	these	findings,	

but	 also	 revealed	 that	 18F-FDG	 	uptake	 in	 various	organs	was	not	 influenced	 in	 the	

same	manner	by	different	glucose	levels.	E.g.	cerebral	18F-FDG	uptake	in	non-fasted	

mice	is	markedly	lower	than	in	fasted	mice,	in	contrast	myocardial	uptake	is	higher	in	

non-fasted	mice	[126],	[127].		

Therefore,	to	minimize	glucose	level	induced	variability	in	the	results	of	static	18F-FDG	

PET	 studies,	 fasting	 has	 been	 used	 to	 lower	 glycemia	 [128].	 In	 a	 clinical	 setting	

patients	 are	 required	 to	 fast	 4h	 to	 6h	 before	 a	 18F-FDG	 scan.	 In	 rodents	 a	 fasting	

duration	of	around	6h	should	clear	all	contents	from	the	stomach.	Besides	decreasing	

glucose	 levels,	 longer	 fasting	 durations	 may	 result	 in	 alterations	 in	 water	

consumption,	lowered	fatty	acid	levels,	a	loss	of	body	mass	and	especially	increased	

stress	 levels	due	 to	 food	deprivation.	Based	on	 these	considerations	we	conducted	

an	 elaborate	 fasting	 experiment	 to	 investigate	 the	 effect	 various	 fasting	 durations	

have	on	glucose	levels	and	subsequent	18F-FDG	brain	uptake	in	rats.	

The	 fasting	 experiment	 using	 naive	 animals	 showed	 considerable	 reduction	 of	 pre-

scan	glucose	levels	for	the	animals	of	the	12h	fasting	group,	compared	to	the	animals	

of	the	0h	and	6h	fasting	groups.	For	fasting	times	 longer	than	12h	pre-scan	glucose	

levels	reached	a	plateau	and	did	not	further	decrease	as	a	function	of	fasting	time	up	

until	24h	of	fasting,	the	longest	fasting	duration	considered	in	this	study.	As	a	result	

AC	 or	 SUV(ID/BW)	 brain	 uptake	 values	 reached	 a	 plateau	 after	 12h	 of	 fasting.	 Thus	

scanning	 naive	 animals	 after	 a	 fasting	 time	 ranging	 between	 12h	 and	 24h	 hours	

seems	to	be	a	practically	feasible	procedure	to	ensure	fasting	time	independent	18F-

FDG	 brain	 uptake	 (resulting	 in	 more	 uptake	 and	 thus	 better	 images),	 without	 the	

need	 to	 incorporate	 glucose	 correction	 in	 the	 uptake	 values.	 Alternatively,	
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considering	glucose	correction	is	effective	in	removing	glycemia	induced	variability	in	

uptake	 values.	 Stress-induced	 glucose	 increase	might	 explain	why	 glucose	 levels	 in	

the	 fasting	 experiment	 reached	 a	 stable	 plateau	 and	 did	 not	 significantly	 differ	

between	 the	 12h,	 18h	 and	 24h	 fasting	 groups	 balancing	 these	 two	 mechanisms.		

Such	is	in	agreement	with	previous	findings.	Nowland	et	al.	[129]	found	significantly	

increased	serum	corticosterone	levels	in	rats	that	had	been	fasted	for	24h,	whereas	

this	was	not	the	case	in	rats	that	were	fasted	up	to	16h.	This	suggests	that,	in	rats,	a	

significant	 corticosterone	 response	 occurred	 between	 16h	 and	 24h	 of	 fasting.	

Corticosterone,	a	 stress	hormone	has	been	shown	 to	elevate	plasma	glucose	 levels	

(hyperglycemia)	[129],	[137].		

	

The	 relationship	between	>12h	 fasting	 and	 stable	 glucose	 levels	was	however	only	

established	in	naive	animals,	i.e.	animals	that	did	not	yet	undergo	any	PET	scanning.	

Fasting	 duration	 is	 not	 the	 sole	 determining	 factor	 with	 regard	 to	 varying	 blood	

glucose	 levels.	 In	 a	 longitudinal	 setting,	 repetitive	 scanning	 and	 a	 short	 inter-scan	

duration	 (i.e.	 two	subsequent	 scans	within	24h)	 caused	 significant	variations	 in	 18F-

FDG	brain	uptake	values	over	the	different	scan	days	due	to	changes	in	blood	glucose	

levels	even	when	the	animals	were	fasted	more	than	12	hours	 (18h).	The	observed	

increasing	trend	of	glucose	levels	with	time,	i.e.	with	increasing	total	number	of	scans	

the	 animal	 had	 undergone,	 was	 accompanied	 by	 increasing	 corticosterone	 levels.	

Highest	blood	levels	of	both	glucose	and	corticosterone	were	found	after	short	inter-

scan	 durations,	 which	 could	 be	 caused	 by	 the	 stress	 of	 shortly	 repeated	 food	

deprivation,	 altered	 food	 intake	 and	 scan	 manipulations.	 The	 former	 may	 lead	 to	

potential	 increased	 food	 intake	 after	 food	deprivation	 for	 the	previous	 scan.	Again	

glucose	induced	variability	in	18F-FDG	uptake	values	could	be	removed	by	considering	

glucose	corrected	uptake	values.	

When	 performing	 glucose	 correction,	 the	 serum	 glucose	 is	 preferably	 measured	

analytically;	 alternatively	 when	 whole	 blood	 glucose	 is	 measured	 using	 a	 glucose	
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meter	and	strips,	then	blood	glucose	levels	should	be	measured	at	least	in	duplicate	

to	reduce	variability	as	we	have	illustrated.	

	

The	measurement	and	correction	for	pre-scan	glucose	levels	is	advisable	over	solely	

relying	 on	 the	 diligent	 control	 of	 fasting	 duration.	 This	 is	 especially	 true	 in	

longitudinal	 experiments	 with	 different	 pharmacological	 challenges.	 We	 have	

exemplified	such	with	memantine	as	a	challenge	where	the	increase	of	18F-FDG	brain	

uptake	was	opposite	to	the	theoretical	expectation.	This	is	due	to	the	higher	glucose	

levels	when	the	memantine	was	administered	at	the	second	day	following	a	previous	

scan	session.	Quantification	methods	incorporating	glucose	levels	on	the	other	hand	

did	 adequately	 show	 the	 anticipated	 increase	 in	 18F-FDG	 brain	 uptake	 after	 a	

memantine	 challenge,	 even	 if	 administered	 on	 a	 second	 scan	 day.	 Correcting	 for	

glucose	 did	 not	 seem	 to	 influence	 the	 myocardial	 uptake,	 which	 implies	 that	

myocardial	uptake,	is	more	influenced	by	dietary	condition	as	was	also	seen	by	Wong	

et	 al	 [127].	 A	 higher	 myocardial	 uptake	 was	 therefore	 seen	 on	 the	 second	 day	

reflecting	the	higher	blood	glucose	levels.	

	

In	 each	 experiment	 we	 observed	 higher	 post-scan	 glucose	 than	 pre-scan	 glucose	

levels.	 This	 could	 be	 due	 to	 isoflurane.	 Indeed	 several	 anaesthetics	 used	 in	 small	

animal	imaging	studies	such	as	isoflurane	(and	xylazine/ketamine)	have	been	shown	

to	influence	insulin	secretion	and	to	affect	blood	glucose	levels	[13],	[138]-[140].	Our	

results	 are	 consistent	 with	 these	 findings.	 A	 longitudinal	 effect	 of	 isoflurane	 on	

glucose	 levels	 when	 animals	 are	 repeatedly	 scanned,	 is	 however	 unlikely	 as	 it	 has	

been	 demonstrated	 that	 24h	 after	 1h	 of	 isoflurane	 anesthesia	 only	 residual	

isoflurane	 concentrations	 can	 be	 found	 in	 mice	 brain	 and	 that	 no	 detectable	

concentration	 of	 isoflurane	 can	 be	 found	 in	 exhaled	 air	 within	 7	 min	 after	

termination	 of	 anesthesia	 [141].	 Furthermore,	 isoflurane	 is	 only	 minimally	

metabolized	 by	 the	 liver	 (less	 than	 0.2%).	 This	 would	 argue	 against	 any	 long-term	

carry-over	effects	of	isoflurane	on	glucose	levels.				
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Decreased	 intra-	and	 interanimal	variation	during	a	 longitudinal	study	 increases	the	

statistical	power	 to	detect	 therapeutic	effects	over	 time	within	 the	same	animal	or	

between	 treatment	 groups.	 Increased	 statistical	 power	 decreases	 the	 amount	 of	

animals	 needed	 to	 detect	 significant	 therapeutic	 effects	 or	 allows	 us	 to	 detect	

smaller	 changes	 with	 the	 same	 number	 of	 animals.	 We	 tested	 the	 use	 of	 various	

SUVs	 (Table	 4.1)	 incorporating	 different	 parameters	 (ID,	 body	 weight	 and	 glucose	

levels),	to	establish	whether	their	use	in	quantification	could	possibly	decrease	intra-	

and	inter-animal	variation.		

Interanimal	 variation	 of	 brain	 uptake	 using	 the	 different	 quantification	 methods	

ranged	between	9%	and	18%	(except	for	corticosterone	and	plasma	activity).	These	

results	 are	 comparable	 to	 those	 obtained	 by	 others.	 A	 study	 by	Martic-Kehl	 et	 al.	

[142]	investigated	test-retest	variability	of	18F-FDG		uptake	in	two	groups	of	Sprague-

Dawley	rats	found	inter-animal	COVs	of	8	±	2%	(±SD)	and		14	±	7%		(±SD)	using	SUV	

quantification	with	normalisation	 to	 injected	dose	 and	body	weight.	A	 18F-FDG	PET	

study	by	Marsteller	et	al.	[143]	found	interanimal	COVs	of		18%		for	normalisation	of	

AC	values	to	injected	dose	and	15%	for	normalisation	to	injected	dose,	body	weight	

and	 glucose	 levels.	 Similar	 values	 were	 previously	 obtained	 by	 our	 group	 [144].	

Incorporation	 of	 glucose	 levels	 in	 the	 SUV	 decreased	 the	 variability	 of	 SUV	

measurements	 (9.57%	 for	 SUVpreSEglc;	 Table	 4.3)	 indicating	 that	 correcting	 18F-FDG	

brain	 uptake	 for	 significant	 differences	 in	 glucose	 levels	 is	 possible	 without	 the	

introduction	of	extra	variability	due	to	biological	and	analytical	variation,	as	has	been	

suggested	 previously	 [145].	 As	 previously	 mentioned	 post-scan	 glucose	 levels	 are	

higher	than	pre-scan	levels	but	both	can	be	used	for	glucose	correction.	A	potential	

alternative	to	the	use	of	a	glucose	correction	is	the	establishment	of	a	glucose	level	

range	within	animals	can	be	scanned	without	a	significant	effect	of	glucose	levels	on	

cerebral	 18F-FDG	 uptake.	 Quantification	 incorporating	 a	 single	 plasma	 activity	 level	

from	 a	 blood	 sample	 results	 in	 higher	 inter-animal	 variation	 (37.56%)	 as	 was	 also	

described	 in	 the	 Marsteller	 study	 [143].	 This	 increased	 interanimal	 variation	 may	

partly	 be	 explained	 by	 variation	 in	 the	 plasma	 sampling	 time.	 When	 the	 plasma	
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samples	 are	 taken	 shortly	 after	 injection,	 a	 time	 where	 the	 plasma	 concentration	

changes	 quickly,	 small	 variations	 in	 the	 time	 points	 can	 result	 in	 large	 variation	 in	

measured	plasma	concentration.	

It	 should	be	noted	 though	 that	 in	our	 longitudinal	experiment	up	until	23	days	 the	

body	weight	 increased	 significantly	 leading	 to	 a	 disproportional	 increase	 in	 uptake	

using	 simple	 body	 weight	 SUV	 calculations.	 This	 effect	 is	 probably	 caused	 by	 the	

lower	 18F-FDG	uptake	by	white	 fat	 tissue.	 For	 such	 long	 experiment	durations	with	

large	weight	changes,	the	%ID/gSEglc	quantification	excluding	the	weight	as	parameter	

is	advisable	because	of	the	 low	intra-animal	variation	(10.61%)	over	time	combined	

with	a	low	inter-animal	variation	(11.16%).	

	

It	is	important	to	note	that	the	SUV	normalised	to	injected	dose	and	body	weight	is	a	

semi-quantitative	 index	 of	the	18F-FDG	 net	 uptake	 rate	 and	 it	 is	 not	 a	

quantitative	measure	of	the	glucose	metabolic	rate	or	MRglc.	A	dynamic	18F-FDG	PET	

study	 by	 Wong	 et	 al.	 [127]	 showed	 that	 the	 measured	 cerebral	 MRglc	 did	 not	

correlate	with	blood	glucose	level	or	dietary	condition,	while	the	18F-FDG	uptake	rate	

varied	 inversely	 with	 blood	 glucose	 levels.	 In	 the	 brain	 the	 glucose	 transport	 is	

regulated	 and	 thus	 the	 MRglc	 remains	 constant.	 To	 compensate	 for	 the	 inverse	

relationship	 between	 the	 18F-FDG	uptake	 rate	 and	 the	 blood	 glucose	 the	 SUV	with	

glucose	 in	 the	 formula	is	 a	more	 robust	measure	of	MRglc	 than	 SUV	normalised	 to	

injected	 dose	 and	 body	 weight	 alone	 [146].	 This	 is	 in	 correspondence	 with	 our	

findings	as	AC	normalised	 to	 injected	dose	 significantly	decreased	 for	an	 increasing	

glucose	level	while	the	glucose	corrected	SUV	did	not	show	any	significant	changes,	

except	 when	 long	 inter-scan	 durations	 were	 used	 where	 body	 weight	 and	 thus	

SUVpreSEglc	increased	significantly.	This	disproportional	increase	in	SUVpreSEglc	with	body	

weight	 remains	 to	 be	 further	 investigated	 but	 it	 is	 likely	 that	 for	 a	 large	 weight	

variation	 the	 proportionality	 constant	 between	 the	 area	 under	 the	 arterial	 input	

curve	and	the	 injected	dose	normalised	 for	body	weight	does	not	remain	the	same	

(see	chapter	5).	
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4.5 Conclusion	

SUV	brain	uptake	values	are	reproducible	in	naive	animals	when	a	fasting	period	of	at	

least	 12	 hours	 is	 considered.	 For	 shorter	 fasting	 periods	 SUV	 values	 need	 to	 be	

corrected	for	the	glucose	level.	Also	in	longitudinal	experiments	the	SUV	needs	to	be	

corrected	 for	 blood	 glucose	 especially	 in	 case	 of	 short	 inter-scan	 durations,	 even	

when	the	animals	are	fasted	for	more	than	12	hours.	The	SUV	corrected	for	glucose	

levels	yields	the	lowest	 inter-animal	variation.	However,	 if	the	body	weight	changes	

significantly,	as	 in	a	 long	experiment,	quantification	based	on	the	glucose	corrected	

percentage	 injected	 dose	 is	 recommendable	 as	 this	 yields	 the	 lowest	 intra-animal	

variation.	 Preferably	 serum	 glucose	 is	 determined	 before	 the	 scan;	 alternatively	

when	whole	blood	glucose	is	measured	using	a	glucose	meter	and	strips,	then	blood	

glucose	levels	should	be	measured	at	least	in	duplicate	to	reduce	variability.	



	 	

	

	

	

	

	

	

	

	

	

	

	

Chapter	5	

Weight	dependency	of	quantitative	and	semi-

quantitative	18F-FDG	uptake	measures	in	rat	

brain	

	

	

This	chapter	is	submitted	as:	

	

Weight	dependency	of	quantitative	and	semi-quantitative	18F-FDG	uptake	measures	

in	rat	brain.	

Deleye	S,	Verhaeghe	J,	Stroobants	S,	Staelens	S.	

Journal	of	Cerebral	Blood	Flow	and	Metabolism.	
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5.1 Introduction	

In	 the	 previous	 chapter	 we	 found	 that	 body	 weight	 is	 an	 important	 factor	 that	

contributes	 to	 the	 18F-FDG	 SUV	 variability.	We	have	 shown	 that	 an	 increased	body	

weight	disproportionally	 increases	 the	SUV	value	 in	 the	whole	brain,	which	we	will	

further	investigate	in	this	chapter.		

First,	we	show	that	SUV,	under	well	controlled	conditions,	is	proportional	to	the	true	

glucose	 metabolic	 rate	 MRglc.	 Assuming	 irreversible	 18F-FDG	 uptake	 (k4=0;	 Figure	

1.2),	the	18F-FDG	tissue	concentration	CT(t)	at	later	time	points	can	be	approximated	

as		

C! t > t∗ =  K! pIF (!
! τ)dτ + VpIF	 	 (5.1)	

where	C!	is	 the	 tissue	 concentration	 at	 time	 t,	t∗	a	 late	 time	 point	 (e.g.	 20	 min),	

K! = (K!. k!)/(k! + k!)	or	 the	 18F-FDG	 influx	 rate,	pIF	is	 te	 plasma	 input	 function	

and	V	accounts	for	the	contribution	of	the	reversible	compartment	and	the	fractional	

blood	 volume	 (see	 section	 1.4.1	 and	 Figure	 1.2	 for	 more	 explanation	 about	 the	

quantification	of	 the	 18F-FDG	uptake).	At	 the	 late	 time	point	 t*	 the	 second	 term	of	

the	equation	becomes	much	smaller	than	the	first	term	and	can	be	neglected.	From	

equation	5.1	it	follows	that	Ki	can	be	approximated	as:	

K! =  !!
!"#

	 	 (5.2)	

One	of	the	main	assumptions	to	establish	the	proportionality	between	Ki	and	SUV	is	

that	 the	 total	 amount	 of	 18F-FDG	 that	 is	 available	 to	 the	 tissue	 for	 consumption	 is	

directly	proportional	to	the	injected	dose	divided	by	body	weight	of	the	subject:		

pIF (!
! τ)dτ = c !"

!"
	 	 (5.3)	

where	c	is	a	proportionality	constant.	

From	this	assumption	it	then	follows	that:	

C! t > t∗ = K!c
!"
!"

	 	 (5.4)	

After	 substituting	C! 	in	 the	 SUV	 definition	SUV =  !!!"
!"

	it	 can	 be	 seen	 that	 SUV	 is	

proportional	to	K!	with	proportionality	constant	c:	
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SUV = c.K!		 	 	 (5.5)	

Looking	at	the	definition	of	MRglc:	

MRglc =  !!
!"

 [glc]	 	 (5.6)	

where	LC	is	 the	 lumped	 constant	 representing	 a	 correction	 factor	 for	 the	 different	

transportation	 rate	 of	 FDG	 compared	 to	 glucose	 and	 [glc]	 is	 the	 plasma	 glucose	

concentration,	it	follows	that	SUVglc	(=	SUV	x	[glc])	is	proportional	to	MRglc:	

SUV!"# = c × LC × MRglc		 	 (5.7)	

Thus	 under	 these	 assumptions	 SUV	 can	 form	 a	 simplified	measure	 for	MRglc	 that	

does	not	require	invasive	blood	sampling	or	dynamic	scanning	while	allowing	for	an	

awake	uptake	period.		

	

The	 main	 objective	 of	 this	 study	 is	 to	 test	 our	 hypothesis	 that	 an	 increased	 body	

weight	results	in	a	disproportionally	increased	whole	brain	SUVglc	value	that	does	not	

truly	reflect	increased	MRglc.	As	a	result	the	body	weight	term	would	thus	introduce	

a	 bias	 in	 the	 SUVglc	 estimate.	 Under	 our	 hypothesis	 the	 assumption	 that	 the	 total	

amount	 of	 18F-FDG	 is	 directly	 proportional	 to	 the	 injected	 dose	 divided	 by	 body	

weight	(equation	5.3)	breaks	down	due	to	the	relatively	higher	proportion	of	body	fat	

in	 heavier	 subjects	 and	 the	 lower	 uptake	 of	 18F-FDG	 compared	 to	 non-fatty	 tissue	

resulting	 in	 an	 (relatively)	 increased	 amount	 of	 18F-FDG	 available	 for	 uptake	 in	 the	

brain.	 We	 hypothesize	 that	 the	 proportionality	 constant	 c	 is	 a	 function	 of	 body	

weight.	 Therefore,	 we	 investigate	 alternative	 uptake	 indices	 and	 possible	 SUV	

correction	methods	that	reduce	the	body	weight	variability	for	the	quantification.	

		

To	test	our	hypothesis	we	performed	60	minute	dynamic	18F-FDG	PET	brain	imaging	

in	 rats	 of	 different	weight.	 In	 addition,	 the	 18F-FDG	 concentration	 in	 arterial	 blood	

was	 measured	 using	 an	 extracorporeal	 arterio-venous	 shunt	 system	 over	 a	

standalone	 coincidence	detector	 for	 the	 full	 duration	of	 the	 scan.	 This	 allowed	 the	

calculation	of	Ki	using	simplified	pharmacokinetic	analysis	(Patlak	[147])	and	thus	also	

the	metabolic	glucose	rate	MRglc	to	compare	with	SUV	and	SUVglc	values.		
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5.2 Materials	and	Methods	

5.2.1 Animals	

All	 Sprague	 Dawley	 rats	 (n=18,	 male)	 used	 in	 these	 experiments	 were	 purchased	

from	 Harlan	 Laboratories.	 Animals	 were	 group-housed,	 3	 per	 cage,	 in	 Techniplast	

1291H	 (800	 cm2)	 filter-top	 cages	 under	 standard	 laboratory	 conditions:	 light/dark	

cycle	 (8	am	 to	8	pm),	 temperature	of	20-24°C	and	humidity	of	40	 to	70%.	Bedding	

material	and	 refuges	were	provided	and	all	animals	had	ad	 libitum	access	 to	water	

and	 rodent	 food	 pellets.	 Animals	 were	 treated	 in	 accordance	 with	 the	 European	

Ethics	Committee	(decree	86/609/CEE)	and	the	study	protocol	was	approved	by	the	

local	Animal	Experimental	Ethical	Committee	of	 the	University	of	Antwerp,	Belgium	

(2013-42).	

