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3D Imaging

§ Traditionally:

§ Ex: FDK for CBCT
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3D	Imaging	options
§ CBCT:

§ Varian CBCT 

§ IBA CBCT (x2)

§ MedPhoton

§ Forte
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3D	Imaging	options
§ CT:

§ In	Room	

J Appl Clin Med Phys. 2017 May; 18(3): 130–136.
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3D	Imaging	future
§ MR:

§ In	Room	



Imaging	Needs:

§ Image	Quality	(registration,	contouring,	and	
dose	calculations)
§ HU or SPR Accuracy
§ Soft	tissue	Contrast

§ 4D	Motion	for	thoracic/abdominal
§ Workflow Integration



Image	Quality	Issues

§ Artifacts:	streaks,	scatter,	
beam	hardening

§ HU/RSP	conversion	(MR)
§ Geometric	Accuracy	(MR)
§ Gantry	Flex/Sag
§ Motion

M Zhu et al Med Phys 2014



CBCT	Artifacts

plan CT

CBCT



Synthetic	Imaging
§ Some	Examples:

§ Patient modeling
§ Correct	Image	Artifacts	(CBCT,	MR,	CT):

§ Scatter
§ Intensity
§ Motion
§ Geometry

§ Convert	from	type	A	to	type	B	
§ Convert	MR	to	CT/SPR
§ Multiple	MR	Sequences



Synthetic	Imaging
§ Some	Examples:

§ Patient	modeling
§ Correct	Image	Artifacts	(CBCT,	MR,	CT):
§ Convert	from	type	A	to	type	B	

àThe	analytic/synthetic	distinction	is	blurry!		
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Synthetic	Image	Methods

§ Model	(low	frequency)*
§ HU	Look	Up	Table	(LUT)^
§ Deform	CT	to	CBCT^
§ A	priori	CT	scatter	correction	*^
§ ML	Models*^
§ Iterative^

* Projection Domain; ^ Reconstruction Domain



Scatter	Model

§ Estimate	of	Scatter	based	upon	Model
§ Early	online	CBCT	devices	and	
reconstructions

§ Also,	simplified	model	(cylinder)	for	scatter
Boellaard, et al., Radiotherapy & Onc, 44, 1997, 149-157.



LUT

§ Basic	method:	Calibration
§ Mapping	of	ICBCTà ICT

§ Contour/ROI
§ CBCT	(many	studies)

§ MR	(many	studies)

Yang, et al., PMB, 52, 2007, 685-705

A. Richter, et al., Rad Onc, 3, 2008
Hu, et al., Rad Onc, 5, 2010

Korhonen, et al., Med Phys, 41(1), 2014



LUT
§ Challenge	for	CBCT	à

§ Slope	and	offset
§ Cupping

§ Histogram matching

A. Richter, et al., Rad Onc, 3, 2008

Pelvis

Thorax
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Arai, et al., Phys Medica, 33, 2017, 68-76



Deform	CT
§ Originally	proposed	for	photon	therapy

§ Investigated	for	Proton	Therapy

§ Various	Additional	Corrections:	
§ CBCT	Intensity
§ Air	Cavity	and	Patient	Contour

Landry, et al. Med Phys, 42(3), (2015), 1354-1366.
Landry, et al. PMB, 60(2), 2015, 595-613.

Zhen, et al. PMB, 57(21), (2012), 6807.
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Deform	CT

§ Clinical	Data	from	Penn

CT CBCT dCT
Veiga et. al., IJROBP, 95(1) 2016, 549-559.



Correction	Methods

§ Deform	CT
§ Challenges	when	anatomy	changes	too	much,	
especially	with	air	cavities

CT CBCT dCT
Veiga et. al., IJROBP, 95(1) 2016, 549-559.



A	priori	Method
§ Niu	et	al	(Med	Phys	2010)	
using	a	priori CT	information	
and	scatter	kernel

§ Reconstructions	with	RTK
§ Compared	to	a	uniform	
scatter	correction	model	and	
baseline	CBCT



A	priori	Method
§ Niu	et	al	(Med	Phys	2010)	
using	a	priori CT	information	
and	scatter	kernel

§ Reconstructions	with	RTK
§ Compared	to	a	uniform	
scatter	correction	model	and	
baseline	CBCT



a	priori	Method

plan CT

CBCT: Simple FDK

Uniform Corr
(~Elekta/Varian Gen 1)
a priori Corr



Dose	Comparison:	Phantoms
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§ Deform	versus	a	priori	(LMU	and	MGH)



Patient	Dose	Calculations

Kurz et al Med Phys 43(10): 5635, 2016.



A	Priori	Method
§ Limitation	was	time
§ Generally	found	to	have	HU	
accuracy	and	WEPL	accuracy	
within	2-3	mm.

§ Beam	hardening	still	needs	
addressed

§ Faster:	Machine	Learning	or	
Patient	Specific	Scatter	Kernel	



Machine	Learning

§ Use	of	ML	to	generate	relationship	
between	Image/Data	A	and	Image/Data	B.	

§ Examples:
§ MR to CT
§ CT with Artifacts to CT without
§ MR	Sequence	1	to	MR	Sequence	2



ML	for	MR	to	CT



ML	for	MR	to	CT	(Protons)



ML	for	CBCT	to	CT

*Highlighting	few	of	many	publications.	Many	groups	have	published	ML	
algorithms	for	CBCT	correction,	in	both	the	projection	and	reconstruction	domains	

Hansen et. al., Med Phys, 2018.



ML	Models

Hansen et. al., Med Phys, 2018.



ML	Models

Hansen et. al., Med Phys, 2018.



ML	Models

Lalonde et. al., PMB, 65(24), 2020.



ML	Models

Uses	the	CNN	to	generate	the	scatter	estimate	in	the	projection	space	instead	of	
the	reconstruction	domain.	

Lalonde et. al., PMB, 65(24), 2020.



ML	Models

Lalonde et. al., PMB, 65(24), 2020.



ML	Models

-Working	in	the	projection	
space	is	more	challenging	to	
integrate	into	current	
workflows.

Lalonde et. al., PMB, 65(24), 2020.



Comparisons

Thummerer et. al., PMB, 65, 2020.



Comparisons

Thummerer et. al., PMB, 65, 2020.



More	Comparisons



QA	of	Corrected	CBCT



QA	of	Corrected	CBCT



Motion?



Synthetic	Imaging	and	Motion



Synthetic	Imaging	and	Motion



Synthetic	Imaging	and	Motion



Synthetic	Imaging	and	Motion



Synthetic	Imaging	and	Motion



Thank	You!

http://gray.mgh.harvard.edu




