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Adaptive RT (ART)



Novalis Tx-Varian Hybrid

Hokkaido RTRT

MGH IRIS
(Steve Jiang, PhD)

US-ABC System

Linac-X-ray Hybrids – Generation III

CyberKnife

CT-on-Rails



Tomotherapy

Vero (Mitsubishi)

Mukumoto et al., Med Phys 2013;40(4):041706

Ring Gantry – Generation IV



Ruschin et al., IJROBP 2013;85(1):243-250

GammaKnife-CBCT (Frameless)



GammaKnife Icon

Frameless Optical Guidance

Frameless SRS

Hashemi et al., Med Phys 2017

CT CBCT Our Approach w Scatter Corr.



SRS – Evolution of Immobilization

• Frame-less, bite-block-less, stereotactic radiosurgery
• UCSD has an extensive experience (since 2009)

• Setup time: 5-7 min
• Treats in 15-min slot

Monte Carlo



Unity
Elekta/Phillips

MR-Linac – Generation V

MRIdian
ViewRay

My first MRI

MRgRT
Techna, U. Toronto

AuroraRT

U. Sydney



Why MRI?



Why Adapt?



MRI-Linac Systems



Elekta Unity®



Elekta Unity®

Courtesy: Dr J. Lagendijk

Concept from 1999



Elekta Unity®

Courtesy: Dr J. Lagendijk

Note that the linac is OUTSIDE of the MRI



Elekta Unity®

Courtesy: Dr J. Lagendijk



Elekta Unity®
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Elekta Unity®

• 1.5T MRI

• Low B-Field Zone at Linac Gun

• Gap Between Gradient Coils

• Cryostat With Reduced Attenuation

• 7MV Photon Mode (non-flat)

• Flattening Filter Free (FFF) Mode

• 143.5cm SAD

• 7-mm MLC at Isocenter @6cm/s

• 425 MU/min

• 6 RPM Gantry Speed

• 57.4cm(W)x22cm(L) Max. Field Size

• Collimator fixed @90

• Step-and-Shoot IMRT (no VMAT, yet)

• Real-Time 2.5D MR Imaging

• EPID Near Beam-Stop

• 1D Couch DOF, thus Virtual Couch 
Shift-Only



Elekta Unity®

University of Iowa



Elekta Unity®

Courtesy: Dr B. Raaymakers



Elekta Unity®
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Elekta Unity®

• Future Developments:

• Improved Contouring and Treatment Planning

• AI-driven

• Gating

• Requires real-time target tracking

• VMAT

• Static Delivery Mode

• and, Helical Delivery Mode?



Aurora RT®

Courtesy: Dr Gino Fallone



Aurora RT®

• Linac Energy: 6 MV
• MultiLeaf Collimator (MLC): 120 Leaves (Standard, Micro)
• MR: 0.5T
• Patient Opening (Braces): 110 cm W x 60 cm H
• Linac-MR Configuration: Aligned – Rotate Together (No ERE!)
• MR Position: Rotates 360 Degrees
• Beam-Orientation: Parallel to Magnetic Field (Minimal Dosimetric Perturbation)
• Bunker and Maze Size: Standard for Linacs (Installation Through Maze)
• MR Cryogens and Venting: None Required
• Beam Modulation: IMRT, VMAT
• Soft-tissue Imaging Rate: Four Images Per Sec
• Treatment Planning: Real-Time Adaptive



Australian MR-Linac System



ViewRay MRIdian®



ViewRay MRIdian®

Split MRI necessitates absolute 
magnetic shielding of the linac



MRIdian® @VCU



MRI

Magnet
• 0.35 T split superconducting magnet

• Minimal susceptibility & chemical artifacts as magnitude  Bo

• Pop-apart design for non-destructive rigging
• Bore size: Standard 70 cm
Gradient System
• Optimized gradient cooling