5.2.2 18F-FDGplasma/18F-FDGwhole	 blood	 ratio	 for	 different	 body	

weights	

The	 18F-FDGplasma/18F-FDGwhole	blood	ratio	was	determined	 for	 the	 two	different	weight	

classes	 (<250g,	 6	 weeks	 old	 versus	 >380g,	 9	 weeks	 old;	 n=3/group).	 An	

extracorporeal	 arterio-venous	 shunt	 was	 established	 in	 the	 rats	 running	 from	 the	

femoral	artery	to	the	ipsilateral	femoral	vein	(Figure	5.1A)	in	series	with	a	peristaltic	

pump	(300	µl/min;	Figure	5.1B)	in	order	not	to	drain	the	animals.	The	animals	were	

injected	with	~	1	mCi	of	18F-FDG	(0.6	ml)	over	a	35	second	period	(1ml/min)	using	an	

infusion	 pump	 (Figure	 5.1B)	with	 a	 polyethylene	 tubing	 (inner	 diameter	 0.58	mm).	

Manual	blood	 samples	 (0.2	ml)	were	 collected	 in	 EDTA	 tubes	at	 several	 times	post	

injection:	5	samples	at	2	min	intervals	during	the	first	10	minutes	p.i.	 followed	by	5	

samples	at	10	min	 intervals.	 These	blood	 samples	were	 immediately	 centrifuged	 in	

capillaries	(78	µl)	at	10000	rpm	for	2	min	(at	room	temperature).	18F-FDG	activities	in	

plasma	 and	 red	 blood	 cells	 were	 separately	 counted	 in	 a	 gamma	 counter	 (Wizard	

2480,	Perkin	Elmer)	and	the	18F-FDGplasma/18F-FDGwhole	blood	activity	concentration	ratios	
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were	 calculated.	 The	 time-course	 of	 the	 average	 ratio	 for	 each	 animal	 group	 was	

then	modeled	by	a	sum	of	two	exponentials.	

	
Figure	5.1	(A)	Photograph	of	an	extracorporeal	arterio-venous	shunt	in	a	rat	running	from	the	
femoral	artery	 to	 the	 ipsilateral	 femoral	 vein	 (B)	Photograph	of	 the	arterio-venous	 shunt	 in	
series	with	an	infusion	pump	and	a	peristaltic	pump		
	

5.2.3 Plasma	IFs	and	MRglc	for	the	different	body	weights			

The	 previous	 setup	 was	 repeated	 in	 other	 Sprague	 Dawley	 rats	 in	 the	 same	 two	

different	weight	 classes	 (<250g	versus	>380g,	n=6/group)	now	 in	concert	with	a	60	

minutes	 dynamic	 PET/CT	 scan	 (Siemens	 Inveon)	 as	 shown	 in	 Figure	 5.2A.	 Also,	 a	

detector	system	(Twilite,	Swisstrace,	Switzerland)	was	now	used	to	measure	18F-FDG	

blood	 activity	 concentrations	 continuously	 during	 the	 PET	 scan	 (Figure	 5.2).	 At	 the	

start	of	this	dynamic	scan,	18F-FDG	was	administered	as	described	previously	(5.2.2).	

Using	the	model	for	the	18F-FDGplasma/18F-FDGwhole	blood	ratio	as	derived	in	section	5.2.2,	

plasma	 activity	 concentrations	 were	 calculated	 from	 the	 measured	 (whole)	 blood	

activity	 levels	 over	 the	 detector.	 Additional	 manual	 blood	 samples	 were	 collected	

from	 the	 shunt	 at	 three	 different	 time	 points	 (at	 5,	 30	 and	 60	 min)	 and	 glucose	

concentrations	 were	 determined	 using	 glucose	 strips	 for	 the	 whole	 blood	 glucose	

concentration	 (One	 Touch	 Ultra	 2,	 Lifescan)	 and	 enzymatically	 (Vista	 Dimension,	

Siemens)	for	the	plasma	glucose	concentration	as	the	gold	standard.		



Weight	dependency	of	18F-FDG	uptake	measures	in	rat	brain	

	118	

	
Figure	 5.2	 (A)	 Configuration	 of	 the	 extracorporeal	 arterio-venous	 shunt	 setup	 while	 the	
animal	is	positioned	in	the	scanner.	Blood	flows	from	the	femoral	artery	into	the	coincidence	
probe	 over	 the	 peristaltic	 pump	 to	 enter	 the	 animal	 again	 through	 the	 femoral	 vein.	 (B)	
Schematic	drawing	of	the	arterio-venous	shunt	setup.	T1	and	t2	are	used	to	inject	the	activity	
and	flush	the	activity	respectively.	(C)	Photograph	of	the	arterio-venous	shunt	setup.	
	

5.2.4 Image	acquisition	and	processing	

Small	 animal	 PET	 imaging	 was	 performed	 using	 a	 docked	 Siemens	 Inveon	 PET-CT	

scanner	(Siemens	Preclinical	Solution,	Knoxville,	TN)	[50].	The	scanner	utilizes	1.51	x	

1.51	x	10	mm	LSO	(lutetium	oxy-orthosilicate)	crystals	grouped	in	20	x	20	blocks.	The	

PET	 images	were	 reconstructed	using	4	 iterations	with	16	 subsets	of	 the	OSEM	2D	

[45]	 algorithm	 following	 FORE	 [130].	 Normalization,	 dead	 time,	 random,	 CT-based	

attenuation	and	scatter	corrections	are	applied.	PET	 images	are	 reconstructed	on	a	

128	x	128	x	159	grid	with	a	pixel	size	of	0.776	mm	and	a	slice	thickness	of	0.796	mm.	

Both	 static	 and	 dynamic	 (12x10s,	 3x20s,	 3x30s,	 3x60s,	 3x150s,	 9x300s)	 PET	 images	
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were	 reconstructed.	 CT	 imaging	 was	 done	 using	 a	 220	 degrees	 rotation	 with	 120	

rotation	steps.	Voltage	and	amperage	are	set	to	80	keV	and	500	μA,	respectively.		

Each	 individual	 PET	 image	was	 transformed	 into	 the	 space	 of	 a	 standard	 FDG	 PET	

template	 [132]	 using	 brain	 normalization	 in	 PMOD	 v3.3	 (PMOD	 Technologies,	

Switzerland).	A	brain	VOI	template	a	priori	coregistered	with	the	FDG	template	was	

used	 to	extract	 the	whole	brain	 time	activity	 curve.	The	plasma	 input	 function	was	

derived	from	the	whole	blood	curve	corrected	for	the	plasma	fraction.	The	Ki	values	

were	 derived	 from	 the	 slope	 of	 the	 Patlak	 plot	 using	 0.71	 as	 the	 lumped	 constant	

[148].	The	plasma	glucose	values	were	used	to	obtain	the	MRglc.	Whole	brain	SUV,	

%ID/g	(ID=injected	dose)	and	SUVglc	values	were	calculated	from	the	dynamic	images	

in	the	time	frame	50-60	min	after	injection	and	were	compared	to	Ki	and	MRglc.	The	

proportionality	 constant	 c	 was	 calculated	 as	 the	 ratio	 between	 the	 AUC	 and	 the	

ID/BW	(equation	5.3).	

	

An	 alternative	 measure,	 Standard	 Uptake	 Ratio	 (SURglc),	 was	 calculated	 using	 the	

plasma	activity	concentration	(Cp)	at	a	certain	time	point	instead	of	the	ID	to	account	

for	the	different	18F-FDG	availability	(i.e.	available	dose):	

SUR!"# =  !!
!!

 × [glc]	 	 (5.8)	

According	to	Schiffer	et	al.	[149],	the	best	time	point	for	C!	is	at	45	min.	Here,	we	can	

derive	 the	 activity	 in	 plasma	 at	 that	 specific	 time	 point	 from	 the	measured	whole	

blood	 input	 function	 combined	 with	 the	 model	 for	 18F-FDGplasma/18F-FDGwhole	

blood	ratio	(section	5.2.2).	

	

We	 however	 propose	 to	 use	 a	 SUV	 correction	 factor	 as	 we	 have	 previously	

hypothesized	 (section	 5.1)	 that	 the	 proportionality	 constant	 c	 in	 equation	 5.3	 is	

dependent	 on	 BW:	 c BW .	 The	 correction	 !
!(!")

	factor	 can	 be	 obtained	 from	

regressing	the	measured	1/c	factors	against	BW	for	a	species,	strain,	sex	and	weight	

range.	 If	 this	 relation	 is	 established	 once	 a	 priori	 it	 can	 be	 used	 in	 all	 future	

experiments	to	correct	SUV	(SUV/c)	and	SUVglc	(SUVglc/c)	for	body	weight.	
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5.2.5 Statistical	analysis	
Differences	between	the	measures	SUV,	%ID/g	and	SUVglc,	plasma	input	function	as	

well	 as	 the	 resulting	 Ki	 and	MRglc	 for	 the	 two	weight	 groups	 were	 evaluated	 and	

quantified	with	a	two-sided	t-test	 in	Graphad	Prism	6.	Significance	of	the	difference	

was	defined	as	p	<	0.05.	Data	were	presented	as	mean±SD.	

 

5.3 Results	

5.3.1 18F-FDGplasma/18F-FDGwhole	 blood	 ratio	 for	 different	 body	

weights	

Similar	plasma/whole	blood	ratios	were	found	for	the	low	and	the	high	weight	group	

as	 shown	 in	 Figure	 5.3.	 The	 FDG	 activity	 concentration	 in	 plasma	 is	 higher	 than	 in	

whole	 blood	 especially	 at	 the	 beginning	 of	 the	 experiment.	 The	 18F-FDGplasma/18F-

FDGwhole	blood	ratio	for	both	groups	decreases	from	1.62	at	2	min	to	1.14	at	40	min.	

	

	
Figure	5.3	Time	course	of	the	ratio	of	18F	activity	in	plasma	to	whole	blood.	Circles	represent	
the	average	of	the	samples,	the	line	represents	the	exponential	fit	through	the	samples.	
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5.3.2 Plasma	IFs	and	MRglc	for	the	different	body	weights			

The	18F-FDG	pIF	normalized	only	to	the	ID	was	higher	for	the	low	weight	group	than	

for	the	high	weight	group	(Figure	5.4A-B).	When	normalizing	the	pIFs	additionally	for	

ID/BW	the	pIFs	for	the	high	weight	group	are	higher	than	the	pIFs	for	the	low	weight	

group	(Figure	5.4C-D).	This	difference	is	more	clearly	demonstrated	when	taking	the	

time	integral	(AUC)	of	the	pIF	(Figure	5.4E-F).	

	

	
Figure	5.4	Plasma	input	curves	for	the	high	weight	(red)	and	low	weight	(blue)	groups.	(A-B)	
pIFs	 were	 higher	 in	 the	 low	 weight	 group.	 (C-D)	 pIFs	 normalized	 for	 injected	 dose/body	
weight	were	higher	in	the	high	weight	group.	(E-F)	The	time	integral	of	the	pIF	normalized	for	
ID/BW,	AUC,	demonstrates	the	higher	pIFs	for	the	high	weight	group.	
	

The	 animals	 of	 the	 high	weight	 group	 had	 signifcanlty	 higher	 body	weights	 (Figure	

5.5A)	and	signifcantly	higher	plasma	glucose	levels	(Figure	5.5B).	We	found	that	the	

Ki	was	not	significantly	different	between	the	two	groups	(Figure	5.5C)	and	that	the	

MRglc	was	24%	higher	(p<0.01)	for	the	high	weight	animals	(Figure	5.5D),	which	had	

significantly	higher	plasma	glucose	levels	than	the	low	weight	group	(Figure	5.5B).	

	

Due	 to	a	higher	body	weight	 (Figure	5.5A),	 the	%ID/g	was	 significantly	 lower	 (33%,	

p<0.001)	for	the	high	weight	group	compared	to	the	low	weight	group	(Figure	5.5E)	
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and	 the	 %ID/g	 corrected	 for	 glucose	 was	 not	 significantly	 different	 (Figure	 5.5F)	

between	the	groups.	Accordingly	%ID/g	and	%ID/gglc	did	not	accurately	reflect	Ki	and	

MRglc	and	underestimated	the	phenotype.	On	the	other	hand,	the	SUV	(Figure	5.5G)	

and	SUVglc	(Figure	5.5H)	in	the	high	weight	group	were	significantly	higher	than	in	the	

low	 weight	 group	 (+13%,	 p<0.05	 and	 +51%,	 p<0.001,	 resp.)	 resulting	 in	 an	

overestimation	of	Ki	and	MRglc.	

	

We	 could	 confirm	 our	 hypothesis	 that	 the	 proportionality	 constant	 c	 (Figure	 5.5I)	

depends	on	body	weight	and	was	+21%	(p<0.001)	higher	 for	 the	high	weight	group	

than	the	low	weight	group.	

	

5.3.3 SUV	correction	factors	
Using	 the	 SURglc	 as	measure	 (based	 on	 a	 45	min	 plasma	 sample),	 the	 high	 weight	

group	had	only	9%	higher	SURglc	than	 the	 low	weight	group	 (Figure	5.7A)	albeit	not	

significant	hence	underestimating	MRglc.		

	

Based	 on	 the	 body	 weights	 Figure	 5.6	 shows	 the	 regression	 plot	 for	 the	

proportionality	 constant	 c.	 The	 correction	 factor	 !
!(!")

	can	now	be	 calculated	using	

the	linear	fit	equation.	This	line	fit	can	be	scaled	so	that	the	correction	factor	equals	

one	for	a	rat	of	200g	as	follows:	
!
!
= 1.2 − 1.04.BW(kg)	 	 (5.9)	

Using	 this	 correction	 for	 SUV,	 Figure	 5.7	 shows	 that	 SUV/c	 is	 not	 significantly	

different	between	both	groups	and	that	the	SUVglc/c	was	24.68%	(p<0.01)	higher	for	

the	high	weight	group,	which	respectively	accurately	reflected	Ki	and	MRglc.	
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Figure	5.5	Weight,	glucose	and	 image	quantification	measures	for	 the	 low-	and	high	weight	
group	normalized	 to	 the	average	of	 the	 light	weight	 group	 (A)	weight	 (B)	 glucose	 (C)	 Ki	 (D)	
MRglc	 (E)	 %ID/g	 (F)	 %ID/g	 corrected	 with	 glucose	 (G)	 SUV	 (H)	 SUVglc	 (I)	 proportionality	
constant	c.	The	measures	are	normalized	to	the	average	of	the	light	weight	group.	Error	bars	
are	mean	±	SD.	
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Figure	 5.6	 Plot	of	 the	proportionality	 constant	 in	 function	of	 the	body	weight.	A	 regression	
line	 is	 fit	between	the	points	 to	obtain	a	 linear	equation	with	a	slope	and	an	 intercept.	The	
line	fit	is	scaled	so	that	the	correction	factor	equals	one	for	a	rat	of	200g.	

5.4 Discussion	

A	 simplified	 18F-FDG	 uptake	measure	 that	 is	 based	 on	 a	 single	 static	 scan,	 such	 as	

SUVglc,	needs	to	correlate	with	MRglc	and	can	not	reflect	disproportional	differences	

with	body	weight.	This	is	highly	relevant	in	longitudinal	studies	and	in	studies	where	

there	 is	 a	 significant	 difference	 in	 body	 weight	 between	 control	 and	 diseased	

animals.		

In	 this	 study	we	demonstrated	 that	 increased	SUV	values	between	 low	versus	high	

weight	 animals	 did	 not	 reflect	 a	 higher	 cerebral	 Ki	 but	 are	 rather	 an	 error	 (bias)	

introduced	 by	 the	 non-linear	 dependence	 of	 18F-FDG	 availability	 with	 the	 body	

weight.	 This	 bias	 in	 the	 SUVglc	 estimate	 of	MRglc	 is	 a	 confounding	 factor	 in	 many	

longitudinal	 18F-FDG	 imaging	 studies	 over	 several	 days,	weeks	 or	months.	 A	 typical	

example	 is	 to	 follow	 a	 disease	 progression,	 which	 is	 often	 accompanied	 with	

significant	changes	in	weight	as	animals	are	monitored	and	scanned	over	periods	up	

to	24	months.	From	the	growth	curve	of	the	male	Sprague	Dawley	rats	it	can	be	seen	

that	 only	 5	 weeks	 are	 needed	 for	 these	 rats	 to	 go	 from	 250	 g	 to	 450	 g,	 almost	

doubling	 their	 weight	 [150].	 In	 these	 cases	 it	 is	 difficult	 to	 assess	 whether	 a	

disproportionally	increased	SUV	is	attributed	to	disease,	weight	gain	or	both.		
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Figure	 5.7	 SUV	 correction	 factors	 SURglc	 (A)	 SUV/c	 (D)	 and	 SUVglc/c	 (E).	 Quantification	
measures	Ki	(B)	and	MRglc	(C)	obtained	by	dynamic	imaging	are	reflected	by	respectively	the	
SUV	 (D)	 and	 SUVglc	 (E)	 when	 corrected	 with	 the	 correction	 factor	 1/c.	 The	 measures	 are	
normalized	 to	 the	 average	of	 the	 light	weight	 group.	 Error	 bars	 are	mean	±	 SD.	 (Note	 that	
Figure	5.7	B	and	C	are	identical	to	Figure	5.5	C	and	D	and	are	here	repeated	for	ease	of	direct	
visual	comparison)	
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This	 study	provides	 insight	 into	 the	 correlation	between	 the	current	 SUV	definition	

and	 body	 weight	 for	 rats	 and	 allowed	 us	 to	 formulate	 a	 corrected	 SUVglc	 for	

preclinical	 molecular	 imaging	 which	 truly	 reflect	 MRglc.	 Similar	 observations	 have	

been	made	 in	human	studies	and	alternative	SUV	calculations	have	been	proposed	

for	 patients,	 where	 the	 body	weight	 in	 the	 SUV	 definition	 is	 replaced	 by	 e.g.	 lean	

body	mass	 (LBM)	 or	 body	 surface	 area	 (BSA)	 [7].	 However	 similar	 techniques	 that	

would	correct	for	the	weight	determined	bias	 in	the	SUV	calculation	have	not	been	

validated	 or	 proposed	 for	 small	 animal	 imaging.	 In	 addition,	 Freedman	 et	 al.	 [151]	

could	not	correct	the	discrepancy	between	SUV	and	Ki	when	using	LBM	and	BSA	as	

they	are	not	likely	to	consistently	represent	the	changes	in	the	dose	available	to	the	

tumor	in	patients.	An	older	study	performed	in	1991	[152]	demonstrated	the	ability	

to	delineate	the	adipose	tissue	from	a	CT	image	of	rats,	however	the	used	CT	settings	

(130	kV	and	80	mA)	deliver	too	much	dose	to	the	animal	especially	in	a	longitudinal	

setting.	

Another	plot	was	used	by	Thie	et	al.	 [153]	 to	correct	 the	SUV	measure	 in	patients.	

Using	the	slope	of	the	plot	SUV	vs.	BW	together	with	the	average	body	weight	BWavg	

Thie	et	al.	removed	the	trend	between	SUV	and	BW	as	follows:	

SUV =  !!
!"

 × (wBW + (1 − w)BW!"#)	 	 (5.10)	

where	w	is	the	weighting	fraction	defined	as	1/[1	+	BWavg	x	slope/line’s	intercept)].	

The	 weight	 sensitivity	 index	 w	 was	 found	 to	 be	 quite	 near	 0.5	 for	 FDG	 in	 human	

patients.	This	permits	a	minimal	modification	of	the	traditional	SUV	calculation:	

SUV =  !!
!"

 ×  !
!
(BW + BW!"#)	 	 	 (5.11)	

A	 similar	 plot	 of	 SUV	 vs.	 BW	 together	 with	 a	 BWavg	 could	 also	 be	 obtained	 with	

Sprague	 Dawley	 rats	 (or	 another	 species)	 and	 by	 incorporating	 the	 resulting	 w	 in	

equation	5.10	the	correlation	with	body	weight	could	then	be	eliminated.	

	

A	 common	 alternative	 to	 SUV	 quantification	 that	 should	 be	 weight	 independent,	

considers	 SUV	 ratios,	 i.e.	 SUV	 in	 a	 VOI	 divide	 by	 SUV	 in	 a	 reference	 region.	 This	

method	is	however	critically	dependent	on	the	existence	of	a	reference	region,	which	
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for	many	disease	models	does	not	exist.	For	Alzheimer's	disease	e.g.	 the	cerebellar	

region	is	hampered	as	a	reference	region	as	the	pathology	can	affect	this	region	(see	

chapter	6)	also	through	afferent	connections.	

	

An	alternative	 is	 the	use	of	a	blood	sample.	With	the	plasma	activity	concentration	

C!	at	 a	 certain	 time	 point	 instead	 of	 the	 ID	 (i.e.	 SURglc)	 one	 can	 account	 for	 the	

different	18F-FDG	availability	(i.e.	available	dose)	(Figure	5.7A).	This	SURglc	measure	in	

our	 study	 was	 only	 9%	 higher	 in	 the	 high	 weight	 group	 compared	 to	 24%	 for	 the	

MRglc,	 indicating	 an	 underestimation.	 Another	 approach	 is	 the	 use	 of	 an	 average	

blood	TAC	for	calculating	the	integral	of	blood	activity	instead	of	a	specific	blood	TAC	

for	 each	 individual	 subject.	 The	 average	 blood	 TAC	 is	 then	 scaled	 to	 intersect	 the	

value	obtained	from	a	venous	blood	sample.	This	approach	was	followed	by	Meyer	et	

al.	 [154]	 in	 Sprague	Dawley	 rats	 obtaining	 very	 similar	 results	 between	 the	AUC	of	

the	 measured	 IF	 and	 the	 AUC	 of	 the	 scaled	 average	 IF.	 This	 method	 is	 thus	 an	

interesting	 approach	 especially	 for	 laboratory	 animals	 as	 they	 usually	 represent	 a	

very	homogeneous	population	regarding	to	race,	sex,	age	etc.	strongly	favouring	the	

similarity	of	the	shape	of	individual	IFs.	To	eliminate	the	SUV-body	weight	correlation	

one	could	 implement	 this	method	by	making	different	average	 IFs	 for	 the	different	

weight	classes	and	scale	 the	average	 IF	so	 it	passes	 through	the	value	of	 the	single	

blood	sample	at	the	appropriate	time.	

