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1.  Principles	of	Micro-Computed	X-ray	Tomography	(“micro-CT”)	
o  Scanning	Workflow	of	uCT	
o  Mechanical	Setup	
o  X-ray	ALenuaMon	
o  How	reconstrucMon	works	
o  Analysis	Workflow		

2.  SkyScan	1172	

3.  SoluMons	for	Life	Science	ApplicaMons	

4.  New	Features	in	DataViewer,	CTVox,	CTAN	

Overview	



What is tomography? 

1.	“Scan”	
A	set	of	x-ray	“projecMon”	
images	are	taken	over	a	
rotaMon	of	the	imaging	axis	of	
180	or	360	degrees	

2.	“Reconstruc/on”	
The“projecMon”	images	are	
processed	by	the	filtered	
Feldkamp	cone-beam	method	
to	create	the	stack	of	
crossecMon	slices		

3.	“Analysis	and	visualisa/on”	
The	reconstructed	crossecMon	
slices	are	processed	into	3d	
models	for	morphometric	
measurements	and	virtual	visual	
inspecMon	
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The	in	vivo	and	ex	vivo	methods	of	microCT	

In	the	“ex	vivo”	scanner	type,	
the	sample	rotates	on	a	stage	
around	a	verMcal	axis,	allowing	
angular	projecMon	images	over	
360	degrees	

In	the	“in	vivo”	scanner	type,	
the	sample	–	e.g.	a	live	mouse	
or	rat	–	lies	sMll	on	a	horizontal	
bed,	while	x-ray	source	and	
camera	rotate	around	the	
sample	bed,	
over	360	degrees	
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Micro-CT analysis pathway 
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Röntgen:		The	aLenuaMon	of	x-rays	of	wavelength	λ	is	
	

	 	 	I/I0	=	exp	(-	µ	x)		,				(1)	
	
where	I0	is	the	intensity	of	the	unaLenuated	x-ray	beam,		
											I	is	the	beam’s	intensity	aeer	traversing		
											x	thickness	of	(homogeneous)	material	(in	cm)	with		
											µ	being	the	linear	aLenuaMon	coefficient	(in	cm-1).	
	
In	terms	of	the	mass	aLenuaMon	coefficient	µ/ρ	(units	cm2/g)		
	

	 	 	I/I0	=	exp	[(-	µ/ρ)	ρ	x)]			. 	(2)	
	
In	terms	of	what	happens	in	each	thickness	element	dx	
	

	 	 	dI/I	=	-	(µ/ρ)	ρ	dx			.		 	(3)	

X-ray	aLenuaMon	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Adding	the	increments	of	the	aLenuaMon	along	the	direcMon	of	x-ray		
propagaMon	yields	the	more	general	form	
	

	 	 	I	=	I0	exp	[-	∫	µ(s)	ds] 	, 						(4)	
	
where	µ(s)	is	the	linear	absorpMon	coefficient	at	posiMon	s	along	ray	s.			
The	problem	is	assigning	the	correct	value	of	µ	to	each	posiMon	along		
this	ray	(and	along	all	the	other	rays	traversing	the	sample)	knowing		
only	the	values	of	the	line		
integral	for	the	various		
orientaMons	of	s,	i.e.,	
	
∫	µ	(s)	ds	=	ln	(I0/I)				.		(5)	
	
For	compounds	or	mixtures	
	and	wt.	fracMons	wi	
	
<µ>	=	∑	wi	(µ/ρ)i	<ρ>			.	(6) 		

Voxel	dV	

dt	
µi	 x-rays	

s	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Cartoon	of	back	projecMon	reconstrucMon	

Absorp/on	profiles	from	an	idealized	specimen.	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Back	projecMon	(2)	

First	profile	projected	 Second	profile	projected	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Back	projecMon	(3)	

Third	profile	projected	 Objects	iden/fied	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Rela/ve	error	in	thickness	measurements	from	par/al	volumes	
–	threshold	one-half	of	voxel	

Slide	courtesy	of	Dr.	Stuart	Stock,	Northwestern	University	



Reproduced	from	SR	Stock,	MicroComputed	Tomography	Methodology	
and	ApplicaMons,	In	press	2008.	©	CRC	Press/Taylor	and	Francis			

Importance of Contrast Resolution 
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X-ray	density	contrast	in	biological	
samples	

Photoelectric	absorpMon	(τ)	is	very	strongly	
dependent	on	the	atomic	number	Z	of	the	
absorbing	material.	

