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Simulation



• Patient modeling / Dose 
calculation

• Target delineation
• Setup verification
• Procedure guidance
• Online adaptive 

radiotherapy
• Response assessment
• Personalized medicine 

one day?
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Rationale
• Radiation therapy is a 

localized intervention!
• 3 rules in radiation oncology



• Not meant to be exhaustive
• No endorsements implied
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Disclaimer
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Simulation



• A model of the patient’s 
geometry

• Used for planning
• 2D

ØConventional simulation
• 3D

ØCT simulation
• Markers allow for 
‘reproducible’ set up
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Simulation



• Two dimensional 
localization of the tumor

• Based on planar x-ray 
imaging

• kV energies
• Can locate the target and 
define field borders

• Going extinct in HIC’s
• Still quite common in 
LMIC’s
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Conventional Simulation
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History of X-Rays
Wilhelm Röntgen (1895)



September 16, 2025 9

History of X-Rays
Frost Brothers (1896)
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X-Ray Tube



• Silver halide grains
ØRadiographic film

• Organic monomers
ØRadiochromic film

• Photo-stimulated luminescence 
screens
ØComputed Radiography

• Matrix of a-Si with photodiodes
Ø(Indirect) Digital Radiography

• Matrix of a-Se
Ø(Direct) Digital Radiography
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X-Ray Detection
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X-Ray Imaging



• Three dimensional 
localization à 3D 
planning

• Additionally electron 
density information

• Also kV energies
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CT Simulation

𝝨!"#$%"&	~	𝑛'

𝐻𝑈	~	𝑛'



September 16, 2025 14

History of Computed Tomography
Godfrey Hounsfield (1972)
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Principles of CT



•CT sims must have flat table top (reproducibility)
•CT sims have a larger bore size
•CT sims rely on external lasers for positioning
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CT vs CT Sim



September 16, 2025 17

AAPM TG 66
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CT Simulator QA
Electromechanical Components Tests

• Lasers
• Couch
• Gantry

AAPM TG 66.
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CT Simulator QA
Image Quality Tests

AAPM TG 66.
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HU to Electron Density
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Digital Reconstructed Radiograph

•Retrospective 
reconstruction of 
volumetric CT data into 
a 2D projection

Montúfar et al. 2016.
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4D CT

•Very slow couch motion à low pitch
•Amplitude vs phase binning
•MIP/MinIP

Pan et al. 2004. Axial mode example above
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MRI Simulation
• Superior soft tissue contrast à More accurate target/OAR delineation
• Functional capabilities
• No electron density information
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History of NMR

Rabi - 1938 Bloch - 1946 Purcell - 1946 Ernst - 1964
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History of MRI

Lauterbur - 1973 Mansfield - 1977
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Principles of MRI

Spins in a magnetic fieldSpins under normal conditions

𝝎𝑳𝒂𝒓𝒎𝒐𝒓 = 	𝜸𝑩
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Principles of MRI
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Principles of MRI

k-space Image space

𝜌(𝑥, 𝑦, 𝑧) = /
()

)
/
()

)
/
()

)
𝑠(𝑘* , 𝑘+ , 𝑘,)𝑒-./(1!*21"+21#,) 𝑑𝑘*𝑑𝑘+𝑑𝑘,

𝑠(𝑘* , 𝑘+ , 𝑘,) 𝜌(𝑥, 𝑦, 𝑧)



September 16, 2025 29

MR Simulator QA

AAPM TG 284.

Annual QA (subset) Monthly QA 
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MRI Safety

Opoku et al. 2013.

• Projectile effect
• RF heating
• Peripheral nerve 

stimulation
• Metal implants
• Pacemakers
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Geometric Distortion

MRI is not geometrically precise!

Wang et al. 2005.
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Sources of Distortion
System Dependent Patient Dependent

• Field inhomogeneities
• Gradient nonlinearities

• Magnetic susceptibility
• Chemical shift

Worse at higher fields!
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Static Field Inhomogeneities

• Field inhomogeneities on the 
order of ppm

• Causes geometric distortion 
since it alters Larmor frequency 
(figure to the right)

• Causes signal dropout due to 
magnetization dephasing

• Worse further off isocenter

∆𝑥4/ =
∆𝐵5 𝑥, 𝑦, 𝑧
𝐺6'78
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Shimming

• Shimming is the process that 
homogenizes the static 
magnetic field

• Passive shimming uses sheets 
of metal or ferromagnetic 
pellets

• Active shimming uses current 
• Harmonic decomposition  

(Legendre polynomials)
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Gradient Nonlinearities

• We assume 
gradients are 
linear, but they are 
not so!