	

Other	 measures	 such	 as	 the	 %ID/g	 and	 the	 %ID/gglc	 were	 in	 our	 study	 unable	 to	

accurately	 reflect	 Ki	 and	 MRglc	 resp.	 as	 these	 measures	 were	 higher	 in	 the	 low	

weight	group	(Figure	5.5E-F).	In	addition,	linearly	compensating	with	the	body	weight	

such	as	 for	SUV	and	SUVglc	 (Figure	5.5G-H)	resulted	 in	an	overestimation	of	 the	 18F-

FDG	 uptake.	 In	 our	 study	 we	 demonstrated	 that	 the	 proportionality	 constant	 c	 is	

different	 depending	 on	 body	 weight.	 Using	 linear	 regression	 we	 obtained	 the	

proportionality	 constant	 as	 a	 function	 of	 body	 weight	 to	 correct	 the	 SUV	 and	 the	

SUVglc.	 These	 corrected	 SUV/c	 and	 SUVglc/c	 measures	 correctly	 reflected	 the	
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difference	in	Ki	and	the	MRglc	between	the	two	body	weight	classes.	From	the	scaled	

correction	 factor	equation	 (equation	5.9)	 it	 is	 shown	that	 for	a	weight	gain	of	100g	

the	original	uncorrected	SUV	will	result	in	an	overestimation	of	10%.	The	advantage	

of	 this	 method	 over	 the	 previously	 described	 alternatives	 is	 that	 only	 the	 body	

weight	 is	 required	 to	obtain	 the	 corrected	SUV	once	 the	 relationship	 for	 a	 species,	

strain,	 sex	 and	weight	 range	 has	 been	 set	 up	 in	 a	 preceding	 dynamic	 experiment.	

Applying	this	method	to	the	SUV	measures	in	the	longitudinal	experiment	in	chapter	

4	 (section	 4.3.2)	 reduced	 the	 intra-animal	 COV	 of	 the	 SUVpreSEglc	 from	 14.28%	 to	

10.53%	resulting	in	the	lowest	intra-animal	COV	measure.	

	

The	 definition	 of	 MRglc	 can	 however	 also	 be	 questioned.	We	 saw	 an	 unexpected	

significant	difference	of	24%	in	MRglc	between	the	two	weight	classes	while	cerebral	

MRglc	is	regulated	to	remain	at	a	rather	constant	rate.	It	could	be	that	the	LC	was	not	

a	 constant	 over	 the	 different	 body	 weights.	 Indeed	 Schuier	 et	 al.	 [155]	 found	 a	

gradual	 decrease	 of	 the	 lumped	 constant	 with	 increasing	 arterial	 plasma	 glucose	

concentration	 using	 3-O-14C-methylglucose	 in	 rats.	 Although	 we	 observed	 a	

significant	 increase	 in	 the	 plasma	 glucose	 (on	 average	 4.96±0.41	 mM	 versus	

6.63±0.63	mM	for	respectively	the	low	and	the	high	weighted	rats)	the	LC	would	only	

vary	 by	 an	 amount	 of	 0.01	 according	 to	 the	 measurements	 of	 Schuier	 et	 al.	 This	

would	not	explain	 the	differences	we	have	 found.	The	change	 in	MRglc	 is	probably	

caused	by	a	maturation	effect.	Indeed	the	different	weight	classes	reflected	different	

ages	as	the	rats	of	the	low	and	high	weight	groups	were	respectively	6	and	9	weeks	

old.	In	humans	and	monkeys	the	MRglc	in	the	cerebral	cortex	increases	steadily	from	

low	values	 in	 infants	 to	a	maximum	between	4	and	12	years	 [156].	A	similar	MRglc	

increase	 could	 thus	be	present	between	 the	 two	 rat	weight/age	 classes	used	here.	

Finally,	 anesthesia	 could	 also	 have	 an	 impact	 on	 the	 MRglc.	 However,	 Hori	 et	 al.	

found	that	although	peak	values	of	the	input	function	tended	to	be	higher	in	awake	

rats	 the	 AUCs	 of	 the	 input	 functions	 were	 comparable	 between	 awake	 and	

anesthetized	rats	[157].	
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5.5 Conclusion	

For	large	weight	variations,	such	as	in	longitudinal	experiments,	the	18F-FDG	SUV	(or	

SUVglc)	 is	 not	 proportional	 to	 the	 Ki	 (or	 MRglc).	 We	 determined	 a	 body	 weight	

dependent	correction	method	so	that	SUV	and	SUVglc	correctly	reflects	Ki	and	MRglc	

while	also	reducing	the	coefficient	of	variation.	
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Chapter	6	

The	effects	of	physiological	and	

methodological	determinants	on	18F-FDG	

mouse	brain	imaging	exemplified	in	a	double	

transgenic	Alzheimer	model	

	

This	chapter	has	been	published	as:	

	

The	 effects	 of	 physiological	 and	 methodological	 determinants	 on	 18F-FDG	 mouse	

brain	imaging	exemplified	in	a	double	transgenic	Alzheimer	model.		

Deleye	S,	Waldron	AM,	Richardson	J,	Schmidt	M,	Langlois	X,	Stroobants	S,	Staelens	S.	

Moleculer	Imaging.	Vol	(15)	2015.	
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6.1 Introduction	

As	a	 glucose	analogue,	 18F-FDG	 is	used	 to	 assess	 glucose	metabolism	and	 is	mainly	

employed	 for	 tumour	 and	 brain	 imaging	 as	 these	 tissues	 have	 a	 large	 metabolic	

demand.	 In	 Alzheimer’s	 Disease	 (AD),	 18F-FDG	 has	 been	 long	 validated	 as	 a	

neuroimaging	 biomarker	 and	 is	 used	 as	 a	 surrogate	 measure	 of	 synaptic	 activity	

[158].	18F-FDG	is	useful	both	for	diagnosis	and	disease	monitoring	in	AD.	Decreases	in	
18F-FDG	 uptake	 correlate	 with	 cognitive	 impairment	 along	 the	 continuum	 from	

normal	cognitive	status	over	mild	cognitive	impairment	(MCI)	to	AD	dementia	[159].	

The	 reductions	 in	 18F-FDG	 uptake	 indicate	 a	 reduction	 in	 neuronal	 energy	 demand	

mainly	 arising	 from	 synaptic	 dysfunction	 and	 loss	 caused	 by	 β-amyloid	 and	 tau	

pathology.	 In	 addition,	 losses	 of	 neurons	 and	 neuropil	 containing	 neurofibrillary	

tangles	 [160]	 contribute	 to	 the	 reduction	 in	 glucose	 consumption	 [158],	 [161].	

Advances	in	small	animal	PET	(µPET)	have	made	imaging	possible	in	mouse	models	of	

AD	 [26],	 [162]	 allowing	 longitudinal	 follow-up	 [163],	 [164]	 and	 thus	 facilitating	

translation	of	knowledge	from	bench	to	bedside.	The	utility	of	18F-FDG	as	a	preclinical	

biomarker	for	investigation	of	AD	processes	in	animal	models	has	been	debatable,	as	

states	of	hyper-	 [165],	 [166],	normo-	[167],	 [168]	and	hypo-	[169]	metabolism	have	

been	 described	 in	 transgenic	 mouse	 models.	 The	 reported	 inconsistencies	 could	

reflect	true	biological	differences	between	transgenic	models	as	these	differ	in	their	

pathological	severity	due	to	the	type	and	number	of	mutations	they	possess	and	the	

age	of	the	animals.	Alternatively	the	inconsistencies	could	be	due	to	methodological	

differences	 between	 studies	 with	 conflicting	 reports	 of	 18F-FDG	 uptake	 within	 the	

same	transgenic	strains,	Tg2576	[165],	[167],	[170]	and	5xFAD	[162],	[171]	supporting	

this	 hypothesis.	 The	 biodistribution	 of	 18F-FDG	 and	 its	 uptake	 into	 target	 tissues	 is	

influenced	 by	 a	 wide	 variety	 of	 physiological,	 pharmacological	 and	methodological	

factors	[142],	 [172].	Hence,	 it	 is	possible	that	the	reported	differences	between	the	

transgenic	 mouse	 models	 are	 in	 actuality	 artefacts	 due	 to	 methodological	

inconsistencies	and	are	not	representative	of	inherent	pathological	processes.	
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It	 is	 therefore	 important	 that	 these	 18F-FDG	 imaging	 protocols	 are	 standardized	

eliminating	 confounding	 factors,	 as	 these	 can	 potentially	 alter	 the	 outcome	 of	 the	

experiment.	Most	 18F-FDG	 imaging	 studies,	 including	 those	 in	 imaging	 for	AD	make	

use	of	semi-quantitative	measures:	the	percent	injected	dose	(%ID/g)	or	the	standard	

uptake	value	(SUV)	(see	section	1.4.1	in	chapter	1),	thereby	eliminating	the	need	for	

long	 scan	durations	or	 invasive	 catheterization	 to	obtain	 the	plasma	 input	 function	

required	for	absolute	quantification.	As	discussed	in	chapter	1	(section	1.4.2),	4	and	5	

these	measures	can	be	biased	by	confounding	factors	both	in	humans	[173],	[174]	as	

in	 small	 animals	 [13].	There	have	been	several	 comprehensive	 studies	 investigating	

potential	 influencing	 factors	 such	 as	 blood	 glucose	 levels	 [136],	 [172],	 [175]	 the	

administration	 route	 [172],	 fasting	 [13],	 [172],	 [175],	 anesthesia	 [13],	 [140],	 [176]-

[178],	 body	 temperature	 [13]	 and	 stress	 [137],	 [175],	 [179],	 [180].	 Most	 of	 these	

influence	18F-FDG	uptake	by	directly	changing	the	blood	glucose	levels	or	by	altering	

the	glucose	need.	The	glucose	need,	and	thus	the	18F-FDG	uptake,	will	be	lower	with	

higher	endogenous	glucose	levels.	Stress	(i.e.	corticosterone)	and	anesthesia	such	as	

isoflurane	and	ketamine	cause	endogenous	glucose	levels	to	increase.	Fasting	on	the	

other	hand	lowers	endogenous	glucose	levels.	A	 low	body	temperature	will	cause	a	

higher	glucose	need	and	thus	higher	18F-FDG	uptake	in	the	brown	fat	tissue.	

	

In	 this	 study	 we	 use	 double	 transgenic	 TASTPM	 mice	 [181]	 as	 our	 experimental	

model	 of	 cerebral	 amyloidosis	 as	 these	 mice	 have	 been	 reported	 to	 demonstrate	

cerebral	 hypometabolism	 with	 increasing	 age	 by	 both	 ex-vivo	 [182]	 and	 in-vivo	

measurements	[183],	 [184].	We	aim	to	quantify	the	possible	confounding	effects	of	

fasting	duration,	repeatedly	scanning	and	a	normalization	method	on	the	differential	
18F-FDG	brain	uptake	 in	 these	TASTPM	 (transgenic,	 TG)	mice	 versus	wild	 type	 (WT)	

littermate	 controls.	 In	particular,	we	 search	 for	 the	best	 approach	 to	normalize	 for	

physiological	determinants	such	as	glucose	and	body	weight.	
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6.2 Materials	and	Methods	

6.2.1 Animals	

TASTPM	mice	 overexpress	 the	 hAPP695swe	mutation	 and	 the	 presenilin-1	M146V	

mutation	 under	 the	 control	 of	 the	 neuron	 specific	 Thy-1	 promoter.	 These	 mice	

display	 accelerated	 amyloid	 deposition	with	 plaques	 forming	 as	 early	 as	 3	months.	

The	 cerebral	 Aβ	 1-42	 load	 is	 greater	 and	 results	 in	 the	 formation	 of	 dense	 core	

amyloid	 plaques	 [185].	 Age-matched	 C57BL/6J	 littermates	 were	 used	 as	 controls	

(WT).	Mice	 (n=25	 Tg;	 n=26	WT,	 male)	 were	 14.29	 ±	 0.76	 (standard	 deviation,	 SD)	

months	of	age	and	were	treated	in	accordance	with	the	European	Ethics	Committee	

(decree	 86/609/CEE).	 The	 study	 protocol	 was	 approved	 by	 the	 local	 Animal	

Experimental	 Ethical	 Committee	 of	 the	 University	 of	 Antwerp,	 Belgium	 (2012-25).	

The	animals	were	kept	under	environmentally	controlled	conditions	 (12h	 light/dark	

cycle,	20-24°C	and	40-70%	relative	humidity)	 in	 IVC	cages	with	 food	 (ssniff®	R/M-H,	

Bio	 Services,	 The	 Netherlands)	 and	 water	 ad	 libitum.	 The	 animals	 were	 housed	 in	

type	M3	cages	with	1	male	animal	per	cage	and	received	environmental	enrichment. 

TASTPM	 animals	 and	 their	 littermate	 controls	 were	 received	 in	 kind	 from	

GlaxoSmithKline	(Stevanage,	UK)	through	the	PharmaCog	consortium.	

6.2.2 18F-FDG	radiosynthesis	
18F-FDG	 was	 synthesized	 using	 a	 cassette	 based	 GE	 Fastlab	 synthesis	 module	 (GE	

Healthcare,	 Belgium).	 18F-fluoride	 was	 be	 produced	 by	 bombarding	 18O	 enriched	

water	using	a	11	MeV	proton	beam	in	an	Eclips	HP	cyclotron	(Siemens,	Knoxville,	TN,	

USA).	 The	 purified	 18F-FDG	was	 then	 diluted	with	 0.9%	NaCl	 (Baxter,	 Belgium)	 and	

sterile	filtered	through	a	0.22	µM	filter.	Quality	control	was	performed	according	to	

European	 Pharmacopoeia	 7.1.	 Radiochemical	 identity	 was	 confirmed	 by	 HPLC	

(Dionex,	ThermoFisher)	and	radio-TLC.	Radiochemical	purity	was	determined	by	HPLC	

(Dionex,	 ThermoFisher)	 and	 ranged	 from	 a	minimum	 of	 99.56%	 to	 a	 maximum	 of	
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99.97%.	 Radionuclidic	 identity	 and	 purity	 was	 confirmed	 by	 gamma	 spectrum	

analysis	(Multi-channel	analyzer,	Canberra).		

6.2.3 Image	acquisition	and	processing	protocols	

Based	 on	 the	 protocol	 previously	 used	 in	 TASTPM	 mice	 [183],	 the	 animals	 were	

injected	awake	with	an	i.v.	tail	vein	injection	of	18.5	MBq	of	18F-FDG	in	a	solution	of	

0.2	ml.	Static	µPET	scans	of	20	min	were	acquired	after	an	 i.v.	 tail	 vein	 injection	of	

18.5	 MBq	 of	 18F-FDG	 and	 a	 conscious	 uptake	 period	 of	 45	 min.	 Anaesthesia	 was	

induced	by	inhalation	of	isoflurane	(5%	for	induction,	and	2%	for	maintenance	during	

preparation	 and	 scanning)	 supplemented	 with	 oxygen.	 Respiration	 rate	 and	 body	

temperature	 of	 the	 animal	 were	 constantly	 monitored	 (BioVet,	 USA)	 during	 the	

entire	 scanning	period.	 The	 core	body	 temperature	of	 the	 animals	was	maintained	

via	a	temperature	controlled	heating	pad.		

PET	 Imaging	 was	 performed	 using	 two	 Siemens	 Inveon	 PET-CT	 scanners	 (Siemens	

Preclinical	Solution,	Knoxville,	TN)	[50].	The	scanner	utilizes	1.59	x	1.59	x	10	mm	LSO	

(lutetium	 oxy-orthosilicate)	 crystals	 grouped	 in	 20	 x	 20	 blocks.	 The	 axial	 and	

transaxial	 field-of-views	 are	 127	 and	 100	 mm,	 respectively.	 The	 animals	 were	

scanned	in	a	feet-first-prone	position.	The	energy	and	timing	window	was	set	to	350-

650	 keV	 and	 3.432	 nsec	 respectively.	 The	 PET	 images	 were	 reconstructed	 using	 4	

iterations	with	16	subsets	of	the	2D	ordered	subset	expectation	maximization	(OSEM	

2D)	 [45]	 algorithm	 following	 Fourier	 rebinning	 (FORE)	 [130].	 Normalization,	 dead	

time,	random,	CT-based	attenuation	and	single-scatter	simulation	(SSS)	developed	by	

Watson	et	al.	[131]	scatter	corrections	are	applied.	PET	images	are	reconstructed	on	

a	128	x	128	x	159	grid	with	a	pixel	 size	of	0.776	mm	and	a	slice	 thickness	of	0.796	

mm.	 CT	 imaging	 was	 done	 using	 a	 220	 degrees	 rotation	 with	 120	 rotation	 steps.	

Voltage	 and	 amperage	 are	 set	 to	 80	 keV	 and	 500	 μA,	 respectively.	 The	 CT	 images	

were	reconstructed	using	the	Feldkamp	filtered-backprojection	algorithm.	

Each	 individual	 PET	 image	was	 transformed	 into	 the	 space	 of	 a	 standard	 FDG	 PET	

template	 [132]	 using	 brain	 normalization	 in	 PMOD	 v3.3	 (PMOD	 Technologies,	

Switzerland).	 These	 spatially	 normalized	 images	 were	 then	 analysed	 using	 an	MRI	
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mouse	 whole	 brain	 volume-of-interest	 (VOI)	 template	 [186]	 available	 in	 the	 same	

software	package	and	a	priori	coregistered	to	the	FDG	PET	template.	As	the	scanner	

was	calibrated	using	a	uniform	cylinder	of	activity	whole	brain	VOI	statistics	in	kBq/cc	

are	 generated	 and	 used	 to	 calculate	 different	 quantification	methods:	 the	 percent	

injected	 dose	 per	 gram	 (%ID/g	 =	 100	 x	 radioactivity	 concentration	 in	 VOI/injected	

radioactivity)	and	the	SUV	(=%ID/g	x	body	weight)	without	and	with	(%ID/gglc	=	%ID/g	

x	glc	and	SUVglc	=	SUV	x	glc)	correction	for	the	blood	glucose	level.	

6.2.4 Study	design	
In	 order	 to	 design	 a	 robust	 and	 reproducible	 imaging	protocol	we	 investigated	 the	

effect	 of	 fasting	 duration	 and	 of	 repeatedly	 scanning	 in	 a	 longitudinal	 context	 as	

physiological	 determinants	 for	 quantification.	 Furthermore,	 we	 evaluated	 relative	

Standard	Uptake	Value	(rSUV)	as	a	methodological	determinant	for	normalization	of	

regional	uptake	values	to	a	reference	region.	

6.2.4.1 The	effects	of	prolonged	fasting	

TASTPM	(n=13)	and	age-matched	(15	±	0.02	months)	littermate	WT	mice	(n=14)	were	

divided	in	two	groups	of	different	fasting	duration.	One	group	(WT	n=7,	Tg	n=6)	was	

fasted	for	10.41	±	0.35	(standard	error	of	the	mean,	SEM)	hours	and	the	other	group	

(WT	n=7,	Tg	n=7)	 for	19.77	±	0.01	 (SEM)	hours.	Baseline	and	pre-scan	whole	blood	

glucose	 (mg/dl)	were	measured	 (in	 duplo)	 (One	 Touch	Ultra	 2,	 Lifescan,	 France)	 as	

well	as	body	weight.	As	the	thalamus	has	been	previously	shown	to	demonstrate	the	

most	 significant	 decreases	 in	 glucose	 utilization	 [182],	 [183],	 we	 selected	 it	 as	 a	

representative	hypometabolic	region	for	our	investigations.	

6.2.4.2 The	effects	of	repeated	scanning	

A	 subset	 of	 mice,	 TASTPM	 (n=6)	 and	 age-matched	 littermates	 (n=7)	 (15	 ±	 0.02	

months),	 used	 in	 the	 prolonged	 fasting	 experiment	 (the	 10h	 fasting	 group)	 was	

scanned	three	consecutive	times	at	day	1,	4	and	7	resulting	in	an	inter-scan	duration	
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of	2	days	(Figure	6.1).	Baseline	and	pre-scan	whole	blood	glucose	was	measured	and	
18F-FDG	uptake	was	evaluated	in	the	thalamus	as	described	above.		

	

	
Figure	 6.1	 Experimental	design	 to	 investigate	 the	 confounding	effects	of	 repeated	 scanning	
on	18F-FDG	uptake.	
	

6.2.4.3 The	effects	of	a	reference	region	

TASTPM	(n=12)	and	age-matched	 (13.5	±	0.02	months)	 littermates	WT	 (n=12)	mice	

were	scanned	with	18F-FDG	after	fasting	for	10.45	±	0.25	(SEM)	hours.	Pre-scan	whole	

blood	 glucose	 and	 body	 weight	 were	 measured.	 Here,	 the	 rSUV	 was	 additionally	

calculated	 as	 a	 normalization	 method	 in	 addition	 to	 the	 employed	 quantification	

measures	 in	 the	previous	experiments	 (section	6.2.4.1	and	6.2.4.2).	The	cerebellum	

was	chosen	as	the	reference	region	as	it	is	generally	devoid	of	amyloid	plaques.	Brain	
18F-FDG	 uptake	 was	 evaluated	 in	 the	 striatum,	 cortex,	 hippocampus,	 thalamus,	

cerebellum,	 basal	 forebrain	 and	 septum,	 hypothalamus,	 amygdala,	 brain	 stem,	

cingulate	cortex,	superior	colliculi,	midbrain	and	inferior	colliculi.	

6.2.5 Statistical	analysis	
Data	were	 analyzed	 using	 SPSS	 v23	 and	 GraphPad	 Prism	 6.0b	 (GraphPad	 Software	

Inc,	San	Diego,	CA)	and	presented	as	mean	±	SEM.	After	verifying	the	normality	and	

the	homoscedasticity	of	 the	data	using	 respectively	 the	Shapiro-Wilk’s	 test	and	 the	

Levene’s	test,	parameteric	tests	were	used.	A	Student’s	(two-tailed,	unpaired)	t-test	

was	performed	to	compare	the	tracer	uptake	between	Tg	and	WT	animals.	Repeated	

measures	ANOVA	was	performed	 to	 test	 the	 glucose	 level	 differences	over	 time	 in	

the	effects	of	repeatedly	scanning	experiment.	

