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“Patients can just get off the couch and walk 
out of the room, and nobody would notice!”

John Adler, MD , about linacs ~2003



What are we trying to observe?
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Beam Monitoring



Existing Beam Monitoring Devices

• Ion chamber

• MLC controller system

• Log files

➢ Log file analysis software
• Litzenberg, Dale W., Jean M. Moran, and 

Benedick A. Fraass. "Verification of dynamic and 
segmental IMRT delivery by dynamic log file 
analysis." JACMP 3.2 (2002): 63-72.

• Teke, Tony, et al. "Monte Carlo based, 
patient‐specific RapidArc QA using Linac log 
files." Medical physics 37.1 (2010): 116-123.

• And many, many more 
papers ….



More Direct Method for Real-Time Beam Monitoring

Transmission Detector Technology

In alphabetical order:

• COMPASS

• DAVID: translucent multi-wire transmission 
chamber

• IQM

• Magic Plate

• Optical transmission

• Vanilla



COMPASS 

• 1600 vented parallel-plate ion 
chambers

• 3.1 mm water



DAVID 

• Flat, 80-wire chamber

• IMRT DQA serves as 
reference data set

• During Tx, DAVID gives 
warning if measurement 
exceeds tolerance

• ≤1 mm leaf position error



DAVID 



IQM (Integral Quality Monitoring System)

• Developed at PMH (M. Islam, D. Jaffray, et al.)

• Large area ionization chamber with gradient 
along MLC motion axis



IQM (Integral Quality Monitoring System)

• Extensive validation test of newer 
model (D. Hoffman, UCD resident)

• Impact on beam parameters small
• 1.5 mm leaf shift causes 1% change 

in 10x10 field



Magic Plate 

• Epitaxial diode technology developed at University of 
Wollongong 

• Technical and dosimetric evaluation very thorough

• No publication on patient plans yet



Optical attenuation

• Prototype detected leaf 
placement errors <0.8 
mm

• Best performance if 
compared to a gold 
standard delivery



Vanilla

• Monolithic active pixel sensor



“Patients can just get off the couch and walk 
out of the room!”

John Adler, MD , about linacs ~2003



Patient Monitoring



What are we trying to solve?
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Patient Imaging

• 2D (+time) Ionizing Imaging options
• Single kV, Fluoro
• Orthogonal kV (CK, BrainLab)
• Orthogonal kV/MV combinations
• MV beam-line

• 3D/4D Ionizing Imaging options
• kV CBCT
• MV CBCT

• 2D (+time) Non-Ionizing Imaging
• External 2D surrogate (belt, flow meter, RPM cube, CK beacons)
• Optical imaging in 3D (Vision RT, C-Rad)
• Electromagnetic (Calypso)

• 3D/4D Non-ionizing Imaging: MRI
• And various combinations of these …



The Salami Solution: treat, stop, image, repeat
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Salami Solution Early Examples

BrainLab CyberKnife



Ionizing Imaging



Fluroscopy

• Imaging dose



Orthogonal Imaging



The Principle of 2D-3D registration



Requirements for Orthogonal Imaging

• Image registration algorithm:

• Fast

• Reliable

• Feedback loop:

• Automatic Tx stop based on patient position 
tolerance

• And/or adjustment of beam to new patient 
position



Cherenkov Imaging (!!!)



Non-ionizing Imaging



Non-Ionizing Technologies

• Surface Imaging

• US imaging

• Electromagnetic imaging

• MRI

Many additional technologies since 
AAPM TG-147 provided QA guidance!



Optical Surface Imaging



Surface Imaging for Frameless SRS



Audiovisual (A/V) Biofeedback

Venkat et al (PMB 
2008)
Cui et al (JACMP 
2010)



Impact of A/V Biofeedback

Training type RMS varn in displacement 

(cm)

RMS varn in

period (s)

Free breathing 0.56 0.78

A/V 0.21 0.20

Venkat et al (PMB 2008)

Free breathing A/V



Drawback of Non-ionizing Surface Imaging

• External monitoring ONLY

• External-Internal motion correlation is 
function of phase shift 

• One possible solution …



Hybrid (i.e. non-ionizing with ionizing) 
real-time monitoring



The Salami Solution: treat, stop, image, repeat
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Synchrony – Respiratory Tracking

• Beacons on skin to get 
respiratory motion

• X-rays of tumor (using 
fiducials or soft-tissue 
tracking)

• Tumor and skin markers get 
correlated 

• Skin motion predicts tumor 
motion

• Robot follows the tumor 
motion





Can be adapted for gated treatment on linacs!

• Setup with CBCT

• Fluoroscopy for 3 breaths

• Before Tx

• After Tx

• Fiducial positions determined 
using template matching 
algorithm

• Optimize gating window

• Linear relationship between 
fiducial position and AP signa

• Average change after Tx 1.2 
mm (AP) and 0.9 mm (LR)



Non-ionizing 4D internal imaging
(Clarity, Calypso, Viewray)



Transperineal US: Clarity 



Transperineal US localization compared to CT



Electromagnetic imaging

• Langen IJROBP 2008

• Ground-breaking visualization 
of prostate motiom

• Individual variation between 
patients

• Adjustments for persistent out 
of tolerance motion



Now add in feedback loop to MLC:
Large animal treatments in 2012

• 2012 Large Animal Video from Aarhus (Per 
Poulsen). Source: Paul Keall's Youtube
channel

https://youtu.be/SZ1JM7Jf_Sw


First Patient in 2013 Followed by Clinical Trial



Technical requirements
DISCLAIMER: NOT FDA APPROVED

• A way to track tumor position

• EM tracking (Calypso) considered most accurate 
at this time

• Hybrid system will work

• An MLC which can move leaves fast enough 
(or a robot carrying your linac)

• Both TrueBeam v2 and Elekta Versa MLCs are 
capable

• User Interface 



Patient Treatment



Drawbacks of electromagnetic imaging

• Obviously: marker implant

• Cost

• Time

• Anatomical feasibility

• Long-term impact

• Interference with MRI imaging



MRI Imaging Example: Viewray

Image courtesy Viewray



Then there is MRI

• Pancreas DIBH

• Tracking during treatment

• Videos provided by Viewray

• ASTRO 2017: look for WashU presentation on 
adaptive pancreas (P. Parikh)

Videos/pancreas.mp4
Videos/Tracking .mp4


From Monitoring Beam and Monitoring Patient 
to doing both at once:

EPID In-Vivo Dosimetry