• Also, worse further 
off isocenter
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Taylor expansion of the solution to the Biot–Savart law

I = current a = coil radius s = axial position
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Magnetic Susceptibility

• Bulk property of matter 
describing a medium’s 
capacity to become 
polarized in a magnetic 
field

• Caused by the 
interaction between 
electrons and the 
magnetic field

• Inversely proportional 
to temperature 
Ø Curie’s Law

𝑀 = 	χ𝐵
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Susceptibility-Induced Distortion

Susceptibility artifact due to 
iron particles in mascara

𝐵7
89:;<:=9> = 1 + χ 𝐵7	

∆𝑥?@=	 ∆χ
𝐵7
𝐺:9A>

• Most prominent at 
interfaces with differing 
susceptibilities
Ø Air – soft tissue
Ø Bone – soft tissue
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Chemical Shift Distortion

• Different chemical 
environments à 
different precessional 
frequencies

• Water protons 
precess 224 Hz more 
rapidly than fat 
protons at 1.5 T
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Magnitude of Geometric Distortion

TG 117 under development!
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Take Home Messages

• Magnitude of distortion on the order of 1 to 2 mm but 
can be greater at clinical field strengths
Ø SRS?

• Scales with B0
Ø Less important at low field

• Air-soft tissue or bone-soft tissue interfaces
• Worse off isocenter
• Cautions against contouring directly off MRI at clinical 

field strengths
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Segmentation
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CT
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MRI
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PET
PET = Positron emission tomography

Unterrainer et al. 2020.
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History of PET

Hoffman Phelps Ter-Pogossian
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Principles of PET
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FDG

Vander Heiden et al. 2009

Warburg
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FDG-PET in Radiation Oncology
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PSMA

• Prostate specific 
membrane antigen

• Expressed on the 
surface of prostate 
cancer cells

• 68Ga or 18F
• Small molecule or 

peptide with affinity 
for PSMA is 
injected
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Other PET Tracers
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Spatial Resolution in PET

• Positrons have 
nonzero energy

• Annihilation photons 
are not emitted at 
exactly 180°

• Intrinsic resolution of 
the detectors 

Limited By:
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Image Registration
• Manual vs automatic
• 3 components:

• Transformation model
• Metric
• Optimization scheme

• Rigid vs affine vs 
deformable

• Sum-of-squares vs 
cross correlation vs 
mutual information

• Registration vs fusion
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Setup Verification
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In-Room kV Imaging Systems
• Rail-track mounted
• Ceiling-floor mounted
• Gantry mounted
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Rail-Track Mounted Systems

• Imaging gantry 
travels on rails

• Two rails vs three 
rails

• Rails provide 
motion guidance 
and stability

AAPM TG 104.
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The Rails

AAPM TG 104.
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MRI-on-Rails
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Ceiling-Floor Mounted Systems

AAPM TG 104.
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ExacTrac System
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ExacTrac IR Subsystem

Wagner et al. 2007.
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CyberKnife System

AAPM TG 104.
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CyberKnife Imaging System

AAPM TG 135.
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CyberKnife Principles

• Noncoplanar treatment
Ø Head can both move 

around the patient and 
rotate

Ø Nodes (see to the left)
• AI modeling

Ø External surrogates vs 
internal kV imaging

• Tracking

AAPM TG 135.
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Gantry Mounted Systems

• kV planar
• MV planar
• kV CBCT

Djordevic. 2007.

On-board imaging 
vs 

integrated imaging
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kV Planar Imaging

• Similar to diagnostic x-
ray scanner

• Mounted to gantry
• Offset 90° from gantry 

head
• kV-kV matching

Ø Often AP and LAT
Ø Compared to DRR’s

Sanmugam et al. 2014.

Wang et al. 2010.
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Portal Imaging (MV)

• Uses the treatment 
beam

• Historically uses film
• EPID = electronic portal 

imaging device
• Poor contrast
• Treatment beam 

verification
• Cine imaging
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Pop Quiz
Why do you have worse contrast at MV than at kV?

Li et al. 2012.
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Pop Quiz
Why do you have worse contrast at MV than at kV?

Increased importance of Compton scattering at higher energy

𝐶 =
𝑃

𝑃 + 𝑆
Photoelectric effect vs Compton scattering
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Cone Beam CT
• Cone-like geometry
• Opposed to fan-beam

Ø Table does not move 
in CBCT

• Poorer image quality
• Importance in RT

Jaffray
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CBCT in RT

Abuhaimed. 2015.

Gui et al. 2021.
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Brachytherapy Setup

Fallavollita et al. 2010.
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Surface-Guided Radiotherapy

Freislederer et al. 2020.

Utilization of optical surface scanning to reconstruct and 
register in real-time (>1 fps) the patient surface (from the 
SGRT system) to the reference surface (from CT sim)
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Cherenkov Imaging
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Procedure Guidance
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TRUS Guidance

• Transrectal ultrasound
Ø TRUS

• RT Applications
Ø LDR Seed Placement 

and planning
Ø HDR applicator 

placement
Ø Prostate gold coils
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LDR Seed Placement

Okamoto. 2021.
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Prostate Coils
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Principles of Ultrasound
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TRUS Transducers

AAPM TG 128.