Baseline WBglc 

FAST% FAST% FAST%

FDG$Scan$1$ FDG$Scan$2$ FDG$Scan$3$

+WBglc +WBglc +WBglc 

Day 0 Day 7 Day 6 Day 5 Day 4 Day 3 Day 2 Day 1 
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6.3 Results	

6.3.1 Glucose	 correction	 is	 mandatory	 if	 duration	 of	 fasting	

varies	

Baseline	glucose	levels	are	lower	for	the	Tg	mice	than	for	WT	as	shown	in	Figure	6.2A	

as	 an	 inherent	 genotype	 effect	 (significant	 depending	 on	 group	 allocations).	 Both	

fasting	 durations	 (10.41	 ±	 0.35	 and	 19.77	 ±	 0.01	 hours;	 resp.)	 induced	 substantial	

reductions	 in	 scan	 blood	 glucose	 after	 fasting	 as	 shown	 in	 Figure	 6.2B.	 For	 those	

animals	that	were	fasted	only	for	10.41	±	0.35	hours	the	differences	between	Tg	and	

WT	persisted	with	transgenic	animals	still	exhibiting	lower	blood	glucose	levels	albeit	

not	significant.	Blood	glucose	 levels	were	comparable	between	genotypes	for	those	

animals	 that	 were	 fasted	 longer.	 Figure	 6.2C	 shows	 that	 also	 the	 baseline	 body	

weights	 are	 lower	 for	 the	 Tg	 mice	 than	 for	 WT	 as	 an	 inherent	 genotype	 effect	

(significant	 depending	 on	 group	 allocations).	 Figure	 6.2D	 demonstrates	 that	 such	

remains	after	 fasting	with	the	scan	body	weights	 for	the	Tg	mice	being	significantly	

lower	as	for	the	WT	mice	for	both	fasting	durations.	The	 loss	 in	body	weights	of	all	

mice	decreased	after	fasting	within	a	range	of	minimum	5.70%	and	maximum	14.68%	

body	weight.	
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Figure	6.2	Whole	blood	glucose	levels	and	body	weights	measured	at	the	baseline	(A,C	resp.)	
and	before	the	scan	(B,	D	resp.)	of	the	WT	and	Tg	mice	for	the	different	fasting	durations.	(*p	
<	0.05;	**p	<	0.01)	
	

	Without	 a	 correction	 for	 varying	 blood	 glucose	 levels	 as	 for	 %ID/g	 and	 SUV,	 a	

significantly	 higher	 uptake	 in	 the	 20h	 fasting	 group	 is	 measured	 not	 necessarily	

representing	 an	 intrinsically	 higher	 cerebral	 metabolism	 but	 rather	 due	 to	 less	

competing	 endogenous	 glucose	 as	 exemplified	 in	 Figure	 6.3	 for	 the	 thalamus.	 This	

artificial	difference	 in	uptake	was	adequately	attenuated	with	glucose	correction	as	

demonstrated	for	%ID/gglc	and	SUVglc.	Further,	Figure	6.3	shows	that	for	these	latter	

two	 glucose	 corrected	measures	 a	 trend	 towards	 the	 anticipated	 hypometabolism	

[183],	 [184]	 is	demonstrated	 for	both	 fasting	durations	and	 is	 significant	 for	 the	Tg	

animals	in	the	20h	group	if	measured	with	SUVglc.	Noteworthy	is	that	SUVglc	is	known	

to	 be	 a	 linear	 overcorrection	 for	 non-linear	 18F-FDG	brain	 uptake	 [187]	when	body	

weight	 differs	 significantly	 (Figure	 6.2D).	 Importantly,	 if	 not	 correcting	 for	 body	

weight	 and	 blood	 glucose	 (using	%ID/g)	 the	 reported	 hypometabolism	 [183],	 [184]	

can	 be	misinterpreted	 as	 hypermetabolism	 for	 the	 group	 of	 animals	 fasted	 for	 10	

hours	as	these	are	displaying	a	trend	towards	higher	uptake	for	the	thalamus.	Figure	
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6.4	strikingly	illustrates	the	impact	of	the	physiological	determinants	on	the	average	

group	 images	 with	 SUVglc	 and	 and	 %ID/gglc	 demonstrating	 the	 lowest	 variability	 if	

fasting	 durations	 varies	 for	 both	 WT	 and	 Tg	 animals	 and	 SUVglc	 and	 %ID/gglc	

confirming	 the	 expected	hypometabolism	of	 Tg	 versus	WT	animals	 [183],	 [184]	 for	

both	fasting	durations	with	a	linear	overcorrection	for	SUVglc	(see	Figure	6.2D).		

	

	
Figure	 6.3	Overview	of	 the	different	quantification	methods	 in	 the	WT	and	Tg	mice	 for	 the	
10h	and	20h	fasting	durations.	Uptake	 is	measured	 in	 the	thalamus	(THA)	 (*p	<	0.05;	**p	<	
0.01).	Significances	between	10h	and	20h	fasting	are	not	plotted	for	clarity.	
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Figure	 6.4	 Semi-quantitative	 measures	 SUV,	 SUVglc,	 %ID/g,	 %ID/gglc	 expressed	 as	 average	
brain	images	of	the	WT	and	Tg	mice	for	the	10h	and	20h	fasting	durations.	
	

6.3.2 Glucose	 correction	 accounts	 for	 the	 effect	 of	 repeatedly	

scanning	

In	comparison	to	the	baseline	whole	blood	glucose	levels,	 initial	exposure	to	fasting	

for	 the	 first	 scan	 session	 (scan	 1)	 induced	 a	 substantial	 decrease	 in	 blood	 glucose	

levels	 for	 both	 genotypes	 (Tg;	 p<0.05)	 as	 anticipated.	 However,	 upon	 repeated	

exposure	 to	 fasting	 for	 scan	 2	 and	 3,	 these	 reductions	 in	 blood	 glucose	 become	

largely	attenuated	with	the	blood	glucose	levels	of	Tg	mice	for	the	third	scan	session	

(scan	 3)	 essentially	 even	 reaching	 the	 baseline	 glucose	 levels	 as	 demonstrated	 in	

Figure	6.5A.		
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An	 initial	exposure	 to	 fasting	 for	 the	 first	 scan	caused	a	non-significant	decrease	 in	

body	weight	for	both	genotypes	followed	by	a	more	stable	evolution	for	later	scans	

(Figure	 6.5B).	 The	 loss	 in	 body	weights	 of	 all	mice	 in	 percent	 of	 the	 baseline	 body	

weight	was	within	a	range	of	minimum	6.07%	and	maximum	14.04%.	

	
Figure	6.5	Glucose	(A)	and	body	weight	(B)	changes	over	time	of	the	WT	and	the	Tg	mice.	(*p	
<	0.05,	**p	<	0.01)	
	

Overall,	Figure	6.6	shows	that	the	brain	uptake	values	within	group	remained	more	

stable	over	time	with	various	scan	sessions	only	when	glucose	correction	was	applied	

(%ID/gglc	 and	 SUVglc).	 When	 additionally	 correcting	 for	 animal	 weight	 (SUVglc),	 the	

anticipated	 hypometabolism	 ([183],	 [184])	 for	 Tg	 animals	 is	 significant	 in	 the	

thalamus	at	 scan	1	and	2.	However,	 caution	 is	warranted	as	a	 linear	 correction	 for	

body	 weight	 might	 overestimate	 differences	 between	 groups	 with	 non-negligible	

body	weight	 differences.	Noteworthy,	 if	 not	 correcting	 for	 glucose	 levels	 and	body	

weight	 (%ID/g),	 an	 erroneous	 hypermetabolism	may	 be	 concluded	 for	 the	 Tg	mice	

after	the	first	scan	session	again	 illustrating	the	critical	 importance	of	correcting	for	

these	 physiological	 determinants.	 	 This	 is	 demonstrated	 by	 Figure	 6.7	 as	 group	

averaged	 images	 only	 remain	 stable	 over	 scan	 sessions	 and	 consistently	 show	

hypometabolism	 of	 Tg	 versus	 WT	 if	 corrected	 for	 whole	 blood	 glucose	 levels.	

Additionally,	a	linear	correction	for	body	weight	might	overestimate	the	inter-group	

differences	in	brain	glucose	metabolism	(see	Figure	6.5B).	
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Figure	 6.6	 Graph	 representing	 the	 different	 image	quantifications	%ID/g	 and	 SUV	with	 and	
without	glucose	correction	for	the	thalamus	in	WT	and	Tg	mice	on	the	different	scan	days.	
	

6.3.3 The	 cerebellum	 is	 not	 an	 appropriate	 reference	 region	 in	

TASTPM	mice	

The	body	weights	of	the	WT	mice	(31g	±	1.2)	were	significantly	(p	<	0.05)	higher	than	

the	Tg	mice	(28g	±	0.6)	and	there	was	no	significant	difference	between	the	glucose	

levels	 of	 the	 Tg	 (128.7±9.6)	 and	 the	WT	 (128.1±5.2	mg/dl)	mice	 after	 10.45	 ±	 0.25	

hours	of	fasting.	

Figure	 6.8	 shows	 that	 when	 correcting	 for	 blood	 glucose	 levels	 (%ID/gglc,	 SUVglc)	 a	

significant	hypometabolism	 is	measured	as	expected	 [183],	 [184]	and	 is	 the	 largest	

for	 SUVglc	 potentially	 being	 an	 overestimation	 due	 to	 linear	 overcorrecting	 for	

significant	inter-group	body	weight	differences.	When	not	correcting	for	body	weight	

or	 glucose	 (%ID/g)	 this	 significant	 hypometabolism	 is	 lost.	 Importantly,	 all	

quantification	methods	 demonstrate	 that	 the	 cerebellum	has	 a	 lower	 brain	 uptake	

(SUV	and	SUVglc;	p<0.05)	of	18F-FDG.	Hence,	normalizing	to	the	cerebellum	(rSUV)	as	a	

reference	region	yielded	higher	values	for	Tg	(Figure	6.8)	thereby	largely	eliminating	

the	observed	hypometabolism	as	evaluated	with	 the	other	quantification	measures	

and	even	resulting	in	a	trend	towards	hypermetabolism	for	some	regions.	
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Figure	6.7	SUV,	SUVglc,	%ID/g	and	%ID/gglc	average	images	showing	the	different	18F-FDG	brain	
uptake	between	WT	and	Tg	mice.	
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Figure	6.8	Graphs	representing	the	different	quantification	measures	%ID/g	and	SUV	with	and	
without	glucose	correction	and	also	the	relative	SUV	for	WT	and	TG	mice.	Uptake	is	measured	
in	the	striatum	(STR),	cortex	(CTX),	hippocampus	(HIP),	thalamus	(THA),	cerebellum	(CB),	basal	
forebrain	and	septum	(BFS),	hypothalamus	(HYP),	amygdala	(AMY),	brain	stem	(BS),	cingulate	
cortex	(CG),	superior	colliluli	(SC),	midbrain	(MID)	and	inferior	colliculi	(IC).	(*p	<	0.05;	**p	<	
0.01;	***p	<	0.001)	

6.4 Discussion	

Clinical	 18F-FDG	 PET	 studies	 of	 AD	 patients	 show	 a	 decreased	 cerebral	metabolism	

both	 in	brain	regions	affected	by	Aβ	plaque	deposition	as	 in	pathology	free	regions	

[161],	[188].	It	has	been	shown	that	these	regions	affected	by	Aβ	match	those	brain	

areas	with	 increased	18F-FDDNP	and	11C-PiB	retention	[189],	 [190].	 In	the	preclinical	

field	a	 lot	of	 conflicting	data	are	 reported	whether	 transgenic	models	demonstrate	

hyper-	[165],	[166],	hypo-	[169]	or	normo-	metabolism	[167],	[191]	with	18F-FDG	PET	

in	 comparison	 to	healthy	 controls.	Nevertheless,	 18F-FDG	as	 a	preclinical	biomarker	

would	 improve	 the	 predictability	 of	 drug	 discovery	 and	 development	 efforts	 by	

improving	the	congruency	of	preclinical	models	to	clinical	reality.	Therefore	there	is	a	

need	 to	 investigate	 the	 physiological	 and	methodological	 factors	 that	 can	 possibly	

confound	the	results	in	such	preclinical	AD	research	studies.	
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Fueger	et	al.	[13]	already	demonstrated	the	need	to	fasten	(8-12h)	animals	before	a	
18F-FDG	 PET	 scan	 in	 order	 to	 lower	 plasma	 glucose	 levels	 and	 to	 reduce	 18F-FDG	

uptake	 in	 skeletal	 muscle	 and	 brown	 fat	 to	 achieve	 a	 higher	 brain	 uptake.	 In	 our	

study	 we	 showed	 that	 even	 a	 higher	 brain	 uptake	 was	 observed	 when	 fasting	

duration	 was	 19.77	 ±	 0.01	 h	 in	 comparison	 to	 10.41	 ±	 0.35	 h	 mainly	 due	 to	

decreasingly	 low	blood	glucose	levels	and	not	necessarily	reflecting	altered	cerebral	

glucose	metabolic	rate.	Therefore	it	 is	advisable	to	always	correct	for	blood	glucose	

levels	in	order	to	attenuate	any	differences	in	18F-FDG	brain	uptake	due	to	different	

fasting	durations.	Noteworthy	 is	 that	when	 fasting	 the	mice	 for	10.41	±	0.35	h	 the	

inherent	 difference	 in	 plasma	 glucose	 levels	 between	 WT	 and	 Tg	 mice	 was	

maintained	 while	 19.77	 ±	 0.01	 h	 of	 fasting	 completely	 attenuated	 this	 difference.	

Such	can	be	due	to	increased	serum	corticosterone	levels	as	Tg	mice	could	be	more	

sensitive	 to	 fasting	 stress	 by	 food	 deprivation	 as	 we	 and	 others	 have	 previously	

shown	 for	 rats	when	 fasted	 for	 24h	 [129],	 [175],	 as	well	 as	by	 scan	manipulations.	

However,	when	animals	need	to	be	repeatedly	scanned	within	a	short	period	of	time,	

prolonged	 fasting	 leads	 to	 substantial	 weight	 loss	 and	 fasting	 durations	 are	

preferably	 much	 shorter	 than	 19.77	 ±	 0.01	 (8-12	 h).	 Indeed,	 Jensen	 et	 al.	 [192]	

summarized	 effects	 of	 fasting	 of	 mice	 such	 as	 changes	 in	 hormone	 balance,	 body	

weight	and	metabolism	among	other	effects	and	showed	that	these	changes	become	

larger	with	longer	(overnight)	fasting	times	as	mice	consume	two-thirds	of	their	total	

food	 intake	during	the	night	and	have	a	higher	metabolic	 rate	 than	humans.	 In	our	

study	 fasting	 was	 done	 by	 removing	 the	 food	 pellets	 and	 changing	 the	 bedding	

material.	This	does	however	not	prevent	the	mice	from	eating	the	bedding	material	

and	newly	produced	faeces.	For	this	reason,	placing	the	mice	on	a	grid	floor	during	

fasting	has	been	recommended	[192]	but	has	its	implications	on	animal	welfare.	

	

In	such	a	setting	with	repeatedly	scanning	and	short	inter-scan	durations	one	equally	

has	 to	 take	 the	 blood	 glucose	 into	 account	 when	 quantifying	 the	 18F-FDG	 brain	

uptake	as	levels	rise	over	time	with	the	scan	sessions	(and	even	more	so	in	Tg	mice)	
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for	the	same	reasons.	We	show	here	that	 in	a	 longitudinal	setup,	glucose	corrected	

uptake	values	did	not	only	remove	the	glucose	induced	variability	in	18F-FDG	uptake	

over	time	with	scan	sessions	but	also	demonstrated	the	difference	between	WT	and	

Tg	mice	more	significantly.		

	

In	our	study	the	measures	accounting	for	body	weight	(SUV	and	the	SUVglc)	revealed	

larger	 differences	 between	 WT	 and	 Tg	 mice	 compared	 to	 the	 other	 (%ID/g	 and	

%ID/gglc)	 metrics	 since	 SUVglc	 corrects	 for	 the	 larger	 volume	 as	 WT	 mice	 had	

significant	 higher	 body	 weights	 than	 Tg	 mice.	 As	 discussed	 in	 chapter	 5	 this	 SUV	

measures	may	 however	 overestimate	 the	 actual	 18F-FDG	 uptake	 if	 the	 larger	 body	

weight	is	mostly	due	to	a	higher	percentage	of	body	fat	as	this	accumulates	relatively	

little	18F-FDG.		

	

Furthermore,	 the	 transgene	 status	 of	 the	 TASTPM	 mice	 could	 result	 in	 a	 global	

change	of	the	glucose	metabolic	rate	in	the	entire	mouse	or	in	organs	other	than	the	

brain.	 Therefore	 the	 18F-FDG	 uptake	 in	 the	 muscle,	 the	 liver,	 brown	 fat	 and	 the	

myocardium	was	evaluated	(Figure	6.9).	A	significant	difference	in	muscle	uptake	was	

observed	 between	WT	 and	 Tg	 mice	 for	 all	 quantification	 measures.	 However,	 the	

difference	 in	muscle	uptake	 is	 very	 likely	more	 a	 consequence	of	 reduced	 (overall)	

activity	of	Tg	rather	than	a	globally	reduced	regional	metabolic	rate	of	glucose	in	Tg	

mice	as	these	differences	are	not	consistently	observed	in	the	other	organs.		
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Figure	6.9	18F-FDG	uptake	in	the	muscle,	the	liver,	brown	fat	and	the	myocardium	for	%ID/g	
and	%ID/gglc,	*:	p<0.05	
	

	

To	 avoid	 all	 the	 aforementioned	 issues	 related	 with	 glucose	 and	 body	 weight	 and	

also	with	attenuation	or	calibration,	normalization	to	a	reference	region	is	commonly	

performed.	 Moreover,	 such	 normalization	 increases	 statistical	 power	 by	 reducing	

variability	in	global	flow	or	metabolism	[169].	However,	this	approach	may	yield	very	

inaccurate	results	if	such	a	reference	region	is	compromised	by	disease	and	can	thus	

be	a	confounding	methodological	factor.	Due	to	its	relative	lack	of	amyloid	pathology	

the	 cerebellum	 is	 often	 designated	 as	 a	 reference	 region	 [162],	 [166],	 [170].	

However,	 despite	 the	 lack	 of	 amyloid	 deposits	 we	 demonstrated	 a	 lower	 18F-FDG	

uptake	 in	 the	 cerebellum	 of	 Tg	 mice	 compared	 to	 WT	 with	 all	 quantification	

measures	 used	 which	 might	 be	 caused	 by	 amyloid	 pathology	 in	 afferent	 regions.	

Waldron	 et	 al.	 [183]	 already	 showed	 that	 regions	 of	 decreased	 18F-FDG	 uptake	

demonstrated	 by	 imaging	 and	 regions	 of	 high	 amyloid	 load	 demonstrated	 by	

histology	in	13.5M	TASTPM	mice	are	not	necessarily	correlated.		

Applying	a	rSUV	hence	lead	to	comparable	18F-FDG	brain	uptake	in	the	target	regions	

of	 Tg	 and	WT	while	 hypometabolism	 has	 been	 previously	 proven	 [183],	 [184]	 and	

was	confirmed	here	by	us	with	%ID/gglc	and	SUVglc	which	confirms	other	pathological	

alternations	 between	 Tg	 and	WT	mice	 besides	 plaque	 load	 in	 the	 cerebellum.	 It	 is	

however	possible	that	SUV	is	not	always	sensitive	enough	to	pick	up	early	differences	
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between	Tg	and	WT.	Macdonald	et	al.	[171]	for	example	could	not	distinguish	young	

5XFAD	mice	 from	WT	mice	until	 the	age	of	13	months.	 In	 that	study	Tg	mice	could	

however	already	be	separated	from	WT	at	the	age	of	2	months	when	comparing	the	

ratios	of	alternating	regions	in	the	same	brain.	

	

Besides	the	aforementioned	physiological	(glucose,	body	weight)	and	methodological	

(reference	region)	determinants,	technical	limitations	such	as	spatial	resolution	have	

an	 impact.	 In	 mice,	 regions	 with	 high	 uptake	 in	 the	 head	 such	 as	 the	 masseter	

muscles	of	the	jaw	or	facial	glands	(salivary,	lacrimal	and	harderian)	may	contaminate	

nearby	 regions	due	 to	 spillover.	On	 the	other	hand,	 the	uptake	of	 18F-FDG	 in	 small	

brain	 regions	 may	 be	 underestimated	 due	 to	 partial	 volume	 effect.	 The	 smallest	

volumes	 studied	 here	were	 8.71	 and	 7.38	mm3	 respectively	 from	 the	 superior	 and	

inferior	colliculi,	while	the	other	regions	were	 larger	than	10	mm3	[186].	A	study	by	

Welch	et	 al.	 [169]	 showed	 that	 statistical	 parametric	mapping	 (SPM)	was	 generally	

more	 sensitive	 than	 regional	 analyses	 as	 small	 clusters	 of	 voxels	 within	 a	 VOI	 can	

differ	significantly	even	in	the	absence	of	significant	changes	over	the	whole	region.	

Alternatively,	 larger	 rodent	 species	 such	 as	 transgenic	 rats	 expressing	 mutations	

related	to	familial	AD	have	been	proposed	[193]	and	tested	[194].	

6.5 Conclusion	

Corrections	 for	 blood	 glucose	 levels	 have	 to	 be	 applied	when	 semi-quantifying	 18F-

FDG	brain	uptake	in	mouse	models	for	AD	to	attenuate	the	effects	of	varying	fasting	

durations	 and	 the	 impact	of	 repeatedly	 scanning.	 The	use	of	 SUVglc	 is	 advised	over	

the	%ID/gglc	as	this	measure	demonstrates	the	anticipated	18F-FDG	uptake	difference	

between	WT	and	Tg	mice	more	clearly.		However,	SUV	should	be	carefully	considered	

if	 significant	 inter-group	 (between	models)	 or	 inter-scan	 (longitudinally	 over	 time)	

body	weight	differences	exist.	 	Potential	 reference	regions	for	normalization	should	

be	thoroughly	investigated	to	ensure	that	they	are	not	pathologically	affected	also	by	

afferent	connections.	 	
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Chapter	7	

Continuous	flushing	of	the	bladder	in	rodents	

reduces	artifacts	and	improves	quantification	

in	molecular	imaging		

	

	

	

This	chapter	is	published	as:	

	

Continuous	 flushing	 of	 the	 bladder	 in	 rodents	 reduces	 artifacts	 and	 improves	

quantification	in	molecular	imaging.	

Deleye	S,	Heylen	M,	Deiteren	A,	De	Man	J,	Stroobants	S,	De	Winter	B,	Staelens	S.	