X-ray	density	therefore	is	
primarily	determined	by	a	
materials	elemental	
composi0on	and	the	
posiMon	of	these	
elements	in	the	periodic	
table	
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Atomic	composiMons	of	some	
biological	Mssues	

H	 C	 N	 O	 Na	 Mg	 P	 S	 Cl	 K	 Ca	

Atomic	
number	Z	

1	 6	 7	 8	 11	 12	 15	 16	 17	 19	 20	

Tissue:	percent	content	by	mass	

Fat	 11.4	 59.8	 0.7	 27.8	 0.1	 0.1	 0.1	

(Water)	 11.2	 88.8	

Blood	 10.2	 11.0	 3.3	 74.5	 0.1	 0.1	 0.2	 0.3	 0.2	

Liver	 10.2	 13.9	 3.0	 71.6	 0.3	 0.2	 0.3	 0.2	 0.3	

Brain	 10.7	 14.5	 2.2	 71.2	 0.2	 0.4	 0.2	 0.3	 0.3	

Bone	 3.4	 15.5	 4.2	 43.5	 0.1	 10.3	 0.3	 22.5	
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Four	biological	Mssues	can	be	resolved	by	x-ray	micro-
CT	due	to	natural	absorpMon	contrast	

•  Bone	
•  Lean	Mssue	
•  Fat	
•  Lung	
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However	contrast	can	be	added	by	the	use	of	contrast	
agents,	such	as	resins	containing	heavy	elements	(e.g.	

MicrofilTM)	
	



2D histomorphometry requires indirect model 
assumptions to make 3D parameter estimates 



By contrast, micro-CT morphometry of bone makes 
DIRECT MEASUREMENTS in 3D, no model assumptions 



Color-coded thickness map in cortical bone 
Haversian canals (SkyScan1172 scan) 
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1.  Principles	of	micro-computed	x-ray	tomography	(“micro-CT”)	

2.  SkyScan	1172	

o  		SpecificaMons	
o  AdapMve	Geometry	
o  Thermal	CorrecMon	
o  In	Situ	Stages	

3.  SoluMons	for	Life	Science	ApplicaMons	

4.  New	Features	in	DataViewer,	CTVox,	CTAN	

Overview	



The	SkyScan	1172	High	ResoluMon	Micro-CT		



SkyScan	1172	
Min.	voxel		size	 0.6	μm	

Max.sample	FOV*	 50		x	70	mm	

Max.	X-ray	voltage	 100	kV	

X-ray	camera	mega-pixels	 11	Mp	(4000	x	2670)	

Key	advantages	 ResoluMon,	speed	(adapMve	geometry),	
high	throughput,	versaMlity	–	wide	

range	of	applicaMons	

The	SkyScan	1172	High	ResoluMon	Micro-CT		



AdapMve	Geometry	

The	SkyScan	1172	High	ResoluMon	Micro-CT		



SkyScan	1172	/	1272	are	the	only	scanner	with	AdapMve	Geometry	

AdapMve	Geometry	

1172	/	1272	 Other	CTs	

The	SkyScan	1172	High	ResoluMon	Micro-CT		



ProjecMon	Pixel	Shie	CorrecMon	

Image	Clarity	

1.	

2.	

Object	

Movement	of	the	spot	causes	the	projecMon	image	
	to	move	and	also	to	be	stretched	

1.		Spot	movement	causes	translaMonal	
movement	of	the	projecMon	image;	

2.			Spot	movement	causes	distorMon	or	
stretching	of	the	projected	image	of	the	
object	

X-ray	spot	



Materials	TesMng	Stage	

In	Situ	Stages	
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1.  Principles	of	micro-computed	x-ray	tomography	(“micro-CT”)	

2.  SkyScan	1172	

3.  SoluMons	for	Life	Science	ApplicaMons	

o  Dental	(Teeth)	
o  Dental	(Scaffolds)	
o  Bone	
o  Bone	(Biomechanics	/	Implants)	

o  Soe	Tissue	
4.  New	Features	in	DataViewer,	CTVox,	CTAN	

	

Overview	
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OrthodonMc	analysis	of	the	mouse	mandible	

•  The	molars	can	be	automaMcally	separated	from	the	rest	of	the	
mandible	by	the	image	processing	tools	

SkyScan	1172,	6	micron	voxel	
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SeparaMon	of	molars	from	the	mandible	by	size	criteria.	Note:	periodontal	
ligament	separates	the	molars	from	mandibular	bone	