September 16, 2025 80

Ultrasound QA for Brachytherapy
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Online Adaptive Radiotherapy
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Ethos

• Varian
• CT-based
• AI driven

Ø Segmentation
Ø Planning

• Must be ran on a 
Halcyon
Ø Originally made for 

LMIC’s
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Ethos Adaptive Planning
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RefleXion
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MR-Guided Radiotherapy

• Visualization of 
inter- and 
intrafractional 
changes in tumor 
and OAR’s
Ø Superior soft 

tissue contrast
• Gating
• Possibility for daily 

adaptation

Bordeau et al. 2023.
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MRIdian System
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Unity System
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Emerging Systems
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Design Differences
Raaymakers et al. 2009.

Klüter. 2019. • Field strength
• Magnet design
• Motion 

management 
functionality
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Design Differences

Ng et al. 2023.
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bSSFP
• Called True FISP 

(Trufi) by Siemens
• Continual RF pulses 

to achieve steady-
state magnetization 
dynamics

• Most efficient use of 
magnetization
Ø Fast sequences
Ø Cine mode up to 8 fps

• T2/T1 weighting

𝑆&'( 	≈  𝑘 sin 𝛼 )
()*
)+

*+,-. /+ *0,-. / ),
)+

Schleffler
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Work Flow

Placidi et al. 2020.
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MRIdian Planning
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MRIdian Gating

Fischer-Valuck et al. 2017.
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Clinical Data
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The Future of Radiotherapy?
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Can We Move Past Morphology?

• Tumor heterogeneity
Ø Not accounted for in RO

• Functional MR
Ø Cellularity
Ø Perfusion
Ø Metabolism

• Dose escalation
• Biologically-guided RT plan 

adaptation
Perrone et al. 2021
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Functional Imaging in RT

• Dose painting based off 
MR functional markers
Ø High ADC à 50 Gy
Ø Low ADC / High DCE 

à 60 Gy
Ø Low ADC / Low DCE 

à 70 GY

Naghavi
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Diffusion Weighted Imaging
• Brownian motion
• Cellularity ~ cell packing 

density à proliferation
• ADC = apparent diffusion 

coefficient
• ADC decreases with cellularity
• Edema/necrosis

Akbar et al. 2019

Einstein
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ADC Mapping in Oncology

Messina et al. 2020

CNS

H&N GI

GU
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How Do We Measure Diffusion?

We introduce diffusion-sensitizing gradients!
𝑏 = 𝛾-𝐺-𝛿- Δ −

𝛿
3
	

Bammer. 2003

Le Bihan
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ADC Mapping

𝑆 = 𝑆5𝑒(:∗<=! 𝐷 = −
1

𝑏> − 𝑏5
𝑙𝑛

𝑆>
𝑆5

Signal decreases with increasing b-value

Babsky et al. 2011
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DWI on a MRIdian

Weygand et al. 2023
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ADC Mapping
• Diffusion tensor imaging 

(DTI) allows 3D mapping of 
white matter tracts

• Models diffusion coefficient 
as a tensor

• Fractional anisotropy 
reflects the directionality of 
diffusion

• Can potentially assess 
microscopic extent of GBM 
within peritumoral edema

• λ’s are eigenvalues of 
diffusion tensor

𝐹𝐴 =
λ> − λ- - + λ- − λ? - + λ? − λ> -

2 λ>- + λ-- + λ?-
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DTI on a MRIdian
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Perfusion Imaging
• Perfusion is the passage of fluid through the circulatory or 

lymphatic system (usually referring to the delivery of blood 
to a capillary bed in tissue)

• Helps us identify vascularity characteristics of tumor tissue
• 3 MR-based techniques

T1-post DSC DCE ASL
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Dynamic Contrast Enhanced

• Gd is administered and T1 
shortening enhancement is 
quantified 
Ø T1w 3D spoiled GRE

• Gd concentration 
determined

• Ktrans quantifies capillary 
permeability which is 
increased in gliomas, brain 
mets, and MS

1
∆𝑇2

	~ 𝐺𝑑

BBB breakdown in glioma

𝑑𝐶3
𝑑𝑡 = 	𝐾

34567 𝐶8 −
𝐶3
𝑣9
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DCE In Cancer
• Useful in assessing therapeutic response

Ø Progression vs pseudo-progression
Ø Recurrence vs radionecrosis

ktrans map 10 months later
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Proton Spectroscopy

Chemical Shift (ppm) 

Si
gn

al
 In

te
ns

ity
 

de Graaf. In vivo NMR Spectroscopy. 2007.
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Metabolite Mapping

Anaplastic oligoastrocytoma

Gruber et al. 2017

Healthy brain
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31P MRSI

Santos-Díaz et al. 2020

Interrogates cellular energetics
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Intracellular pH Mapping
• Intracellular pH can be 

quantified by  measuring 
the chemical shift between 
Pi and PCr

• 0.1 ppm à .008 pH units

Korzowski et al. 2020
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2H MRSI Lactate Imaging
• Patient was orally administered 2H-enriched glucose and 2H 

MRSI was performed
• Lactate (downstream of glucose) can be imaged

De Feyter et al. 2018

Water

Glx
Lactate
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13C Hyperpolarized Imaging

Aggarwal et al. 2017
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Conclusion

• Imaging is ubiquitous is radiation oncology
• Every step in the process
• New trend: online adaptive radiotherapy
• Functional imaging may change everything!
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