Mol	Imaging.	2014;13.	
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7.1 Introduction	

By	 now	 we	 have	 discussed	 in	 chapter	 2	 and	 3	 all	 the	 necessary	 normalizations,	

calibrations	 and	 corrections	 in	 the	 reconstruction	 while	 chapter	 4,	 5	 and	 6	 have	

showed	how	to	counter	most	physiological	determinants	to	improve	the	robustness	

of	molecular	 imaging.	 	 One	 last	 factor	we	 have	 no	 control	 over	 is	 the	 voiding	 and	

refilling	of	 the	animal’s	bladder	when	 it	 is	on	 the	scanner	bed.	 	This	prevents	us	 to	

normalize	 images	 to	 total	 whole	 body	 counts	 as	 a	 means	 for	 %ID/g	 in	 cases	 of	

extravasation	and	 introduces	quantification	errors	when	quantifying	the	radiotracer	

uptake	 in	 tissues	 nearby	 the	 bladder.	 This	 chapter	 introduces	 a	 bladder	 flushing	

technique	 developed	 in	 our	 group	 thereby	 preventing	 the	 accumulation	 of	 the	

radiotracer	 in	 the	 bladder.	 Here	 our	 approach	 is	 exemplified	 in	 a	 model	 of	

inflammatory	 bowel	 disease.	 First	 we	 start	 with	 a	 discussion	 of	 the	 problem	 of	

radiotracer	 accumulation	 in	 the	 bladder	 together	 with	 solutions	 described	 in	

literature.	

In	 many	 molecular	 imaging	 techniques	 such	 as	 SPECT,	 PET,	 CT	 and	 MR,	 the	

accumulation	of	the	imaging	probe	or	contrast	agent	in	the	bladder	can	cause	image	

artifacts	 [138],	 [195]	 and	 can	 hamper	 the	 quantification	 of	 the	 tracer	 in	 a	 nearby	

organ	 or	 VOI	 [138],	 [196]	 due	 to	 the	 PVE	 [197]	 in	 a	 system	with	 a	 limited	 spatial	

resolution	causing	spill-out	activity	in	that	VOI.	As	a	consequence	these	artifacts	can	

lead	 to	 false	 positives	 when	 the	 signal	 intensity	 in	 nearby	 regions	 is	 artifically	

increased	or	to	false	negatives	when	the	signal	of	the	bladder	hides	true	lesions.	This	

is	 especially	 important	 in	 pathologies	 such	 as:	 pelvic	 bone	 tumours,	 inflammatory	

bowel	 disease,	 colorectal	 malignacies,	 bladder,	 prostate	 and	 ovarian	 cancer.	 One	

could	make	 use	 of	 imaging	 probes	 that	 are	 not	 excreted	 in	 the	 urine	 such	 as	 the	

radiotracers	 11C-choline	 and	 11C-methionine	 used	 in	 PET	 cancer	 imaging	 [198].	

However,	 these	 tracers	 have	 a	 lower	 availability	 and	 do	 not	 cover	 all	 indications.	

Making	 use	 of	 better	 image	 reconstruction	 algorithms	 can	 reduce	 artifacts	 [199].	

OSEM	iterative	reconstruction	performs	significantly	better	than	FBP.	OSEM	iterative	

reconstruction	 can	 be	 optimized	 by	 selecting	 the	 best	 number	 of	 iterations	 and	



Continuous	flushing	of	the	bladder	in	rodents	

	153	

subsets	 to	 further	 reduce	 the	 artifacts	 [200].	 Some	 digital	 filters	 can	 be	 used	 to	

correct	the	image	artifacts	after	reconstruction	[201]	but	are	not	always	satisfactory.	

These	 literature	data	 suggest	 that	 it	 is	 recommended	 to	avoid	 the	accumulation	of	

the	 imaging	 probe	 in	 the	 bladder.	 In	 humans,	 some	 techniques	 are	 exploited	 to	

overcome	 this	 accumulation.	 These	 include	 elective	 voiding	 [202],	 [203],	

catheterization,	continuous	bladder	flushing	[204]-[206],	and	as	used	in	daily	clinical	

practice:	forced	diuresis	with	e.g.	furosemide	(Lasix)	[202],	[207].	In	small	animals	the	

accumulation	of	 tracer	or	contrast	agent	 in	 the	bladder	 is	an	even	greater	problem	

than	 in	 humans	 as	 the	metabolism	 and	 excretion	 rates	 in	 rodents	 are	much	 faster	

(rapid	 refilling	 of	 the	 bladder)	 and	 the	 aforementioned	 techniques	 much	 more	

challenging	due	to	the	extremely	small	dimensions	of	the	urinary	tract.	In	some	small	

animal	 pelvic	 imaging	 studies,	 the	 bladder	 is	 manually	 expressed	 to	 minimize	 its	

signal	 [208].	 Haney	 et	 al.	 showed	 in	 2006	 that	 female	 mice	 catheterization	 is	

mandatory	 and	 possible	 in	 EPR	 (Electron	 Paramagnetic	 Resonance)	 imaging	 [209].	

Our	group	has	 further	refined	this	 technique	by	designing	a	dedicated	small	animal	

gynecological	frame	to	optimize	the	catheter	insertion,	scanning	and	collection	of	the	

efflux.	We	applied	such	an	optimized	protocol	on	a	 larger	scale	 in	two	mice	models	

for	colitis	in	2010	[210],	[211].	Meanwhile,	an	oncological	urology	group	published	an	

article	 [212]	 describing	 catheterization	 of	 female	 mice	 and	 rats	 as	 an	 essential	

translational	tool.	

		

In	this	study,	for	the	first	time,	we	accurately	quantify	the	exact	influence	of	the	18F-

FDG	 bladder	 accumulation	 on	 a	 pathologic	 signal,	 here	 exemplified	 in	 a	 model	 of	

inflammatory	bowel	disease.	Using	μPET/CT,	the	inflammation	in	the	colon	of	female	

OF1	mice	and	Sprague	Dawley	rats	after	induction	of	colitis	was	quantified	with	and	

without	continuous	flushing	of	the	bladder.	To	establish	bladder	flushing	in	μPET	as	

state-of-the-art	 and	 to	 provide	 a	 high	 level	 of	 confidence,	 the	 18F-FDG	 uptake	was	

tested	with	phantom	experiments,	correlated	with	gamma	counting	in	healthy	naive	

animals	and	with	different	‘gold	standards’	for	scoring	gastrointestinal	inflammation	
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such	 as	 colonoscopy,	macroscopy,	microscopy	 and	MPO	 activity	 in	 colitis	 diseased	

animals.	

7.2 Materials	and	Methods	

We	 first	 proved	 the	 concept	 by	 studying	 the	 influence	of	 bladder	 accumulation	on	

quantification	 in	 molecular	 imaging	 by	 (i)	 a	 µPET	 phantom	 experiment	 artificially	

simulating	colon	and	bladder	and	(ii)	by	correlation	of	µPET	in	healthy	naive	animals	

versus	 its	 gold	 standard	 gamma	 counting.	 Following	 these	 two	 a	 priori	 feasibility	

studies	we	evaluated	the	influence	of	bladder	activity	in	animals	induced	with	colitis.	

7.2.1 Phantom,	Animals	and	Model	Induction	

For	the	phantom	study,	a	mouse	and	rat	sized	phantom	including	both	a	fabricated	

colon	and	a	bladder	in	a	warm	background	was	constructed.	The	mouse	body	and	its	

colon	were	represented	by	respectively	a	20	ml	syringe	and	a	distally	 inserted	1	ml	

syringe	shortened	to	4.5	cm	(Figure	7.1A).	To	realistically	represent	the	FDG	activity	

only	 in	the	colonic	wall	and	not	 in	the	lumen	the	shortened	1	ml	syringe	was	on	its	

turn	 inserted	with	a	 solid	4	mm	diameter	PMMA	cylinder	 in	 the	center	and	 rubber	

sealed.	 The	 rat	 body	 and	 colon	were	 represented	by	 respectively	 a	 100	ml	 syringe	

and	a	distally	inserted	3	ml	syringe	shortened	to	6.5	cm	(Figure	7.1B),	inserted	with	a	

solid	7	mm	diameter	PMMA	cylinder	 in	the	center	and	rubber	sealed.	The	bladders	

were	custom	shaped	in	latex:	0.5	ml	and	1	ml	for	mouse	and	rat	respectively.		

For	 the	 in	 vivo	 studies,	 female	 OF1	 mice	 (n=36)	 and	 female	 Sprague	 Dawley	 rats	

(n=36)	were	 obtained	 from	 Charles	 River	 (Brussels,	 Belgium).	 All	mice	were	 5	 to	 6	

weeks	 (24-26	g)	of	 age	while	 the	 rats	were	7	 to	8	weeks	of	 age	 (200-225	g)	 at	 the	

initiation	of	the	experiments.	Acute	colitis	was	 induced	in	mice	and	rats	using	TNBS	

as	follows:	after	an	overnight	fast,	TNBS	(100	μl	of	3	mg	TNBS	in	30%	ethanol	for	mice	

[213]	 and	 500	 μl	 of	 7.5	mg	 TNBS	 in	 50%	 ethanol	 for	 rats	 [214])	 was	 administered	

intrarectally	 through	 a	 flexible	 catheter.	 TNBS	 dissolved	 in	 ethanol	 induces	 severe	

colonic	 damage	 and	 acute	 inflammation.	 The	 damage	 is	 associated	 with	 high	
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myeloperoxidase	 activity,	mainly	 as	 a	 reflection	 of	 neutrophilic	 infiltration	 into	 the	

damaged	tissue	[215]	and	caustic	injury	to	the	colonic	epithelium	and	interstitium	as	

measured	 by	 the	 rapid	 and	 dramatic	 increase	 in	 mucosal	 permeability	 [216].	 The	

TNBS	model	of	colitis	 is	mediated	by	T	helper	(Th)-1	cells	[68]	and	it	was	previously	

shown	that	mucosal	FDG	uptake	was	specifically	correlated	with	GLUT-1	expression	

by	CD4+	T	cells	[208].	After	TNBS	injection,	animals	were	held	upside	down	in	a	45°	

position	for	30	seconds	to	prevent	leakage	of	the	TNBS	solution	and	were	replaced	in	

their	IVC	cages	with	free	access	to	food	and	water	under	environmentally	controlled	

conditions	 (12h	 normal	 light/dark	 cycles,	 20-23°C	 and	 50%	 relative	 humidity).	 All	

animal	 procedures	 were	 performed	 in	 accordance	 with	 the	 European	 Ethics	

Committee	 (decree	86/609/CEE)	 and	 the	 study	protocol	was	approved	by	 the	 local	

Animal	Experimental	Ethical	Committee	of	the	University	of	Antwerp,	Belgium	(2013-

14).		

7.2.2 Protocols	

7.2.2.1 µPET/CT	scanning	

Animals	 were	 fasted	 overnight	 for	 15h,	 after	 which	 they	 were	 anesthetized	 with	

isoflurane	 (5%	 for	 induction	and	2%	 for	maintenance)	 and	 received	an	 intravenous	

injection	of	18.5	MBq	 (mouse)	or	37	MBq	 (rat)	 18F-FDG	30	min	before	 the	μPET/CT	

scan	 (Siemens	 Inveon,	 Knoxville,	 TN).	 These	 Inveon	 systems	 have	 a	 typical	

reconstructed	spatial	image	resolution	of	1.4	mm	in	the	center	of	the	FOV	leading	to	

partial	volume	effect.	During	the	scan	the	animals	were	kept	at	37°C	 to	reduce	the	

tracer	uptake	in	brown	adipose	tissue.	To	visualize	the	colon	on	the	CT,	the	animals	

were	 rectally	 injected	with	 gastrografin	 (0.5	ml	 for	mouse	 and	 1	ml	 for	 rat)	 a	 few	

seconds	before	 the	acquisition.	The	CT	was	acquired	 in	4x	binning	mode	with	a	50	

μm	spot	size	at	80	kVp	and	500	μA	in	120	projections,	followed	by	a	static	PET	scan	of	

10	minutes	during	which	in	one	group	the	animal’s	bladder	was	continuously	flushed,	

while	 in	 the	 other	 group	 no	 bladder	 flushing	was	 performed.	 Bladder	 flushing	was	

started	immediately	after	the	CT	acquisition	was	finished.	
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Figure	7.1	(A)	3D	volume	rendering	of	the	mouse	phantom	simulating	the	colon	and	bladder	
and	 2D	 PET/CT	 overlays	 with	 no	 tracer	 accumulation	 in	 the	 bladder	 (top)	 and	 with	 tracer	
accumulation	 in	 the	 bladder	 (bottom).	 Cold	 regions	 outside	 VOIs	 are	 rubber	 sealings	 of	
shortened	 inserts.	 (B)	 3D	 volume	 rendering	 of	 the	 rat	 phantom	 simulating	 the	 colon	 and	
bladder	 and	2D	PET/CT	overlays	with	no	 tracer	 accumulation	 in	 the	bladder	 (top)	 and	with	
tracer	accumulation	in	the	bladder	(bottom).	Cold	regions	outside	VOIs	are	rubber	sealings	of	
shortened	inserts.	
	

The	CT	acquisitions	were	analytically	reconstructed	using	the	Feldkamp	algorithm	to	

a	352	x	352	x	606	matrix	with	0.223	mm	voxels.	The	μPET	data	were	reconstructed	

using	 2	 iterations	with	 16	 subsets	 of	 the	 3D	OSEM	and	18	 (Maximum	a	posteriori)	

MAP	iterations	including	scatter	and	attenuation	correction	resulting	in	a	128	x	128	x	

159	matrix	of	0.77	x	0.77	x	0.79	mm	voxels.	

Based	on	the	size	of	the	scanner’s	FOV,	volumes	of	interest	for	the	distal	part	of	the	

colon	and	the	brain	(mouse)	or	liver	(rat)	as	a	reference	region	were	outlined	on	the	

CT	 images	using	PMOD	3.3	 (PMOD	Technologies,	Zurich,	Switzerland).	The	ratios	of	

the	 mean	 voxel	 counts	 of	 the	 PET	 in	 the	 VOI	 versus	 the	 reference	 region	 were	

calculated.		
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7.2.2.2 	Bladder	flushing	

In	those	groups	where	the	bladder	was	continuously	flushed	a	double-lumen	urethral	

catheter	was	used	consisting	of	a	polyethylene	tube	(PE10;	 I.D.	0.28	mm,	O.D.	0.61	

mm)	 inside	 a	 catheter	 (20	 G	 Introcan	 Safety	 IV	 Catheter,	 B.	 Braun	 Medical	 Inc.,	

Germany)	 with	 a	 silicone	 tubing	 extension	 (I.D.	 1.01	 mm,	 O.D.	 2.16	 mm,	 VWR,	

Belgium).	 This	 PE10	 tubing	was	 allowed	 to	 extend	 1.5	 cm	 beyond	 the	 catheter	 tip	

(Figure	 7.2B	 and	 C).	 To	 insert	 the	 catheter,	 the	 animal	 was	 put	 in	 gynecological	

position.	The	 legs	were	clamped	and	the	back	was	 lifted	so	that	the	pelvis	was	 in	a	

tilted	position	in	order	to	gain	a	better	access	to	the	bladder.	For	mice	a	dedicated	in-

house	designed	frame	(Figure	7.2A,	B	and	C)	was	used	to	optimize	catheter	insertion,	

scanning	and	collection	of	the	efflux.	Water	was	continuously	injected	into	the	PE10	

tubing	at	 a	 rate	of	15	ml/h	 (mouse)	or	10	ml/h	 (rat)	using	a	 clinical	 infusion	pump	

(Fresenius,	Germany)	to	rinse	out	the	urine	in	the	animal’s	bladder.	Doing	so,	flushing	

water	is	introduced	through	the	PE10	tubing	into	the	bladder	after	which	the	bladder	

effluent	exits	through	the	IV	catheter	and	the	silicone	tubing	allowing	it	to	drip	into	a	

collection	reservoir	(Figure	7.2).		

7.2.3 Proof-of-concept	
Firstly,	 for	 the	 phantom	 experiment,	 the	 activity	 of	 the	 background	 in	 the	 mouse	

phantom	was	 88	 kBq/cc	 (1592	 kBq	 in	 18	ml)	 and	 the	 colonic	wall	 activity	was	 783	

kBq/cc	(64	kBq	in	0.08	ml)	resulting	in	a	ratio	of	9:1.	When	averaged	over	the	colon	

as	a	whole	(0.21	ml)	the	ground	truth	value	for	the	activity	is	304	kBq/cc.	In	the	rat	

phantom,	the	background	activity	was	37	kBq/cc	(3236	kBq	in	87	ml)	and	the	colonic	

wall	 activity	was	 330	 kBq/cc	 (382	 kBq	 in	 1.16	ml)	 resulting	 in	 a	 ratio	 of	 9:1.	When	

averaged	over	the	colon	as	a	whole	(3.53	ml)	the	ground	truth	value	for	the	activity	is	

108	kBq/cc.	The	bladders	were	filled	with	a	solution	of	13.2	MBq/cc	18F-FDG	to	mimic	

radiotracer	 accumulation	 as	 extrapolated	 from	 our	 experimental	 in	 vivo	 values	 for	

these	 pragmatic	 bladder	 volumes	 and	 phantoms	 were	 scanned	 with	 a	 μPET/CT	

protocol	similar	to	that	outlined	in	7.2.2.1.		
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Secondly,	 for	 the	gamma	counting	experiment,	both	healthy	naive	mice	 (n=12)	and	

rats	 (n=12)	 were	 divided	 into	 2	 groups:	 one	 group	 (n=6	 per	 species)	 underwent	

continuous	flushing	of	the	bladder	during	the	scanning	procedure,	while	in	the	other	

group	(n=6	per	species)	no	bladder	flushing	was	performed.	The	animals	underwent	

a	µPET/CT	scan	and	afterwards	their	colon	was	dissected,	weighted	and	measured	in	

a	gamma	counter	(2480	WIZARD	automatic	gamma	counter,	Perkin	Elmer).	
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Figure	 7.2	 Panel	 A	 and	 B:	 Schematic	 drawings	 of	 the	 dedicated	 small	 animal	 gynecological	
frame.	Panel	C:	 Photograph	of	 the	bed	 frame	used	 for	optimal	 catheter	 insertion,	 scanning	
and	collecting	the	bladder	efflux.	The	mouse	is	positioned	in	dorsal	recumbence.	(1)	Inlet	for	
the	 isoflurane	 anesthesia	 (2)	 Foot	 clamps	 (3)	 Double-lumen	 catheter	 inserted	 through	 the	
external	 urethral	 ostium	 into	 the	 bladder	 (4)	 Catheter	 guidance	 (5)	 Catheter	 for	 18F-FDG	
injection	 (6)	 Collection	 vessel	 for	 the	bladder	 efflux.	 Panel	D:	 Setup	of	 the	bladder-clearing	
procedure	 during	 the	 scan	 of	 the	 mouse.	 At	 the	 right	 we	 see	 the	 infusion	 pump	 for	
continuous	flushing	of	the	bladder	and	at	the	left	we	see	the	injection	pump.	In	front	we	see	
the	lubricant	gel	used	for	catheter	insertion	and	water	for	injection	used	to	flush	the	bladder.	
Panel	E:	Setup	of	the	bladder-clearing	procedure	during	the	scan	of	the	rat.	Here	the	bladder	
efflux	is	collected	in	a	petri	dish.	
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7.2.4 Quantification	of	colitis	
In	 the	main	 study,	 both	mice	 (n=24)	 and	 rats	 (n=24)	were	again	divided	 into	 these	

two	groups:	with	continuous	flushing	of	the	bladder	(n=12	per	species)	and	without	

(n=12	 per	 species).	 All	 animals	 now	 received	 a	 baseline	 μPET/CT	 scan	 on	 day	 -1	

(Figure	 7.3).	 TNBS-colitis	 was	 induced	 on	 day	 1	 and	 a	 second	 μPET/CT	 scan	 was	

performed	on	day	3	 (Figure	7.3).	On	both	scan	days,	small	animal	colonoscopy	was	

performed	on	all	animals	before	initiating	the	μPET/CT	scans.	At	the	end	of	each	scan	

day,	four	to	six	animals	of	each	group	were	sacrificed	for	postmortem	examination	of	

the	 colon	 based	 on	 3	 parameters:	 a	 macroscopic	 and	 a	 microscopic	 inflammation	

score,	and	the	colonic	MPO	activity.	

	
Figure	 7.3	 Top:	 Timeline	 of	 the	 study	 design	 Bottom:	 Experimental	 protocol	 of	 the	 PET-CT	
scan.	
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7.2.4.1 Colonoscopic	procedure	

Colonoscopy	 was	 performed	 to	 evaluate	 the	 extent	 of	 colitis,	 using	 a	 flexible	

Olympus	URF	type	P5	ureteroscope	(O.D.	3.0	mm,	1.8	mm	working	channel;	Olympus	

Europa	 GmbH,	 Hamburg,	 Germany)	 for	 mice	 and	 a	 flexible	 Olympus	 GIF-N30	

gastroscope	 (O.D.	 5.2	 mm,	 2.0	 mm	 working	 channel;	 Olympus	 Europa	 GmbH,	

Hamburg,	Germany)	for	rats	as	previously	described	[211],	[214].	After	an	overnight	

fast,	animals	were	anesthetized	with	isoflurane	and	placed	in	a	supine	position.	The	

anal	 sphincter	 and	 endoscope	 were	 lubricated	 with	 gel	 (RMS-Endoscopy,	 St.	

Martens-Lennik,	Belgium)	to	facilitate	the	insertion	of	the	endoscope.	The	endoscope	

was	 carefully	 introduced	 through	 the	 anus	 and	 inserted	 into	 the	 colon	 as	 far	 as	

possible	under	endoscopic	vision.	The	endoscope	could	be	introduced	approximately	

4	cm	proximal	to	the	anal	verge	in	mice	and	10	cm	proximal	to	the	anal	verge	in	rats.	

Occasionally,	the	colon	was	inflated	with	air	for	better	visualization	of	the	lumen,	and	

any	remaining	feces	were	flushed	out	by	injecting	water	through	the	working	channel	

of	 the	 endoscope	 if	 necessary.	 While	 withdrawing	 the	 scope,	 disease	 induced	

mucosal	damage	was	assessed	using	our	previously	published	[214]	scoring	system	to	

quantify	 and	 determine	 the	 severity	 of	 colitis.	 The	 parameters	 that	were	 included:	

the	degree	of	inflammation	(0-6	points),	extent	of	disease	(0-4	points	for	mice	and	0-

10	 for	 rats),	 edema	 (0-1	 point),	 stenosis	 (0-1	 point)	 and	 bleeding	 (0-1	 point).	 The	

cumulative	score	thus	ranged	from	0	(no	signs	of	inflammation)	to	13	in	mice	and	19	

in	 rats	 (signs	 of	 severe	 inflammation).	 Each	 colonoscopic	 procedure	 required	

approximately	 3	 minutes.	 After	 the	 colonoscopic	 examination,	 the	 animals	 were	

returned	to	their	cages	to	regain	consciousness.	