• 30 kW heat removal for prolonged real-time MRI

• Slew rate performance is equal to the slew rate for standard 1.5 T 
diagnostic MRIs: Translates to finer slices

Imaging
• True FISP sequence for 3D imaging, used in planning & ART
• T1w, T2w, DWI/ADC imaging all possible 
• 8 frames/sec real time 2D imaging, one plane (e.g., sagittal)
• 19x lower SAR than 1.5T



True FISP 3D for Planning



True FISP 2D for Tracking



Head To Head



Head To Head

Unity 1.5T Philips 1.5T ViewRay 0.35T



Linear Accelerator

Design
• 6 MV FFF, S-Band
• Triode electron gun designed for low latency beam gating 
• Proprietary magnetic and RF-shielding design 
• 90 cm SAD (vs 143.5 cm Unity)
• Double-stack, double-focused, 138-leaf MLC

• Effective leaf width of 0.415 cm @90cm SAD
• 4 cm/sec speed, for step-shoot IMRT
• Thus, no secondary jaws

• 27.4 cm x 24.1 cm maximum field size
• May be limited for whole breast IMRT

• 2 mm x 4 mm minimum field size
Performance
• >600 cGy/min dose rate @isocenter
• 0.5 mm radius isocenter accuracy



High-Speed MLC

• Double-stack, double-focused
• 4.15 mm effective width



High-Speed MLC



SmartTARGET



SmartTARGET



Patient Feedback Display

In-Bore Patient Mirror

Patient View of Real-Time Tracking

AudioVisual Feedback

• Ideal for breathhold techniqiue(s) – Eliminates ITV!



On-Line ART Workflow?

• Image Quality
• Tumor & Soft Tissue Contrast

• Imaging Artifacts

• Plan Quality
• Contouring

• Electron Density

• Optimization

• QA/QC

• Other Factors
• Time/Process Management

• Decision Making Process

• Staff Training & Coordination



TG100 – Process Map @VCU

Courtesy: Dr M. Behzadipour



Failure Modes and Effects Analysis 
(FMEA)

• Identification of High-Risk Failure Modes (FM)  

• A total of 279 failure modes were identified

• 52 failure modes were identified as the top 20% based on their RPNs

• 30 were classified as high-risk failure modes, 55 were classified as medium-risk 
failure modes, and the remaining failure modes were categorized as low-risk.

• A table was formed showcasing the list of failure modes and their causes and 
effects

• From this optimal workflow, we extended our analysis to include TDABC 

Courtesy: Dr M. Behzadipour



Time Driven Activity Based 
Costing (TDABC)

• CCR calculation

• Equipment and space annual costs 
were calculated based on sales prices 
and construction costs

• Total annual working hours for each 
resource type were obtained

• CCRs were calculated by dividing the 
annual costs by their annual 
availability in minutes [$/min]

Courtesy: Dr M. Behzadipour



Time Driven Activity Based 
Costing (TDABC)

• Comparative Cost Analysis of MRgRT vs CTgRT

• The total personnel costs for five-fraction SBRT treatment 
with MRgRT and CTgRT are $4,678.13 and $2,770.13, 
respectively

• The total equipment and space costs for MRgRT are 
$4,471.15 and $199.04, respectively

• The total costs for five-fraction SBRT MRgRT and CTgRT are 
$9,348.32 and $4,188.95, respectively

Courtesy: Dr M. Behzadipour



QA & Dosimetry



Radiation Inside MRI?