1.	CrossecMon	 2.	Binarised	whole	image	

3.	Mandible	>	molars:	remove	
smaller	part	

4.	Molars	<	mandible:	remove	
larger	part	
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•  3D	animaMon	of	separated	mandible	and	molars		
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Imaging	of	human	tooth	samples	

•  Preliminary	micro-CT	results	from	analysis	
of	MIH	(molar	incisor	hypomineralisaMon)	
tooth	samples	
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MIH	tooth	sample	1	

Hypomineralised	
regions	in	enamel	
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Hypomineralised	
regions	in	enamel	

MIH	tooth	sample	2	
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Surface	modeling	of	an	MIH	
tooth	(CTVol)	
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Enamel	crown	with	treatment	applied	

Surface	rendering	 Volume	rendering	
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Tooth	with	implant	material	
lining	the	pulp	cavity	
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EndodonMc	fillings	and	treatments	in	
pulp	cavity	

Within	the	pulp	cavity	 ConnecMng	the	pulp	cavity	with	
the	outside	
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Tooth	fragment	showing	severe	caries	
with	some	endodonMc	treatments	

BinarisaMon	and	surface	
rendering	of	the	caries	
region	
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In	research	from	Jeddah,	Saudi	Arabia,	SkyScan	CT-Analyser	soeware	tools	
allow	demineralisaMon	to	be	quanMfied	in	selected	denMne	bands	around	
the	pulp	canal:	
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EndodonMc	procedures:	before	and	aeer	

EndodonMc	research	requires	COMPARISON	of	a	root	canal	before	(gold)	
and	aeer	(blue)	a	treatment	procedure	
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SkyScan	CTAn	allows	comparison	of	before	and	aeer	datasets,	
using	custom	processing	funcMons	

Here	the	white	
mask	is	the	root	
BEFORE	the	
procedure	
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1.  Principles	of	micro-computed	x-ray	tomography	(“micro-CT”)	

2.  SkyScan	1172	

3.  SoluMons	for	Life	Science	ApplicaMons	

o  Dental	(Teeth)	
o  Dental	(Scaffolds)	
o  Bone	
o  Bone	(Biomechanics	/	Implants)	

o  Soe	Tissue	
4.  New	Features	in	DataViewer,	CTVox,	CTAN	

	

Overview	
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Dental	related	and	periodontal	reconstrucMon	
involves	the	development	of	osteoconducMve	

scaffold	materials	
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Scaffold	materials	can	be	scanned	ex	vivo,	such	as	PLA	
polymer	type	scaffolds	

Poly	LLA	 Poly	LLA	CO	CL	 Poly	LLA	CO	DXO	
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Analysis	of	scaffolds	involves	–	as	always	–	the	definiMon	and	
delineaMon	of	the	VOI	(volume	of	interest)	for	measurement	
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Auto-wrapping	or	“shrink-wrap”	of	the	VOI	around	an	irregular	
object	boundary	(SkyScan	CT-Analyser)	
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A	woven	type	scaffold	–	imaged	by	
the	SkyScan	1172		

A	PLA	CO	CL	type	scaffold	–	
imaged	by	the	SkyScan	1172		
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In	other,	calcified	scaffolds,	detailed	analysis	of	the	porosity	
is	required,	to	assess	accessibility	to	bone	cells	
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Pore	size	distribuMon	
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The analysis used here, developed by SkyScan, 
assesses how far a virtual sphere can penetrate a 
scaffold 

…to	simulate	
cell	ingrowth	
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The sphere analysis: curve displacement to right 
means the furthest access into scaffold 

More	
access	
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Porosity	analysis	applied	to	starch	
fiber	mesh	scaffold	research	
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here	
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2.  SkyScan	1172	

3.  SoluMons	for	Life	Science	ApplicaMons	
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o  Dental	(Scaffolds)	
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o  Soe	Tissue	
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Overview	





Moverare et al. showed that testosterone had its own pathway, 
its bone protective effect was not “piggy-backing” the estrogen 
pathway 



DERKO	ORX	vehicle	 DERKO	ORX	estrogen	DERKO	sham	vehicle	

WT	sham	vehicle	 WT	ORX	vehicle	 WT	ORX	DHT	

DERKO	ORX	DHT	

WT	ORX	estrogen	





Sham-op	

OVX	

Testosterone	DHT)	

Estradiol	

Estradiol	+	DHT	

Experimental protocol: 
 
Age at surgery: 12 weeks 
Group numbers (n): 7-8 
Duration of treatment: 6 
weeks 
 
•  Sham operated 
•  Ovariectomised 
•  OVX, estradiol (E2) 
•  OVX, DH testosterone (DHT) 
•  OVX, E2 + DHT 
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Imaging and analysis of bone fracture healing 

Otsu	mul/-level	thresholding	
effecMvely	delineated	the	mineralised	
callus	from	corMcal	bone.	Upper	
images:	2	weeks	post	fracture;	lower	
images,	6	weeks	post	fracture,	
showing	the	secondary	“corMcal”	bone	
forming	from	the	periphery	of	the	
callus.	