7.2.4.2 	Macroscopic	Inflammation	Score	

To	score	the	colonic	mucosal	damage	macroscopically	the	animals	were	euthanized	

by	exsanguination	under	anesthesia	and	their	colons	were	removed.	The	colon	was	

carefully	opened	along	 the	mesenteric	border	and	pinned	out	on	a	Petri	dish	 filled	

with	ice-cold	Krebs	Ringer	solution.	The	mucosal	surface	of	the	colon	was	inspected	

with	 a	 binocular	 (Zeiss	 Jena,	 Jena,	 Germany)	 to	 detect	 signs	 of	 inflammation.	
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Dedicated	 macroscopic	 inflammation	 scores	 for	 mice	 and	 rats	 were	 used	 as	

previously	 described	 [213],	 [214]	 and	 as	 summarized	 in	 Table	 7.1	 leading	 to	 an	

accumulative	score	between	0-12	for	mice	and	0-10	for	rats.	

	
Table	7.1	Macroscopic	scoring	system	for	acute	TNBS-colitis	in	mice	and	rats	
Macroscopic	findings	 Score	
Mice	 	
	 Ulcerations	 0-3	
	 Intestinal	and	peritoneal	adhesions	 0-3	
	 Bowel	wall	thickening	 0-3	
	 Mucosal	edema	 0-3	
Rats	 	
	 Normal	aspect	of	the	mucosa	 0	
	 Localized	hyperemia,	no	ulcers	 1	
	 Ulceration	without	hyperemia/bowel	wall	thickening	(inflammation)	 2	
	 Ulceration	with	hyperemia/bowel	wall	thickening	(inflammation)	at	1	site	 3	
	 2	or	more	sites	of	ulceration	and	hyperemia/bowel	wall	thickening	(inflammation)	 4	
	 Major	sites	of	damage	extending	>	1	cm	along	the	length	of	the	colon	 5	
	 When	an	area	of	damage	extended	>	2	cm	along	the	length	of	the	colon,	score	was	

increased	by	1	fore	each	additional	cm	of	involvement	
6-10	

	

7.2.4.3 	Microscopic	Inflammation	Score	

A	 full-thickness	 segment	 of	 1	 cm	 long	 was	 taken	 from	 the	 removed	 colon	 in	 a	

standardized	way,	approximately	3	cm	proximal	to	the	rectum.	The	colonic	segment	

was	fixed	in	4%	formaldehyde	for	24	hours,	embedded	in	paraffin,	and	thin	sections	

(5	μm)	were	cut	and	stained	with	hematoxylin–eosin.	Inflammation	in	both	mice	and	

rats	was	scored	according	to	a	previously	published	microscopic	inflammation	score	

[213],	[214].	The	following	criteria	were	included	in	this	scoring	system:	the	degree	of	

inflammatory	infiltrate	in	the	lamina	propria	(0–3	points),	number	of	layers	infiltrated	

(0-3	 points),	 mucosal	 tissue	 damage	 (0-3	 points),	 and	 mucosal	 edema	 (0-1	 point).		

The	 cumulative	 score	 ranged	 from	 a	minimum	 of	 0	 to	 a	maximum	 of	 10	 for	 both	

species.	

7.2.4.4 	MPO	Activity	Assay	

Colonic	 MPO	 activity,	 which	 is	 directly	 related	 to	 the	 number	 and	 the	 activity	 of	
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myeloid	cell	 infiltrates	in	the	inflamed	tissue,	was	assayed	according	to	a	previously	

published	 method	 to	 monitor	 the	 degree	 of	 inflammation	 [213].	 In	 brief,	 a	 full-

thickness	 tissue	 sample	was	 harvested	 from	 the	 remaining	 colon	 in	 a	 standardized	

way.	 The	 colonic	 segment	 was	 blotted	 dry,	 weighed,	 and	 placed	 in	 a	 potassium	

phosphate	buffer	(pH	6.0)	containing	0.5%	hexadecyltrimethylammonium	bromide	at	

5	 g	 of	 tissue	 per	 100	 mL	 of	 buffer.	 The	 sample	 was	 placed	 on	 ice,	 minced,	 and	

homogenized	 for	 30	 seconds.	 The	 homogenate	 was	 subjected	 to	 2	 sonication	 and	

freeze-thawing	cycles.	The	suspension	was	centrifuged	at	15000g	 for	15	minutes	at	

4°C.	 An	 aliquot	 (0.1	mL)	 of	 the	 supernatant	 was	 added	 to	 2.9	mL	 of	 o-dianisidine	

solution	 (16.7	 mg	 of	 o-dianisidine	 in	 1	 mL	 of	 methyl	 alcohol,	 98	 mL	 of	 50	 mM	

potassium	phosphate	buffer,	pH	6.0,	and	1	mL	of	0.05%	H2O2	solution	as	a	substrate	

for	 the	 MPO	 enzyme).	 The	 change	 in	 absorbance	 was	 read	 at	 460	 nm	 with	 a	

Spectronic	 Genesys	 5	 spectrophotometer	 (Milton	 Roy,	 Rochester,	 NY).	 One	 unit	 of	

MPO	activity	was	defined	as	the	quantity	able	to	convert	1	mmol	of	H2O2	to	H2O	per	

minute	at	25°C,	and	the	activity	was	expressed	in	units	per	gram	of	tissue.	

7.2.5 Statistical	Analysis	
A	two-way	ANOVA	was	performed	to	compare	the	groups	without	and	with	bladder	

flushing	(factor	1	flushing)	and	to	evaluate	the	difference	between	baseline	and	day	3	

(factor	2	TNBS	inflammation)	and	to	investigate	a	possible	interaction	between	both	

factors.	Appropriate	post	hoc	testing	was	performed	using	either	a	one-way	ANOVA	

or	 a	 Student’s	 t-test.	 Correlations	 between	 the	 PET	 values	 and	 gamma	 counting,	

colonoscopy,	 macroscopy,	 microscopy	 and	 MPO	 activity	 were	 measured	 with	 the	

non-parametric	Spearman’s	rho	test.	For	all	statistical	tests,	significance	was	defined	

as	P	<	0.05.	Data	were	analyzed	using	GraphPad	Prism	6.0b	(GraphPad	Software	Inc,	

San	Diego,	CA)	and	presented	as	mean	±	SEM.	
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7.3 Results	

7.3.1 Proof	of	concept	studies	
Firstly,	 for	 the	 phantom	 study,	 PET	 image	 quantification	 in	 a	 CT-based	 volume	 of	

interest	of	the	mouse	colon	as	a	whole	resulted	in	an	average	activity	concentration	

of	295	kBq/cc	(97%	recovery	of	the	original	304	kBq/cc)	when	no	bladder	activity	was	

present.	 	 However,	 when	 the	 bladder	 was	 filled	 with	 radioactive	 FDG,	 the	

reconstructed	PET	value	was	474	kBq/cc	indicating	a	61%	erroneous	overestimation	

due	to	not	flushing	the	bladder.	Image	quantification	of	the	rat	colon	resulted	in	an	

average	 activity	 concentration	 of	 107	 kBq/cc	 (99%	 recovery	 of	 the	 original	 108	

kBq/cc)	 and	 148	 kBq/cc	 respectively	 without	 and	 with	 radiotracer	 in	 the	 bladder	

indicating	a	38%	overestimation	when	the	bladder	is	filled.		

Secondly,	 in	 the	 gamma	 counting	 experiment	 the	 Spearman’s	 rho	 correlations	

between	µPET	and	 its	 gold	 standard	gamma	counting	were	only	 -0.60	and	0.08	 for	

mice	and	rats	without	their	bladder	flushed	and	increased	to	0.94	(P	<	0.05)	and	0.89	

(P	<	0.05)	respectively,	when	bladder	flushing	was	performed	during	the	µPET	scan.	

	

7.3.2 Longitudinal	quantification	of	the	µPET/CT	signal	
Mice	

At	 baseline,	 the	 average	 count	 ratio	 colon/brain	 was	 0.81±0.09	 for	 mice	 imaged	

without	flushing	while	this	was	only	0.55±0.02	if	the	bladder	was	flushed	(Figure	7.4).	

Two	 way	 ANOVA	 therefore	 showed	 a	 significant	 effect	 of	 the	 factor	 flushing	 (P	 =	

0.0044)	(Figure	7.5).		Two	days	after	TNBS	induction,	the	ratios	increased	due	to	the	

fulminant	 inflammation	 to	 respectively	 1.01±0.07	 and	 0.76±0.08	 resulting	 in	 a	

significant	effect	of	the	second	factor	inflammation	(P	=	0.0065)	without	a	significant	

interaction	 between	 both	 factors	 (P	 =	 0.9735).	 Post	 hoc	 analysis	 however	 showed	

that	the	signal	due	to	inflammation	was	only	significantly	increased	in	the	group	with	
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bladder	 flushing	 (P	 =	 0.0008).	 On	 both	 days	 the	 signal	 was	 significantly	 different	

between	the	groups	(P	=	0.0093	on	baseline	and	P	=	0.0479	on	day	3).	

	

	
Figure	7.4	μPET/CT,	colonoscopic	and	microscopic	 images	of	mice	without	and	with	bladder	
flushing	 scanned	 on	 baseline	 and	 day	 3.	 μPET/CT	 images:	 The	 colon	 is	 delineated	 with	
gastrografin.	White	 arrows	 on	 the	 μPET/CT	 images	 depict	 the	 bladder	 tracer	 accumulation	
when	no	bladder	 flushing	was	performed.	On	day	3	we	 see	a	higher	 18F-FDG	uptake	 in	 the	
colon	 on	 the	 PET	 images	 due	 to	 TNBS	 induced	 inflammation.	 Colonoscopic	 images:	 At	
baseline	mice	show	a	normal	vascular	pattern	and	a	smooth	transparent	mucosa.	At	day	3	the	
colon	 is	 occupied	 by	 severe	 longitudinal	 extended	 ulcerations	 and	 is	 characterized	 by	 a	
reduced	transparency	and	bleeding	mucosa	(white	arrow).	Microscopic	 images	(H&E	stains):	
(�)	 mucosa,	 (*)	 submucosa	 and	 (∆)	 muscle	 layer.	 At	 baseline	 mice	 show	 normal	 colon	
morphology.	 At	 day	 3	 the	 tissues	 are	 characterized	 by	 edema,	 mucosal	 damage	 and	
transmural	infiltration	of	inflammatory	cells.	
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Figure	 7.5	 Effect	 of	 TNBS	 colitis	 in	 non-flushed	 and	 flushed	 mice	 on	 μPET,	 colonoscopy,	
macroscopy,	microscopy	and	MPO	scores.	Data	is	represented	as	mean	±	SEM	(*P	<	0.05,	**P	
<	0.01,	***P	<	0.001,	****P	<	0.0001).	
	

Rats	

For	 rats	 scanned	 at	 baseline,	 the	 count	 ratio	 was	 1.22±0.16	 and	 0.59±0.04	

respectively	for	the	groups	without	and	with	bladder	flushing	(Figure	7.6).	Two	way	

ANOVA	showed	a	significant	effect	of	the	factor	flushing	(P	=	0.0007).	Two	days	after	

TNBS	 induction,	 the	 ratios	 increased	 to	 respectively	 2.11±0.38	 and	 0.82±0.03	

resulting	 in	 a	 significant	 effect	 of	 the	 second	 factor	 inflammation	 (P	 =	 0.0289)	

without	a	significant	interaction	between	both	factors	(P	=	0.2428).	Post	hoc	analysis	

showed	a	significant	 increase	due	to	 inflammation	 for	 the	non-flushed	 (P	=	0.0174)	

and	 a	 highly	 significant	 increase	 for	 the	 flushed	 group	 (0.0013).	 On	 both	 days	 the	

signal	was	significantly	different	between	the	groups	(P	=	0.0029	on	baseline	and	P	=	
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0.0208	on	day	3)	(Figure	7.7).	Three	flushed	rats	did	not	survive	the	combination	of	

the	flushing	procedure	and	colitis	leaving	nine	rats	in	the	analysis.		

	

	
Figure	 7.6	 μPET/CT,	 colonoscopic	 and	microscopic	 images	of	 rats	without	 and	with	bladder	
flushing	 scanned	 on	 baseline	 and	 day	 3.	 μPET/CT	 images:	 The	 colon	 is	 delineated	 with	
gastrografin.	White	 arrows	 on	 the	 μPET/CT	 images	 depict	 the	 bladder	 tracer	 accumulation	
when	no	bladder	 flushing	was	performed.	On	day	3	we	 see	a	higher	 18F-FDG	uptake	 in	 the	
colon	on	the	PET	 images	due	to	TNBS	 induced	 inflammation.	Colonoscopic	 images:	Baseline	
animals	 show	 a	 normal	 vascular	 pattern	 and	 transparent	 mucosa.	 At	 day	 3	 the	 multiple	
colonic	ulcerations	with	longitudinal	extension	over	several	centimeters	and	bleeding	mucosa	
(white	arrow)	are	present.	Microscopic	 images	(H&E	stains):	 (�)	mucosa,	 (*)	submucosa	and	
(∆)	muscle	 layer.	 At	 baseline	 rats	 show	 no	 signs	 of	 inflammation	 in	 the	 sections.	 At	 day	 3	
severe	 colonic	 inflammation	 is	 developed	 characterized	 by	 destruction	 of	 the	 mucosal	
architecture	and	a	dens	transmural	infiltrate.	
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Figure	 7.7	 Effect	 of	 TNBS	 colitis	 in	 non-flushed	 and	 flushed	 rats	 on	 μPET,	 colonoscopy,	
macroscopy,	microscopy	and	MPO	scores.	Data	is	represented	as	mean	±	SEM	(*P	<	0.05,	**P	
<	0.01,	***P	<	0.001,	****P	<	0.0001).	
	

7.3.3 Colonoscopy	
Mice	

At	 baseline,	 all	 mice	 from	 the	 bladder-flushed	 group	 and	 from	 the	 bladder-non-

flushed	group	showed	a	thin	translucent	colonic	wall	characterized	by	a	smooth	and	

shiny	 mucosa	 and	 normal	 blood	 vessel	 architecture	 (Figure	 7.4),	 resulting	 in	 a	

colonoscopic	score	of	0.	Two	days	after	TNBS	injection,	all	mice	developed	an	acute	

colorectal	 mucosal	 inflammation,	 characterized	 by	 severe	 ulceration,	 edema	 and	

stenosis	 (Figure	 7.4).	 Consequently,	 the	 average	 colonoscopic	 scores	 increased	 to	

7.63±0.60	 and	 8.50±0.99	 two	 days	 after	 TNBS	 induction	 respectively	 for	 the	 group	
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without	and	with	bladder	flushing.	Two	way	ANOVA	showed	no	significant	effect	of	

the	factor	flushing	(P	=	0.4522)	and	a	significant	effect	of	inflammation	(P	<	0.0001)	

without	 an	 interaction	 between	 the	 factors	 (P	 =	 0.4522).	With	 a	P	 value	 of	 0.5301	

there	 was	 no	 significant	 difference	 between	 the	 flushed	 and	 non-flushed	 groups	

(Figure	7.5).	The	increase	due	to	inflammation	was	highly	significant	for	both	groups	

(P	<	0.0001	for	the	non-flushed	and	P	=	0.0001	for	the	flushed	group).		

Rats	

The	 colonic	 appearance	 at	 baseline	 was	 normal	 on	 endoscopy	 in	 both	 the	 non-

flushed	and	flushed	groups	(score	0).	The	endoscopic	picture	was	characterized	by	a	

pink,	 shiny	mucosa	with	 translucency	of	blood	vessels	 as	 shown	 in	 Figure	7.6.	 Two	

days	after	TNBS-induction,	multiple	ulcerations	extending	longitudinally	over	several	

centimeters	of	 the	distal	gut	were	present	 in	all	 rats	 (Figure	7.6).	The	colonoscopic	

score	was	 comparable	 for	 non-flushed	 (6.00±0.82)	 and	 flushed	 groups	 (8.25±0.85).	

Two	way	ANOVA	showed	no	significant	effect	of	the	factor	flushing	(P	=	0.1318)	and	

a	significant	effect	of	inflammation	(P	<	0.0001)	without	an	interaction	between	the	

factors	 (P	 =	 0.1318).	With	 a	 P	 value	 of	 0.1032	 there	 was	 no	 significant	 difference	

between	 the	 flushed	 and	 non-flushed	 groups	 (Figure	 7.7).	 The	 increase	 due	 to	

inflammation	 was	 highly	 significant	 in	 both	 groups	 (respectively	 P	 =	 0.0002	 in	 the	

non-flushed	and	0.0024	in	the	flushed	group).	

7.3.4 Postmortem	Analysis:	MPO,	micro-	and	macroscopy	

Mice	

At	baseline,	mice	from	both	groups	did	not	show	macroscopic	or	microscopic	signs	of	

colonic	 damage	 (Figure	 7.4),	 resulting	 in	 scores	 of	 0.	 This	was	 confirmed	 by	 a	 low	

MPO	 activity	 in	 both	 groups	 (1.15±0.39	 for	 bladder-non-flushed	 vs.	 0.51±0.15	 for	

bladder-flushed).	 This	 MPO	 difference	 between	 the	 groups	 at	 baseline	 was	 not	

significant.	 Two	 days	 after	 TNBS	 injection	 (day	 3),	 the	 colons	 of	 both	 groups	were	

macroscopically	 characterized	 by	 ulcerations,	 colonic	 wall	 thickening	 and	 mucosal	

edema,	 resulting	 in	macroscopic	 scores	 of	 7.33±1.09	 and	 8.0±1.70	 respectively	 for	

the	group	without	and	with	bladder	flushing.	Two	way	ANOVA	showed	no	significant	



Continuous	flushing	of	the	bladder	in	rodents	

	170	

effect	of	the	factor	flushing	(P	=	0.8546)	and	a	significant	effect	of	inflammation	(P	<	

0.0001)	 without	 an	 interaction	 between	 the	 factors	 (P	 =	 0.8546).	 The	 difference	

between	the	flushed	and	non-flushed	groups	was	not	significant	(P	=	0.8564)	(Figure	

7.5).	The	increase	due	to	inflammation	was	highly	significant	(P	=	0.0011	for	the	non-

flushed	and	P	=	0.0030	for	the	flushed	group).		

Total	destruction	of	the	mucosal	architecture,	 increased	infiltration	of	 inflammatory	

cells	within	the	colonic	layers	and	edema	were	seen	after	microscopic	examination	of	

inflamed	 colonic	 tissues	 (Figure	 7.4).	 Consequently,	 the	 microscopic	 scores	 were	

7.00±1.03	 and	 6.40±1.44	 respectively	 for	 the	 group	 without	 and	 with	 bladder	

flushing.	 Two	 way	 ANOVA	 showed	 no	 significant	 effect	 of	 the	 factor	 flushing	 (P	 =	

0.7171)	and	a	significant	effect	of	 inflammation	(P	<	0.0001)	without	an	 interaction	

between	 the	 factors	 (P	 =	 0.7171).	 	 The	 difference	 between	 the	 flushed	 and	 non-

flushed	 groups	 was	 not	 significant	 (P	 =	 0.7213)	 (Figure	 7.5).	 The	 increase	 due	 to	

inflammation	was	higly	significant	(P	=	0.0011	for	the	non-flushed	and	P	=	0.0077	for	

the	flushed	group).	Elevated	MPO	activities	were	also	seen	in	both	groups	(8.32±1.10	

and	12.71±3.76	 respectively	 for	 the	group	without	and	with	bladder	 flushing).	 Two	

way	 ANOVA	 showed	 no	 significant	 effect	 of	 the	 factor	 flushing	 (P	 =	 0.3842)	 and	 a	

significant	 effect	 of	 inflammation	 (P	=	 0.0003)	without	 an	 interaction	 between	 the	

factors	 (P	 =	 0.4522).	 	 There	 was	 no	 significant	 difference	 between	MPO	 scores	 of	

flushed	 and	 non-flushed	 groups	 (P	 =	 0.2191)	 (Figure	 7.5)	 whereas	 the	 increase	 by	

inflammation	was	significant	for	both	groups	(P	=	0.0010	for	the	non-flushed	and	P	=	

0.0150	for	the	flushed	group).	

Rats	

Post-mortem	 analysis	 after	 the	 baseline	 scan	 did	 not	 show	 any	 macroscopic	 or	

microscopic	 signs	of	 inflammation	 in	non-flushed	and	 flushed	 rats	 (score	0)	 (Figure	

7.6).	 This	 was	 confirmed	 by	 low	 MPO	 activity	 in	 both	 groups:	 0.51±0.13	 and	

0.74±0.23	respectively	for	the	group	without	and	with	bladder	flushing.		

Two	 days	 after	 TNBS-instillation,	 colitis	 was	 present	 in	 all	 rats.	 TNBS-induced	

inflammation	 was	 macroscopically	 characterized	 by	 multiple	 ulcerations	 extending	
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over	several	centimeters	of	the	distal	gut.	Macroscopic	damage	scores	were	similar	

for	 non-flushed	 (6.25±1.20)	 and	 flushed	 rats	 (7.75±0.25).	 Two	way	ANOVA	 showed	

no	 significant	 effect	 of	 the	 factor	 flushing	 (P	 =	 0.2442)	 and	 a	 significant	 effect	 of	

inflammation	 (P	<	0.0001)	without	an	 interaction	between	the	 factors	 (P	=	0.2442).		