Tristan et al., Phys Med Biol 2013;58:5917-

Raaijmakers et al., Phys Med Biol 2008;53:909-

X-Ray

Bo

B

Electron Return Effect

(ERE)

Lorentz Force



Lorentz Force

• Affects:

• Magnetron/Klystron

• Electron Gun

• Linear Accelerator

• Current-Carrying Cables

• Detectors

• Patients



Lorentz Force

• At 1.5T:
• dmax Decreases by 5 mm

• Penumbra Increases by 1 mm

• 50% Isodose Shifts Laterally by 1 mm

• Can be Mitigated by:
• Using Lower Magnetic Field Strength

• Using Multiple Fields

• Model Magnetic Fields in Plan Optimization and 
Dose Calculations

• Aim Beam Parallel to the Magnetic Field



Lorentz Force



B - OFF B - ON
B-On

6 MeV

Monoenergetic

Lorentz Force



Lorenz force

Electron Return Effect (ERE)



*Exit dose can be reduced with bolus!

Electron Return Effect (ERE)



Reference Dosimetry

• Corrections Can be Upwards of 4% in Perpendicular Directions

• Corrections are Small (<1%) in Parallel Direction



Reference Dosimetry



Small Field Dosimetry

• We initially measured the Field Output 
Factor (FOF) with the following detectors: 

• W2 - Standard Imaging

• Edge - Sun Nuclear

• microDiamond - PTW

• What correction factors to use?

Courtesy: Mateb Al Khalifa



Small Field Dosimetry

• TRS483!

Courtesy: Mateb Al Khalifa



Small Field Dosimetry

1. What about B0?

2. What about the new double-stack/dual-
focused design of MRIdian’s MLC?

3. What about the linac geometry?

Courtesy: Mateb Al Khalifa

TRS483 cannot be applied to MR-linacs!



ALL Commercially-Available MR-
Compatible Detectors

Reference detectors:

1. Model 10 Scintillator – Blue Physics

2. HS-RP200 Scintillator – medscint

3. Exradin W2 Scintillator System - Standard Imaging

4. Gafchromic EBT3 Film

5. Gafchromic EBT4 Film

Detectors with correction factors needed!

1. Exradin A1SLMR Ion Chamber, 0.053cc – Standard Imaging

2. Exradin A26MR Ion Chamber – Standard Imaging

3. Exradin A28MR Ion Chamber, 0.125cc – Standard Imaging

4. Razor Chamber – iba

5. Nano Razor Chamber – iba

6. EDGE DetectorTM – Sun Nuclear

7. microDiamond – PTW

8. TW60023 – microSilicon – PTW

9. TW31025 – PinPoint 3D MR Chamber 0.016 cc – PTW

10. TW60022 – microSilicon X – PTW

11. TW31022 – PinPoint 3D Chamber 0.016 cc – PTW

12. Semiflex 3D MR Ion Chamber – PTW

Courtesy: Mateb Al Khalifa



Field Output Factors

Differences of FOF compared to VR TPS (MC) 
SAD=90cm, d=5cm (SSD=85cm), and MU=100

Smallest
Diff

Largest
Diff

% diff % diff % diff % diff % diff % diff % diff % diff % diff % diff % diff % diff % diff % diff

0.2 x 0.415 -8.97% -19.97% -21.29% -21.36% -22.70% -23.05% -23.19% -25.56% -28.46% -37.13% -40.28% -44.42% -53.08% -63.77%

0.42 -7.73% -18.10% -11.50% -7.75% -12.20% -10.38% -11.93% -13.34% -15.14% -19.23% -24.62% -24.86% -33.72% -48.26%

0.83 -0.20% -4.27% -0.09% 1.39% -2.39% 1.50% -2.35% -3.97% -3.96% -6.02% -8.05% -6.75% -13.14% -24.62%

1.66 0.42% 1.30% 0.60% 0.30% -1.12% 1.60% 0.44% -0.25% -1.79% -0.85% -1.39% -0.38% -1.11% -2.79%

2.49 -0.33% 0.26% -0.40% -1.08% -1.55% 0.36% 0.04% -0.48% -1.38% -0.75% -1.05% -0.32% -0.68% -0.96%

3.32 -0.17% 0.29% -0.27% -0.95% -1.37% 0.35% 0.06% -0.22% 0.06% -0.25% -0.68% -0.32% -0.49% -0.58%