Adap/ve	segmenta/on	of	the	bone	
plus	callus.	
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While	callus	volume	and	
thickness	decreased	
monotonically	over	the	2-6	
week	post-fracture	period,	
and	the	nonmineralised	callus	
(chondrocytes)	likewise,		
	
the	architectural	parameters	
of	callus	connecMvity	and	
complexity	showed	significant	
change	only	during	4-6	weeks	
post-fracture.	



Thickness histogram is informative of 
structural change 

Fracture	callus	
remodeling	shows	a	
progression	toward	
higher	callus	structure	
thickness,	at	the	expense	
of	depleMon	of	thinner	
callus	structures.	From	
2-6	weeks	post-fracture.	



Triphosphate biomaterial scaffold, SkyScan1172 



Biomaterial implants into rabbit calvarium, SkyScan1172 



Arthritis models: assessment of the bone involvement 

Paw	with	
CIA		

Paw	with	
CIA,	treated		

Periosteal	reacMon	around	the	tarsals	is	
characterisMc	of	CIA	and	quanMfiable	



Accurate semi-automated quantication is as important 
as visualising arthritis-related pathology. 

Otsu	mulM-threshold	–	morphological	close	+	open	-	despeckle	
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Mouse	ankle,	control	 Mouse	ankle,	collagen-
induced	arthriMs	(CIA)	

Accurate	imaging	and	parameterisaMon	of	bone	disrupMon	in	arthriMs	models	



The rabbit subchondral bone:  
osteoarthritis and osteoporosis 

Control,	lee;	osteoporisis	+	osteoarthriMs,	right.	SkyScan1272,	3	um	voxel	size	
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Above: osteocyte lacunae from 
canine cortical bone, SkyScan 1172 
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Biomechanics: head-banging woodpeckers 



Micro-CT images (SkyScan1076) provide the input material 
for FEA wood-peck simulations 



Stress sequence of a wood-peck 



Metallic implants play a major role in orthopedic bone 
reconstruction and repair 









SkyScan 
1176 
scanner, 
CTVol 
software	
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Mouse	embryo	15	d,	PTA	 Mouse	brain	with	Microfil	infiltraMon	of	blood	vessels:	brain	(lee),	femur	(right)	

Paddlefish	(tetraodon)	larva,	stained	by	phosphotungsMc	acid	
(PTA)	

Contrast agents can confer contrast to soft tissue, 
opening the development of “micro-CT histology” 

Muscle,	stained	by	
phosphotungsMc	
acid	(PTA)	



PTA	–	baseline:	
calcified	carMlage	is	
visible,	but	not	non-
mineralised	carMlage	

Cartilage staining for microCT 



PTA	–	24	hours	–	
successful	carMlage	
staining	but	bone	
partly	demineralised.	



Staining	of	the	
mouse	joint	allows	
accurate	imaging	
and	quanMaMon	of	
carMlage	in	arthriMs	
models	



Lung imaging and analysis for pulmonary 
research: human lung autopsy at high 

resolution 

Cross-secMon:	2	micron	pixel	 MIP	(maximum	intensity	
projecMon)	



Lung imaging and analysis for pulmonary 
research: Mouse lung sample at high 

resolution 



Savai	R.	et.al.	2009,	Neoplasia,	11,	48-56	

QuanMficaMon	of	lung	tumour	vasculature	destrucMon	
	

Mouse	lung	tumour	(yellow)	and	lung	vasculature	(red)	
no	treatment	 AnM-VEGF	treatment	



Brain vascularization imaged by blood 
vessel contrast agent: mouse brain with 

MicroFil 



Bone vascularisation imaged by blood 
vessel contrast agent: mouse tibia and 
gastrocnemius muscle arterial structure 



Micro-CT in animal anatomy and 
developmental biology: Head of embryo of 

Amia fish 



Micro-CT in animal anatomy and 
developmental biology: Head of embryo of 

paddlefish 



Micro-CT in animal anatomy and 
developmental biology: Whole embryo of 
paddlefish (with contrast agent for soft / 

neural tissues) 
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o  Exclude	Top/BoLom	Surface	Area	

Overview	



Image	Co-RegistraMon	of	Datasets	

New	Features	in	“DataViewer”	

Possibility	to	co-
register	two	different	
dataset	in	the	3	
orthogonal	direcMons.		
	