The	difference	between	the	flushed	and	non-flushed	groups	was	not	significant	(P	=	

0.2666)	 (Figure	 7.7).	 The	 increase	 due	 to	 inflammation	 was	 highly	 significant	 (P	 =	

0.0020	 for	 the	 non-flushed	 and	 P	 <	 0.0001	 for	 the	 flushed	 group).	 Microscopic	

evaluation	 showed	 the	 presence	 of	 a	 dense,	 transmural	 infiltrate,	 severe	 mucosal	

damage	 and	 edema	 (score	 5.75±0.85	 and	 6.75±1.18	 respectively	 for	 the	 group	

without	and	with	bladder	flushing).	Two	way	ANOVA	showed	no	significant	effect	of	

the	factor	flushing	(P	=	0.5058)	and	a	significant	effect	of	inflammation	(P	<	0.0001)	

without	an	interaction	between	the	factors	(P	=	0.5058).		This	difference	between	the	

flushed	 and	 non-flushed	 groups	 was	 not	 significant	 (P	 =	 0.5183)	 (Figure	 7.7).	 The	

increase	was	highly	significant	(P	=	0.0005	for	the	non-flushed	and	P	=	0.0012	for	the	

flushed	group).	MPO	activity	was	similarly	increased	in	both	groups	(21.70±6.54	and	

26.42±12.46).	Two	way	ANOVA	showed	no	significant	effect	of	the	factor	flushing	(P	

=	0.6959)	and	a	significant	effect	of	inflammation	(P	=	0.0018)	without	an	interaction	

between	 the	 factors	 (P	 =	 0.7231).	 The	 groups	were	 not	 significantly	 different	 (P	 =	

0.7319)	(Figure	7.7).	The	increase	by	inflammation	was	significant	(P	=	0.0118	for	the	

non-flushed	and	P	=	0.0312	for	the	flushed	group).	

7.3.5 Correlation	Analysis	
In	 the	 main	 study	 the	 Spearman’s	 rho	 correlations	 between	 µPET	 and	 colono-,	

macro-	and	microscopy	and	MPO	scores	for	mice	without	their	bladder	flushed	were	

only	0.45,	0.10,	0.08	and	 -0.2	while	 the	correlations	were	much	higher	when	 there	

was	no	accumulation	of	18F-FDG	in	the	bladder:	0.72,	0.72,	0.76	and	0.83	(Table	7.2	

with	P-values).		

Also	 the	 correlations	 for	 the	 rats	with	 their	 bladder	 flushed	 are	moderately	 higher	

0.81,	0.82,	0.74	and	0.62	compared	to	0.63,	0.73,	0.73	and	0.62	for	the	group	without	

bladder	flushing	(Table	7.2).		
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Table	7.2	Spearman’s	Rho	correlations	between	μPET	with	and	without	bladder	flushing	and	
the	‘gold	standards’	colonoscopy,	macroscopy,	microscopy	and	MPO.	
μPET	 Colonoscopy	 Macroscopy	 Microscopy	 MPO	
Mice	without	 0.45*	 0.10	 0.08	 -0.20	
Mice	with	 0.72***	 0.72	 0.76*	 0.83*	
Rats	without	 0.63**	 0.73*	 0.73*	 0.62	
Rats	with	 0.81**	 0.82*	 0.74*	 0.62	
*P	<	0.05,	**P	<	0.01,	***P	<	0.001	
	

7.4 Discussion	

In	 this	 study	 we	 demonstrated	 the	 importance	 of	 bladder	 flushing	 when	

quantification	 of	 an	 imaging	 probe	 is	 to	 be	 performed	 in	 an	 anatomical	 region	

closeby	 the	 bladder,	 exemplified	 here	 for	 the	 colon	 in	 an	 experimental	 model	 for	

inflammatory	 bowel	 disease.	 Until	 now,	 most	 imaging	 studies	 involved	 manually	

expressing	the	bladder	 leaving	some	residual	probe	behind	and	rapidly	refilling	due	

to	 the	 fast	 metabolism	 and	 excretion	 rates	 in	 small	 animals	 which	 hampers	

pharmacological	 approaches	 as	 in	 humans.	 Moreover,	 while	 OSEM	 iterative	

reconstruction	 and	 especially	 MAP	 result	 in	 a	 better	 resolution	 recovery	 and	

convergence,	these	algorithms	are	not	able	to	minimize	the	partial	volume	effect	of	

the	bladder	spill	over	adequately.	

	

We	designed	a	gynecological	small	animal	frame	for	mice	to	facilitate	the	insertion	of	

a	 double	 lumen	 catheter	 and	 for	 the	 collection	 of	 the	 bladder	 effluent.	 Here,	 the	

imaging	 probe	 was	 18F-FDG	 and	 the	 region	 of	 interest	 is	 the	 colon.	 The	 bladder	

flushing	 technique	 is	however	expandable	 to	other	 imaging	probes	accumulating	 in	

the	 bladder	 and	 to	 other	 regions	 of	 interest	 in	 the	 pelvic	 region	with	 PET	 but	 also	

with	 other	modalities	 (e.g.	 in	 SPECT,	MRI,	 CT…).	However,	with	 the	 flushing	 of	 the	

bladder	as	we	propose	there	are	also	some	limitations.	Obviously	the	major	difficulty	

remains	the	catheterization	of	male	mice	and	rats	due	to	the	complex	male	rodent	

anatomy.	 Even	 catheterization	 of	 female	mice	 and	 rats	 still	 requires	 some	practice	

and	 although	 techniques	 [212]	 are	 described	 for	 an	 easy	 and	 fast	 insertion	 of	 the	
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catheter	the	procedure	is	still	associated	with	an	increased	risk	of	complications	such	

as	 infection.	 In	 our	 hands	we	experienced	on	 average	 a	mortality	 rate	of	 less	 than	

10%	for	mice	catheterized	with	the	gynecological	frame	and	about	25%	for	rats.	The	

mortality	was	however	a	consequence	of	the	fulminant	colitis	rather	than	difficulties	

in	 catheterization.	Abrasion	or	penetration	of	 the	ureters	by	 the	catheter	 is	almost	

always	the	cause	of	bloody	urine,	intraperitoneal	free	fluids	or	death	as	also	reported	

by	Haney	et	al	[209].	Noteworthy,	when	the	bladder	is	flushed	with	pressure,	a	minor	

amount	 of	 urine	 flows	 back	 through	 the	 ureters	 to	 the	 kidneys,	which	 can	 slightly	

reduce	 image	 quality.	 Also,	 in	 terms	 of	 radiation	 exposure	 for	 the	 personnel	 it	 is	

preferable	 to	 insert	 the	 catheter	 before	 the	 radiotracer	 injection.	 However	 this	

means	the	tracer	uptake	will	happen	in	an	anaesthetized	animal.	

	

The	 influence	of	 the	urinary	secretion	of	 18F-FDG	on	the	colon	 image	quantification	

was	investigated	by	comparing	the	scanning	of	animals	(both	mice	and	rats)	without	

and	with	 bladder	 flushing.	We	demonstrated	 proof-of-concept	 in	 a	 phantom	 study	

indicating	 overestimation	 of	 61%	 and	 38%	 for	 mouse	 and	 rat	 respectively	 if	 the	

bladder	 is	 not	 emptied.	 	 There	was	 also	 no	 correlation	 between	µPET	 and	 its	 gold	

standard	gamma	counting	for	the	colon	if	the	bladder	is	not	flushed	while	there	was	

a	very	strong	and	significant	correlation	in	animals	whose	bladder	was	continuously	

flushed	 during	 the	 µPET	 acquisition.	 In	 both	mice	 and	 rats	 it	was	 seen	 that	 at	 the	

baseline	scan	the	average	18F-FDG	uptake	in	the	colon	was	significantly	higher	in	the	

non-flushed	 group.	 Because	 this	 significant	 difference	 was	 not	 observed	 by	

colonoscopy	 or	 postmortem	 analyses,	 which	 both	 showed	 a	 healthy	 colon	 in	 the	

flushed	 and	 non-flushed	 groups,	 these	 results	 suggest	 that	 spillout	 activity	 of	 the	

large	 bladder	 signal	 in	 the	 non-flushed	 groups	 masks	 the	 relatively	 lower	 colon	

uptake	 signal	 leading	 to	 a	 false	 positive.	 Besides,	 a	 significant	 increase	 in	 18F-FDG	

uptake	due	to	inflammatory	disease	was	observed	in	mice	with	a	flushed	bladder	but	

not	 in	 non-flushed	 bladders	 while	 colonoscopic	 and	 postmortem	 scores	 in	 non-

flushed	mice	did	reveal	a	significant	increase	in	inflammatory	parameters.	Moreover,	
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in	 rats	 the	 colitis-induced	 increase	 in	 FDG	was	more	 significant	when	 the	 animals’	

bladders	were	flushed.	Moreover,	for	mice	there	was	almost	no	correlation	between	

μPET	and	colonoscopy/postmortem	analysis	if	the	animals’	bladder	were	not	flushed	

while	 there	 was	 a	 very	 high	 and	 significant	 correlation	 in	 the	 group	 that	 was	

continuously	 flushed.	 For	 rats,	 the	 correlation	 with	 colonoscopy	 and	 postmortem	

analysis	was	also	higher	for	the	group	that	was	continuously	flushed	but	the	increase	

in	significance	was	more	moderate	compared	to	the	findings	as	in	mice.	

Given	our	well	 established	protocol	 for	 in	 vivo	 colonoscopy	 in	mice	and	 rats	 [211],	

[214]	 with	 high	 sensitivity	 and	 specificity	 in	 established	 disease	 and	 on	 the	 other	

hand	the	potential	 impingement	risks	of	bladder	flushing	in	µPET	one	may	question	

the	additional	benefits	of	bladder	flushing	and	eventually	µPET.	We	have	previously	

proven	 that	 µPET/CT	 detects	 colonic	 inflammation	 2	 weeks	 before	 colonoscopic	

symptoms	arise	[211].	Hence	µPET/CT	gives	better	insight	in	the	onset	of	the	disease	

and	can	aid	in	preventive	therapy	evaluation.	Moreover,	we	here	show	that	bladder	

flushing	 in	 rodents	 is	 mandatory	 when	 quantifying	 µPET/CT	 images	 in	 the	 pelvic	

region.	Moreover,	 colonoscopy	 only	 visualizes	 the	 colon	mucosa	 and	 stenosis	 and	

impaction	 of	 the	 faeces	 in	 severe	 inflammation	 are	 contra-indications	 for	

colonoscopy.	

	

7.5 Conclusion	

We	have	designed	and	optimized	a	bladder	flushing	procedure	for	rodents	including	

catheter	insertion,	scanning	and	collection	of	the	efflux.	Continuous	bladder	flushing	

reduced	 image	artifacts	 and	 improved	 image	quantification	 in	 the	pelvic	 region	 for	

both	mice	and	rats.	



	 	

	

	

	

	

	

	

	

	

	

	

	

Chapter	8	

General	discussion	
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The	development	of	high-resolution	preclinical	in	vivo	imaging	technology	has	made	

it	 possible	 to	 characterize	 and	 measure	 biological	 processes	 noninvasively	 at	 a	

molecular	 level	 in	 laboratory	 animals.	 Due	 to	 a	 high	 sensitivity	 of	 µPET	 and	 high	

resolution	 of	 µSPECT	 imaging	 modalities	 we	 are	 even	 able	 to	 measure	 these	

molecular	 changes	 in	 the	 picomolar	 and	 sub-millimeter	 range.	 These	 imaging	

characteristics	allow	for	early	detection	of	the	molecular	changes	preceding	disease	

and	for	early	determination	of	treatment	effectiveness.	While	a	visual	assessment	of	

this	molecular	 binding/uptake	 in	 PET	 and	 SPECT	 is	 often	 satisfactory	 for	 diagnostic	

purposes	 in	 the	 clinic,	 a	 more	 quantitative	 approach	 is	 needed	 in	 research.	 This	

quantification	 however	 is	 cumbersome	 and	 among	 other	 factors,	 these	 challenges	

are	 related	 to	 the	 instrumentation	 (chapters	 2	 and	 3)	 and	 the	 animal’s	 physiology	

(chapters	4-7).		

8.1 Performance	evaluation	

The	 performance	 of	 the	 PET	 and	 SPECT	 scanners	 is	 a	 critical	 factor	 for	 accurate	

quantification.	 Performance	 characteristics	 include	 spatial	 and	 energy	 resolution,	

sensitivity,	uniformity,	linearity	and	count	rate	performance.		

In	PET	(chapter	2)	the	spatial	resolution	is	 limited	due	to	the	nature	of	the	positron	

annihilation	 process	 (the	 positron	 range	 and	 the	 noncolinearity	 of	 the	 annihilation	

photons)	as	well	as	the	detection	system.	The	crystal	pitch	is	the	main	parameter	of	

the	system	in	determining	the	spatial	resolution.	However	high	energy	photons	can	

interact	deeper	 in	the	crystals	resulting	 in	wrong	LORs.	Sensitivity	 is	usually	 large	 in	

small	animal	PET	imaging	due	to	the	larger	solid	angle	coverage	and	varies	between	1	

and	 7%.	 The	 higher	 sensitivities	 allow	 for	 less	 activity	 to	 be	 injected,	 shorter	

acquisition	 times	 and	 images	 with	 higher	 signal-to-noise	 ratios,	 which	 is	 especially	

important	 in	 dynamic	 imaging.	 A	 high	 energy	 resolution	 is	 needed	 to	 properly	

distinguish	 scattered	 from	 unscattered	 events	 and	 ranges	 between	 10	 and	 20%.	

Finally,	 the	 measured	 activity	 should	 result	 in	 a	 linear	 response	 of	 the	 count	 rate	

avoiding	dead	time.		
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The	performance	characteristics	of	some	commercialy	available	µPET	scanners	were	

also	discussed	in	chapter	2.	Most	of	these	scanners	first	convert	the	gamma	rays	to	

visible	light	before	converting	it	to	an	electric	charge	making	use	of	high	density	and	

fast	 decaying	 LSO	 crystals	 in	 combination	 with	 PMTs.	 The	 configurations	 of	 these	

µPET	systems	result	in	spatial	resolutions	of	about	1.5	mm	for	most.	More	important	

is	 the	 size	 of	 the	 FOV	 in	 which	 these	 resolutions	 are	 obtained	 as	 some	 scanners	

provide	a	FOV	that	is	too	small	to	cover	the	length	of	a	mouse.		

Future	work	in	the	PET	field	deals	with	obtaining	higher	spatial	resolutions	[217]	and	

higher	 sensitivities	 larger	 than	 10%.	 Sub-millimeter	 resolution	 is	 difficult	 to	 obtain	

with	scintillator	detectors,	as	crystal	sizes	lower	than	1	mm	are	hard	to	manufacture.	

Semiconductors,	on	the	other	hand,	can	be	miniaturized	resulting	in	a	pixel	pitch	well	

below	 1	 mm	 and	 are	 therefore	 promising	 in	 obtaining	 higher	 spatial	 resolutions.	

Sensitivity	 can	be	enhanced	with	 thicker	detectors	 to	absorp	 the	511	keV	photons.	

CdTe	 or	 CdZnTe	 are	 preferred	 as	 semiconductor	 material	 as	 they	 have	 a	 high	

stopping	power.	

To	assess	the	performance	of	commercial	available	µSPECT	scanners,	three	systems	

were	compared	to	each	other	using	the	same	set	of	standardized	experiments.	The	

systems	differ	in	their	configuration	where	some	resemble	more	the	clinical	systems	

as	 their	 detectors	 rotate	 around	 the	 animal	 with	 an	 adjustable	 radius	 of	 rotation	

while	another	configuration	is	stationary	where	only	the	bed	moves	in	the	different	

XYZ-directions.	Another	important	difference	is	whether	the	projections	overlap	each	

other	or	not.	The	usefulness	of	overlap	of	the	projections	or	multiplexing	resulting	in	

a	 higher	 sensitivity	 remains	 a	 topic	 of	 debate,	 as	 there	 is	 less	 spatial	 information	

available	for	photons	when	projections	overlap.	Such	multiplexing	did	result	in	better	

spatial	resolutions	for	sparse	objects	such	as	the	line	sources	but	resulted	in	artifacts	

when	 scanning	 larger	 non-sparse	 objects.	 Indeed	 sparse	 activity	 distributions	 are	

easier	to	reconstruct	from	multiplexed	data	than	uniform	activity	distributions	 [90],	

[218].	 Recent	 findings	 state	 that	 as	 long	 the	 nonmultiplexed	 data	 is	 complete	 or	

when	the	overlap	can	be	sufficiently	demultiplexed,	no	artifacts	are	to	be	expected	
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[218].	 When	 we	 measured	 non-sparse	 objects	 such	 as	 Derenzo	 phantoms	 higher	

spatial	 resolutions	 were	 obtained	 without	 multiplexing.	 The	 use	 of	 pinholes	 thus	

magnifies	 the	 animal’s	 projection	 on	 the	 detector	 resulting	 in	 a	 resolution	 well	

beyond	 the	 detector’s	 intrinsic	 resolution.	 The	 spatial	 resolutions	 of	 the	 evaluated	

scanners	 were	 all	 in	 the	 submillimeter	 range.	 Especially	 in	 mouse	 brain	 this	 is	

important,	as	the	main	mouse	brain	regions	used	in	a	template	can	be	as	small	as	7-8	

mm3	 (superior	 and	 inferior	 colliculi	 [219]).	 The	 obtained	 sensitivities	 of	 the	 three	

µSPECT	systems	however	were	below	1%,	which	is	an	order	of	magnitude	lower	than	

in	 µPET	 as	 many	 single	 photons	 are	 stopped	 by	 the	 (pinhole)	 collimator.	

Nevertheless,	 the	 most	 important	 performance	 characteristic	 is	 the	 trade-off	

between	the	spatial	resolution	and	sensitivity.	Therefore	we	designed	and	measured	

a	mouse-sized	 IQ	phantom	containing	 thin-walled	capillairies.	An	 important	 feature	

of	 this	phantom	is	 the	presence	of	a	warm	background	as	this	 is	a	more	realistic	 in	

vivo	 approach.	 The	 recovery	 of	 the	 contrast	 in	 the	 capillaries	 relative	 to	 the	warm	

background	was	the	highest	 for	a	higher	pinhole	magnification,	a	higher	number	of	

pinholes	 and	 a	 smaller	 animal-to-pinhole	 distance	 resulting	 in	 a	 better	 resolution-

sensitivity-FOV	 trade-off.	 While	 the	 performance	 of	 the	 µSPECT	 scanners	 was	

evaluated	on	mouse-sized	collimators	and	phantoms	future	work	includes	imaging	of	

rat-sized	 objects	 and	 in	 vivo	 experiments	 to	 complement	 our	 phantom-based	

findings.	The	performance	measurements	and	the	new	image	quality	phantom	could	

also	 contribute	 in	 the	 future	 to	 the	 NEMA	 standards	 for	 the	 evaluation	 of	 small	

animal	SPECT	scanners.	

Future	improvements	in	µSPECT	systems	are	based	on	better	and	more	compact	high	

resolution	detectors.	The	scintillation	crystal	can	be	made	thinner	resulting	in	better	

spatial	and	energy	resolution.	A	pixelated	crystal	array	in	combination	with	PSPMTs	is	

an	alternative	approach	to	achieve	a	better	spatial	resolution.	Also	SPECT	(and	PET)	

systems	 will	 more	 often	 be	 combined	 with	 MR	 instead	 of	 CT	 for	 more	 precise	

anatomical	localisation	especially	in	soft	tissues.	Therefore	G-APD	photodetectors	are	

interesting	alternatives	to	(PS)PMTs	due	to	their	MR-compatibility	and	similar	gain	to	
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PMTs.	 CdZnTe	 semiconductors	 are	 another	 interesting	 approach	 as	 besides	 MR	

compatibility	 and	 good	 energy	 resolution,	 their	 direct	 gamma	 ray	 detection	 allows	

for	 more	 compact	 systems.	 The	 better	 intrinsic	 resolution	 of	 these	 new	 detectors	

removes	 the	 need	 for	 large	 magnifications	 allowing	 even	 more	 compact	 systems	

reducing	 the	 cost	 and	 thereby	making	µSPECT	available	 to	more	 researchers	 [220].	

Some	 manufacturers	 have	 already	 made	 such	 compact	 systems	 commercialy	

available	[221].	

8.2 Physiological	determinants	

Besides	the	instrumentation,	the	animal’s	physiology	plays	an	important	role.	

8.2.1 Glycemic	factors	

A	myriad	of	factors	has	an	influence	on	the	blood	glucose	level	in	humans	as	well	in	

rodents	as	discussed	 in	chapter	4.	Glucose	and	 its	radioactive	analogue	18F-FDG	are	

both	 substrates	 for	 the	 GLUTs	 in	 the	 body.	 To	minimize	 the	 competition	 of	 blood	

glucose	 with	 18F-FDG	 the	 animals	 are	 fasted	 thereby	 reducing	 the	 blood	 glucose	

levels.	Our	 results	 showed	 that	 after	 12h	 of	 fasting	 the	 glucose	 levels	 in	 rats	were	

lowered	and	 reached	a	plateau,	 resulting	 in	 stable	 18F-FDG	uptake	 in	 the	 rat	 brain.	

The	 lower	 brain	 uptake	 obtained	 after	 shorter	 (<	 12h)	 fasting	 durations	 could	 be	

explained	 by	 the	 higher	 glucose	 levels	 and	 could	 be	 accounted	 for	 by	 applying	

glucose	 correction.	 Glucose	 correction	 was	 also	 required	 for	 reproducible	

quantification	with	 repetitive	 scanning	and	with	a	 short	 inter-scan	duration	 (<24h).	

As	 a	 result	 of	 repetitive	 and	 long	 fasting	 the	 animals	 are	 stressed	 and	 produce	

corticosterone,	which	in	its	turn	increased	the	plasma	glucose.	As	a	consequence	the	
18F-FDG	 brain	 uptake	 was	 altered	 and	 glucose	 correction	 should	 be	 applied	 to	

normalize	 this	 uptake.	 The	 effect	 of	 food	 deprivation	 on	 the	 corticosterone	 levels	

was	 also	more	 pronounced	 as	 it	 occured	 in	 the	 dark	 phase,	when	 the	 animals	 are	

most	active.	In	chapter	6	the	need	of	glucose	correction	was	also	demonstrated	in	a	

mouse	 AD	model.	 There	 similar	 effects	 were	 found	 and	 the	 altered	 18F-FDG	 brain	
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uptake	with	different	fasting	durations	and	in	a	 longitudinal	repetitive	setting	could	

also	reliably	be	normalized	with	glucose	correction.		

An	alternative	 to	 glucose	 correction	of	 the	 18F-FDG	uptake	measure	 is	 the	use	of	 a	

ratio	 of	 the	 brain	 uptake	 to	 a	 reference	 region.	 The	 cerebellum	 is	 often	 used	 as	 a	

reference	region	 in	AD.	This	 region	 is	devoid	of	amyloid	plaques	and	therefore	one	

assumes	 an	 unaffected	 glucose	 metabolism	 in	 the	 cerebellum.	 As	 we	 showed,	

potential	 reference	 regions	 for	 normalization	 should	 however	 be	 thoroughly	

investigated	 to	 ensure	 that	 these	 are	 not	 pathologically	 affected	 also	 by	 afferent	

connections.	