6.64 -0.21% -0.18% -0.25% -0.53% -0.71% 0.14% -0.01% -0.29% 0.38% -0.01% 0.11% -0.23% -0.29% -0.22%

8.30 -0.10% -0.26% 0.13% -0.06% -0.20% 0.21% -0.02% 0.08% 0.42% 0.18% -0.09% -0.07% -0.03% -0.01%

9.96 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

FS (cm
2
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Field Output Factors
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Field Output Factors
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MR Safety

• MR Safety is a New Paradigm for RT Staff

• Resources:
• ACR Guidance Documentation on MR Safe Practices, 2013

• ISMRM Reports

• Online Safety Modules

• Safety Courses

• Hospital Policies - Typically from Radiology



Staffing

• ISMRM Safety Committee:
• MR Medical Director

• Ultimate Operational Responsibility
• Oversees Investigation During Adverse Events

• MR Safety Officer
• Responsible for Enforcing Policies/Procedures
• Develop Documentation

• MR Expert
• Serve as a Resource for Medical Director & Safety Officer
• Provides High-Level Advice on Engineering, Scientific, and 

Administrative Issues
• Provides Advice on MR Protocols



Staffing

• ACR Guidance:
• Non-MR Personnel

• Those Not Having a Formal Training in MR Safety in the Last 12 
Months

• Should be Accompanied By or Under the Immediate Supervision of 
and in Visual/Verbal Contact With a Level 2 Personnel for the 
Entirety of Their Duration in Zone 3 & 4

• Level 1 Personnel
• Those Passing Minimal Safety Educational Efforts and Working 

Within Zone 3
• Permitted to Work Within Zone 3 & 4 But Not Responsible for Non-

MR Personnel in Zone 4

• Level 2 Personnel
• Those With Extensive Training and Education in Broad Aspects of 

MR Safety
• Responsible for Supervision of Non-MR Personnel in Zone 4



Staffing

• All Personnel Working in Radiation Oncology Will 
Have Basic MR Safety Training
• Facility/Maintenance Staff
• Housekeeping

• Radiation Oncology Staff is to Have In-Depth Lectures 
& Annual Proficiency Exam
• Physicians, Physicists, Dosimetrists, Therapists, Nurses, 

and CSRs

• Staff to Work in Zones 3 & 4 Need to Complete:
• 80 Hours of Accompaniment With Trained Staff
• Demonstrate Proficiency Performing Screening of 

Patients, Non-MR Personnel, Etc.



Screening Form

• Expansive List of Possible Implants, Devices, 
Markers, Etc.

• Any Biological Conditions to Consider 
Including Piercing/Tattoos, Adverse Effects of 
Contrast, Claustrophobia, Etc.

• Documentation of Specific Scanning 
Guidelines

• Checklist

• Re-screening for Each Treatment



Screening Form



Instill Safety Culture

1) Safety Culture

2) Education & Hands-On Training

3) Policies & Procedures



ACR Guidelines for Safety Zones

• Zone I
• Includes All Areas Accessible to the General Public

• Zone II
• Interface Between Zone 1 & Zones 3-4, Accessible by 

Patients

• Zone III
• Restricted Access to MR Personnel, Non-MR 

Personnel, and Post-Screened People

• Zone IV
• Inside MRI Scanner Room



ACR Guidelines for Safety Zones

• Zone I

• Zone II

• Zone III

• Zone IV



VCU Footprint 2022-

Zone IV

Zone III

Zone III Zone II

Zone I



Summary

• MR-linacs are a reality now

• 4 major design platforms available, 3 are US FDA-
approved, and all 4 have begun patient treatments

• On-line ART workflow is evolving

• On-line target tracking & gating possible, no ITV!

• AI will drive adoption & future workflow designs

• Careful planning, dosimetry, QA, and adoption of 
new technologies are essential – Need for Medical 
Physicists & training requirements will rise