Important	in	
comparaMve	
assessments:	Pre-	and	
Post	Treatments	



Image	Co-RegistraMon	of	Datasets	

New	Features	in	“DataViewer”	

Links	two	datasets	of	same	size	into	one	screen.	Ideal	for	changing	the	
zoom	and	visual	comparison.	



Load	MulMple	Datasets	

New	Features	in	“CTVox”	

Possibility	to	load	up	
to	10	different	
datasets	in	CTVOX.		



Thickness	CalculaMon	

New	Features	in	“CT	Analyzer”	

•  3D	thickness	and	
separaMon	calculaMon	is	
now	5-8	Mmes	faster	
than	the	previous	
versions.	

	
•  Slightly	more	acccurate	
	
•  Tb.Th	and	Tb.Sp	results	

will	be	1-2%	different	
than	in	previous	
versions	

Mapping	of	spa0ally	resolved	local	thickness	
in	3D,	illustrated	by	this	thickness-color	
image,	is	now	5-8	0mes	faster	in	CTAn.		



MulMple	ROIs	and	Add/Sub	ROIs	

New	Features	in	“CT	Analyzer”	

•  3D	thickness	and	
separaMon	calculaMon	is	
now	5-8	Mmes	faster	
than	the	previous	
versions.	

	
•  Slightly	more	acccurate	
	
•  Tb.Th	and	Tb.Sp	results	

will	be	1-2%	different	
than	in	previous	
versions	

Mul0ple	ROI	shapes	allow	both	molar	tooth	
root	canals	to	be	delineated	(above),	and	
subtrac0ve	ROI	shape	drawing	allows	a	
hollow	ROI	for	cor0cal	bone	to	be	drawn	
(below).		



CondiMonal	Mean	Filtering	

New	Features	in	“CT	Analyzer”	



CondiMonal	Mean	Filtering	

New	Features	in	“CT	Analyzer”	



CondiMonal	Mean	Filtering	

New	Features	in	“CT	Analyzer”	

Neighboring	voxels	are	smoothed	if	their	
greyscale	difference	is	less	than	a	certain	value	
(“threshold“).		



“Watershed”	SeparaMon	

New	Features	in	“CT	Analyzer”	



“Watershed”	SeparaMon	

New	Features	in	“CT	Analyzer”	



“CollecMon”	Tab	

New	Features	in	“CT	Analyzer”	

The	new,	fieh	tab	is	added	
at	the	new	first	tab	in	the	
custom	processing	page.	It	
is	Mtled	“collecMons”	and	
its	purpose	is	to	allow	the	
user	to	keep	a	list	of	
frequently	used	task	lists	
on	hand	for	quick	and	easy	
call-up.	Right-click	“edit”	
on	a	task	list	in	the	
collecMons	tab	to	load	it	to	
the	Task	list	tab	–	which	
now	moves	to	second	
place	just	to	the	right	of	
the	collecMons	tab		



“Upside	Down”	FuncMon	for	Reference	Marker	

New	Features	in	“CT	Analyzer”	

The	buLon	“Upside-Down”	
has	been	added	in	order	to	
simplify	use	of	the	
reference	level	where	the	
landmark	locaMon	is	
above,	not	below,	the	
selected	range	of	cross-
secMons	in	the	“Z”	(height)	
axis.	VOI	for	a	region	of	a	
rat	distal	femur	for	
trabecular	bone	analysis,	
and	bone	around	a	metal	
implant,	are	selected	
relaMve	to	reference	points	
above	the	analyzed	region	
(the	clear,	non-colored	
band).		



Excluding	Top	and	BoLom	Surfaces	

New	Features	in	“CT	Analyzer”	

Peripheral	object	area	
(exclude	VOI	boundaries)		
	
In	some	analyses	you	need	to	
measure	object	surface	area	
but	exclude	surfaces	that	are	
arMficially	cut	in	the	cross-
secMonal	plane	by	the	top	and	
boLom	VOI	boundaries.	An	
example	is	the	analysis	of	bone	
implant	contact	(BIC)	around	
an	orthopedic	implant	surface		
	
The	2D	slice-by-slice	analysis	
not	allows	both	intersecMon	
surface	(BIC)	and	object	
surface	to	be	measured	while	
excluding	these	arMficial	cut	
surfaces.		



THANK	YOU	
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