In	 contrast	 to	 the	 rodent	 brain,	 the	 different	 uptake	 in	 the	 myocardium	 due	 to	

different	glucose	levels	could	not	be	corrected	with	the	glucose	levels.	The	need	for	

glucose	correction	in	the	18F-FDG	measure	thus	depends	on	the	tissue	of	interest.	In	

the	case	of	tumor	tissue	the	SUV	definition	that	 includes	the	glucose	concentration	

appears	to	be	more	appropriate	[222],	[223].	Some	tumor	tissues	however,	show	no	

variable	 uptake	with	 glucose	 variations	 [224],	 so	 it	 is	 important	 to	 understand	 the	

glucose	utilization	of	the	tissue	of	interest.	

In	 general,	 the	 incorporation	 of	 glucose	 in	 the	 SUV	 definition	 will	 depend	 on	 the	

MRglc	 variability	 on	 the	 plasma	 glucose	 level.	 When	 the	 influx	 rate	 Ki	 is	 inversely	

related	to	the	glucose	level	the	SUV	will	need	to	include	the	glucose	concentration	in	

its	definition.	

Future	work	will	include	recommendations	that	are	dependent	on	the	species	and	on	

gender	 and	 strain.	 For	 example	 the	 effects	 of	 food	 deprivation	 on	 mice	 will	 be	

significantly	different	in	mice	than	in	rats	due	to	the	faster	metabolism	in	mice.	

8.2.2 Body	weight	
In	 the	 longitudinal	 experiment	 (chapter	 4)	 the	 rat	 brain	 18F-FDG	 SUV	 measures	

increased	 significantly	over	 time	and	 in	disproportion	 to	 the	body	weight.	This	was	

most	 likely	 caused	 by	 the	 increase	 of	 the	 body	 fat	 fraction	 in	 the	 total	 body	

composition.	18F-FDG	uptake	in	fat	is	lower	than	in	other	tissues	so	a	linear	correction	

for	body	weight	introduces	a	bias.	We	hypothesized	in	chapter	5	that	for	large	weight	
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variations	 the	 proportionality	 constant	 between	 the	 area	 under	 the	 arterial	 input	

curve	and	the	 injected	dose	normalised	 for	body	weight	does	not	 remain	constant.	

Indeed,	 the	 proportionality	 constant	 was	 significanlty	 higher	 in	 the	 heavier	 rats	

compared	 to	 lower	weight	 rats.	When	 correcting	 the	 SUV	 and	 the	 SUVglc	with	 this	

body	weight	dependent	proportionality	constant,	Ki	and	 the	MRglc	were	accurately	

reflected.	 A	 correction	 based	 on	 one	 blood	 sample	 proved	 to	 be	 inferior	 to	 our	

method.	

When	other	species	(or	strain	and	gender)	than	the	male	Sprague	Dawley	rats	from	

our	study	are	to	be	used	or	 in	a	different	weight	range,	a	preceding	dynamic	pilote	

study	 is	 required	 to	 establish	 the	 regression	 for	 the	 linearization	of	c(BW).	 As	 rats	

continu	to	gain	fat	a	wider	range	of	the	body	weights	will	also	be	included	in	future	

studies.	

8.2.3 Peripheral	tracer	distribution	
A	mouse	is	approximately	3000	times	smaller	by	volume	and	weight	than	a	human.	

Given	 that	 a	 typical	 clinical	 PET	 scanner	 has	 a	 volumetric	 spatial	 resolution	 of	 125	

mm3	(5x5x5	mm)	a	preclinical	PET	scanner	would	require	a	volumetric	resolution	of	

0.04	mm3	or	0.35	mm	to	achieve	comparable	delineation	of	organs	and	structures.	

The	PET	scanner	used	in	this	dissertation	has	a	lower	spatial	resolution	of	around	1.5	

mm.	 Therefore	 partial	 volume	 effects	 are	 more	 severe	 in	 mice	 as	 reconstructed	

activity	 from	 adjacent	 voxels	 will	 spill-over	 the	 voxels	 of	 interest.	 Thus	 spatial	

resolution	 together	with	 the	 radiotracer	 distribution	 can	 cause	 quantitative	 errors.	

Most	 tracers	 accumulate	 in	 the	 bladder	 and	 in	 rodents,	 due	 to	 the	 higher	

metabolism,	the	bladder	rapidly	refills	after	voiding.	This	prevents	us	(i)	to	normalize	

images	to	total	whole	body	counts	as	a	means	for	%ID/g	in	case	of	extravasation	and	

(ii)	 to	 accurately	 quantify	 the	 tracer	 uptake	 in	 tissues	 surrounding	 the	 bladder.	 In	

chapter	7	we	evaluated	 the	effect	of	 18F-FDG	 tracer	accumulation	 in	 the	bladder	 in	

mice	and	rats	on	the	quantification	of	colon	18F-FDG	uptake.	As	expected	the	bladder	

activity	 uptake	 caused	 spillover	 of	 nearby	 regions	 causing	 overestimation	 of	 the	

signal	 resulting	 in	 false	 IBD	 positives.	Moreover,	 the	 bladder	 spillover	 masked	 the	
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onset	of	 colitis.	 Continuous	bladder	 flushing	 restored	 the	 correlation	with	different	

colitis	scores.	Continuous	bladder	flushing	 is	the	preferred	technique	over	manually	

expressing	 the	 bladder	 or	 the	 use	 of	 forced	 diuresis	with	 e.g.	 furosemide	 as	 these	

techniques	still	leave	some	residual	activity	in	the	bladder.	Furosemide	has	also	some	

side	 effects	 as	 it	 causes	 acute	 hyperglycemia	 [225]	 and	 can	 be	 toxic	 towards	

hepatocytes	[226].	

The	effect	of	 tracer	 accumulation	 in	 the	bladder	on	 the	quantification	of	 organs	 in	

the	pelvic	region	further	away	from	the	bladder	such	as	tumors	remains	to	be	further	

evaluated.	

8.2.4 General	recommendations	

When	18F-FDG	PET	neuro-imaging	studies	are	 to	be	performed	 in	 small	animals	 the	

SUV	measure	 in	combination	with	glucose	correction	 is	preferred.	Preferably	serum	

glucose	is	determined	before	the	scan	while	alternatively	whole	blood	glucose	can	be	

measured	 in	 duplicate	 using	 a	 strip	 glucose	 meter.	 Glucose	 levels	 fluctuate	 with	

corticosterone	levels	in	stress	situations	as	in	the	following	conditions:	

• when	the	animals	are	not	fasted	

• when	a	short	inter-scan	interval	is	present	

• when	the	animals	have	to	be	repeatedly	scanned	and	repetitively	fasted	

	

Additional	correction	methods	should	be	applied	to	the	18F-FDG	SUV	measure	when	

there	is	a	significant	difference	in	body	weight	between	the	animals.	This	correction	

factor	 can	 be	 established	 using	 an	 equation	 that	 regresses	 the	 proportionality	

constant	 c	 against	 the	 body	 weight	 based	 on	 an	 a	 priori	 dynamic	 experiment	 per	

species,	strain,	sex	and	weight	range.		

When	 the	 radiotracer	 uptake	 is	 to	 be	 quantified	 in	 the	 pelvic	 region	 continuous	

bladder	 flushing	 is	 recommended	 over	 manually	 expressing	 the	 bladder	 or	 forced	

diuresis.	
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Molecular	 imaging	 of	 small	 animals	 allows	 us	 to	 visualize	 biological	 processes	 over	

time	without	 the	 need	 to	 sacrifice	 the	 animals.	With	 the	miniaturisation	 of	 clinical	

scanners	 a	 wide	 range	 of	 imaging	 modalities	 became	 available	 for	 preclinical	

research	 such	as	anatomical	 (e.g.	CT	and	MR)	and	 functional	 imaging	 (e.g.	PET	and	

SPECT).	 In	this	project,	SPECT	and	PET	imaging	were	primarily	used.	The	reader	was	

introduced	to	molecular	imaging	and	its	applications	in	PET	and	SPECT	in	chapter	1.	

In	contrast	 to	 the	clinic	where	often	only	a	visual	assessment	 is	used	 for	diagnosis,	

quantitative	 parameters	 are	 generally	 required	 in	 preclinical	 research	 to	 test	 for	

statistically	significant	group	differences.	However,	a	lot	of	factors	have	an	influence	

on	the	quantification	in	PET	and	SPECT.	In	this	dissertation	we	looked	at	the	influence	

of	scanner	performance	(chapter	2	and	3)	and	physiological	factors.	The	investigated	

physiological	factors	are	glycemic	variables	such	as	fasting	and	stress	(chapter	4	and	

6),	body	weight	(chapter	5)	and	the	peripheral	tracer	distribution	(chapter	7).		

	

To	 assess	 the	 performance	 of	 SPECT	 scanners	 three	 commercial	 available	 scanners	

were	 compared:	 the	 U-SPECT-II,	 the	 NanoSPECT	 and	 the	 X-SPECT.	 To	 obtain	 an	

objective	comparison	the	same	standardized	experiments	were	done	on	the	different	

scanners.	 The	 different	 performance	 measures	 were	 spatial	 resolution,	 image	

uniformity,	sensitivity	and	contrast	recovery.	To	cover	a	broad	range	of	applications	

imaging	 was	 done	 in	 both	 a	 high	 resolution	 and	 a	 general	 purpose	 mode	 with	

isotopes	 of	 different	 photon	 energies:	 99mTc,	 111In	 en	 125I.	 The	 results	 indicated	

submillimeter	 resolutions	 for	 all	 three	 scanners.	 A	 new	 mouse	 IQ	 phantom	 was	

designed	 to	 confirm	 these	 submillimeter	 resolutions	 in	 a	 larger	 FOV	 by	 means	 of	

measuring	the	contrast	recovery	on	a	hot	background,	which	is	a	better	reflection	of	

the	in	vivo	reality.	Furthermore,	two	collimators	of	the	U-SPECT-II	were	compared	to	

each	 other	 using	 this	 phantom.	 The	 results	 of	 this	 comparison	 suggested	 a	 better	

resolution	 vs.	 sensitivity	 trade-off	 for	 the	 0.6	mm	 collimator	 in	 comparison	 to	 the	

0.35	mm	collimator.	
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In	 a	 second	 part	 of	 this	 doctoral	 thesis	 different	 physiological	 factors	 that	 have	 an	

influence	on	PET	quantification	were	 investigated.	This	PET	quantification	 is	usually	

obtained	by	means	of	a	semi-quantitative	measure	(e.g.	SUV)	requiring	only	a	short	

static	 scan.	 We	 investigated	 the	 influence	 of	 the	 fasting	 duration,	 the	 inter-scan	

duration	and	repetitive	scanning	on	the	variability	of	different	18F-FDG	SUV	measures	

of	 the	 rat	 brain.	 As	 18F-FDG	 is	 a	 glucose	 analogue	 it	 is	 in	 competition	 with	 the	

endogenous	 glucose	 and	 the	 blood	 glucose	 levels	 thus	 influence	 these	 SUV	

measures.	We	found	that	glucose	levels	remained	stable	when	a	fasting	duration	of	

at	 least	 12	 hours	 was	 considered	 and	 that	 the	 SUV	 values	 could	 be	 successfully	

corrected	 with	 the	 glucose	 levels	 for	 shorter	 fasting	 times.	 For	 a	 short	 inter-scan	

duration	(<24h)	between	two	scans	the	glucose	levels	were	significantly	increased	at	

the	time	of	the	second	scan.	As	a	consequence	the	SUV	measures	did	not	show	the	

expected	 increase	 on	 the	 second	 scan	 after	 a	 pharmacological	 challenge	 with	

memantine	 but	 a	 decrease.	 In	 the	 longitudinal	 experiment	 the	 glucose	 levels	 also	

increased	over	time.	Each	time	the	lower	SUV	values	could	be	corrected	by	taking	the	

glucose	levels	into	account.		

In	 these	 longitudinal	 experiments	 the	 brain	 SUV	 increased	 significantly	 at	 a	 later	

timepoint	 when	 body	 weight	 increased	 without	 any	 other	 indication	 that	 could	

explain	 this	 increase.	 To	 investigate	 the	 SUV	 dependence	 of	 the	 body	 weight	 the	

input	function,	MRglc	and	the	SUV	were	measured	in	two	groups	of	rats	with	a	low	

and	high	body	mass	respectively.	We	could	confirm	that	for	large	weight	differences	

the	SUV	(or	SUVglc)	did	not	reflect	Ki	(or	MRglc)	but	is	rather	an	error	due	to	the	SUV	

dependence	on	body	weight.	A	SUV	correction	method	was	proposed	to	reduce	this	

disproportional	body	weight	bias	 in	 the	SUV	and	 to	 correctly	 reflect	 the	Ki	 and	 the	

MRglc.	

In	 addition,	 the	 impact	 of	 the	 physiological	 factors	 was	 tested	 on	 18F-FDG	 brain	

uptake	in	a	mouse	model	of	Alzheimer’s	disease.	The	expected	hypometabolism	due	

to	 synaptic	 loss	 and	 dysfunction	 in	 Tg	mice	 could	 only	 be	 obtained	when	 the	 data	

were	 quantified	 using	 a	 glucose	 corrected	 SUV.	 Moreover,	 we	 observed	 that	 the	
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cerebellum	 could	 not	 be	 used	 as	 a	 reference	 region	 as	 the	 18F-FDG	 uptake	 in	 the	

cerebellum	was	reduced.		

Finally,	the	quantification	of	the	peripheral	tracer	distribution	was	investigated	in	an	

experiment	 where	 we	 looked	 at	 the	 influence	 of	 the	 18F-FDG	 accumulation	 in	 the	

bladder	 on	 the	 PET	 measurement	 of	 the	 colon	 uptake.	 As	 a	 result	 of	 the	 partial	

volume	effect,	spillover	of	activity	in	the	bladder	into	the	colon	was	observed	causing	

an	 overestimation	 of	 uptake	 in	 the	 colon.	 Flushing	 the	 bladder	 before	 scanning	

reduced	the	spillover	effect	and	resulted	in	an	improved	correlation	between	the	PET	

measure	and	the	colonoscopy	and	histology	readings.	
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Moleculaire	beeldvorming	van	kleine	proefdieren	laat	ons	toe	biologische	processen	

op	 te	 volgen	 in	 de	 tijd	 zonder	 hiervoor	 de	 dieren	 op	 te	 offeren.	 Door	 de	

miniaturisatie	 van	 klinische	 scanners	 is	 een	 groot	 scala	 van	

beeldvormingsmodaliteiten	 beschikbaar	 in	 het	 preklinisch	 onderzoek	 gaande	 van	

anatomische	 (bijv.	CT	en	MR)	 tot	 functionele	beeldvorming	 (bijv.	PET	en	SPECT).	 In	

dit	onderzoek	werd	voornamelijk	gebruik	gemaakt	van	PET	en	SPECT	beeldvorming.	

In	hoofdstuk	1	werd	de	lezer	geïntroduceerd	tot	de	moleculaire	beelvorming	en	zijn	

toepassingen	 in	 PET	 en	 SPECT.	 In	 tegenstelling	 tot	 de	 kliniek	 waar	 een	 kwalitatief	

beeld	 dikwijls	 volstaat	 voor	 diagnose,	 zijn	 bij	 preklinische	 onderzoeken	 vaak	

kwantitatieve	parameters	nodig	om	te	testen	voor	statistisch	significante	verschillen	

tussen	groepen.	Heel	wat	factoren	hebben	echter	een	invloed	op	de	kwantificatie	in	

PET	en	SPECT.	In	dit	proefschrift	werd	de	invloed	nagegaan	van	de	performantie	van	

de	 scanners	 (hoofdstukken	 2	 en	 3)	 en	 van	 fysiologische	 factoren.	 De	 onderzochte	

fysiologische	 factoren	 waren	 glycemische	 variabelen	 zoals	 vasten	 en	 stress	

(hoofdstuk	4	en	6),	het	lichaamsgewicht	(hoofdstuk	5)	en	de	perifere	tracerdistributie	

(hoofdstuk	7).		

	

Om	 de	 performantie	 van	 de	 SPECT	 scanners	 na	 te	 gaan	werden	 drie	 commercieel	

beschikbare	scanners	met	elkaar	vergeleken:	de	U-SPECT-II,	de	NanoSPECT	en	de	X-

SPECT.	 Een	 objectieve	 vergelijking	 werd	 bekomen	 door	 gebruik	 te	 maken	 van	

dezelfde	gestandaardiseerde	metingen	op	de	verschillende	scanners.	De	onderzochte	

performantie	parameters	waren	spatiale	resolutie,	beelduniformiteit,	sensitiviteit	en	

contrastherstel.	 Om	 een	 groter	 toepassingsgebied	 te	 testen,	 werd	 zowel	 in	 hoge	

resolutie	 als	 in	 algemene	 modus	 gemeten	 alsook	 isotopen	 met	 een	 verschillende	

fotonenergie:	 99mTc,	 111In	 en	 125I.	 De	 resultaten	 toonden	 submillimeter	 spatiale	

resoluties	aan	voor	alle	geëvalueerde	scanners.	Om	na	te	gaan	of	deze	submillimeter	

resoluties	ook	werden	behouden	in	een	groter	FOV,	werd	een	IQ	fantoom	ter	grootte	

van	 een	 muis	 ontworpen.	 Uniek	 aan	 dit	 fantoom	 is	 dat	 het	 contrastherstel	 kan	

gemeten	worden	op	een	warme	achtergrond	wat	een	betere	weerspiegeling	 is	 van	
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de	 in	 vivo	 realiteit.	 Tevens	 werden	 twee	 collimatoren	 van	 de	 U-SPECT-II	 onderling	

vergeleken	met	behulp	van	dit	fantoom.	Deze	vergelijking	toonde	aan	dat	de	0.6	mm	

collimator	een	betere	trade-off	biedt	tussen	resolutie	en	sensitiviteit	dan	de	0.35	mm	

collimator.		

In	een	tweede	deel	van	deze	thesis	werden	de	fysiologische	factoren	onderzocht	die	

een	 invloed	 hebben	 op	 de	 kwantificatie	 in	 PET.	 Voor	 deze	 PET	 kwantificatie	wordt	

gewoonlijk	een	semi-kwantitatieve	maat	(bijv.	SUV)	gebruikt	waarbij	enkel	een	korte	

statische	scan	nodig	is.	Er	werd	nagegaan	wat	de	invloed	was	van	de	vastingsduur,	de	

inter-scantijd	 en	 het	 herhaaldelijk	 scannen	op	 de	 variabiliteit	 van	 deze	 SUV	bij	 18F-

FDG	 hersenopname	 bij	 ratten.	 Omdat	 FDG	 een	 glucose	 analoog	 is,	 treedt	 het	 in	

competitie	met	endogeen	glucose	waardoor	de	glucoseniveaus	in	het	bloed	de	SUV	

waarden	beïnvloeden.	Hierbij	werd	vastgesteld	dat	glucosewaarden	stabiel	bleven	na	

12h	 vasten	 en	 de	 glucosewaarden	 de	 SUV	 kunnen	 corrigeren	 voor	 kortere	

vastingstijden.	 Een	 korte	 inter-scantijd	 (<24h)	 tussen	 twee	 opeenvolgende	 scans	

verhoogde	 de	 glucoseniveaus	 aanzienlijk	 op	 het	moment	 van	 de	 tweede	 scan.	 Dit	

had	als	gevolg	dat	de	SUV	waarden	niet	de	verwachte	toename	vertoonden	na	een	

farmacologische	challenge	met	memantine,	maar	daarentegen	eerder	een	afname	in	

SUV	 werd	 gemeten.	 In	 het	 longitudinaal	 experiment	 werd	 ook	 vastgesteld	 dat	 de	

glucoseniveaus	 daalden	 over	 de	 tijd.	 Telkens	 konden	 de	 lagere	 SUV	 waarden	

gecorrigeerd	worden	door	de	glucosewaarden	in	rekening	te	brengen.	

In	 deze	 longitudinale	 experimenten	 nam	 de	 SUV	 ook	 zonder	 andere	 verklaarbare	

reden	 toe	 bij	 een	 gewichtstoename.	Dit	werd	 onderzocht	 door	 de	 inputfunctie,	 de	

MRglc	en	de	SUV	te	bepalen	bij	twee	groepen	ratten	met	respectievelijk	een	licht	en	

zwaar	 lichaamsgewicht.	Hierbij	werd	duidelijk	dat	voor	grote	gewichtsverschillen	de	

SUV	 (of	 SUVglc)	 niet	 proportioneel	 is	 aan	 de	 Ki	 (of	 MRglc).	 Er	 werd	 een	

correctiemethode	 voorgesteld	 om	 de	 SUV/SUVglc	 beter	 te	 doen	 correleren	met	 de	

Ki/MRglc.	

De	 invloed	 van	 de	 fysiologische	 factoren	 op	 de	 18F-FDG	 hersenopname	 werd	 ook	

getest	 in	 een	muismodel	 voor	 de	 ziekte	 van	Alzheimer.	Hypometabolisme	 in	 de	 Tg	
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muizen,	 veroorzaakt	 door	 de	 een	 vermindere	 synaptische	 activiteit	 kon	 enkel	

bekomen	 worden	 met	 een	 SUV	 gecorrigeerd	 voor	 glucose.	 Bovendien	 werd	 ook	

hypometabolisme	 gezien	 in	 de	 kleine	 hersenen	 van	 Tg	muizen	waardoor	 deze	 niet	

geschikt	bleek	als	referentieregio.	

Tenslotte	 werd	 ook	 de	 kwantificatie	 van	 de	 perifere	 tracerdistributie	 onderzocht	

waarbij	werd	gekeken	naar	de	invloed	van	de	18F-FDG	accumulatie	in	de	blaas	op	de	
18F-FDG	 opname	 in	 het	 colon.	 	 Als	 gevolg	 van	 het	 partial	 volume	 effect	 werd	 er	

spillover	van	de	blaasactiviteit	in	het	colon	waargenomen	waardoor	de	opname	van	
18F-FDG	 in	 het	 colon	werd	 overschat.	 Het	 spillover	 effect	 kon	worden	 gereduceerd	

door	 de	 blaas	 te	 spoelen	 tijdens	 de	 scan	 wat	 resulteerde	 in	 een	 betere	 correlatie	

tussen	de	PET	metingen	en	de	scores	bekomen	door	colonoscopie	en	histologie.	
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