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Respiration signal

Breathing monitoring systems:

⚫ Marker block on chest or abdomen (RPM)

⚫ Skin surface (VisionRT, Catalyst, …)

⚫ Anzai belt with pressure sensor

⚫ Lung air flow

⚫ Only a surrogate for the actual internal motion 

⚫ Validation warranted
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Cine MV example 1: DIBH for left-sided breast

Accuracy of DIBH for breast cancer radiotherapy:

⚫ 58 left-sided patients, 15-25fx

⚫ Tangential fields

⚫ DIBH guided by RPM block

⚫ 2 mm gating window

⚫ Visual feedback

⚫ Cine-MV recorded at every 3rd fraction

⚫ Error in chest-wall position extracted

Lutz, Acta Oncol 2016



Cine MV example 1: DIBH for left-sided breast

Example of motion at one fraction

Lutz, Acta Oncol 2016

Chest wall 
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Marker 
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motion



Cine MV example 1: DIBH for left-sided breast

Another example (Pat 14, Fx 13)

Lutz, Acta Oncol 2016
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Cine MV example 1: DIBH for left-sided breast

Another example (Pat 54, Fx 17)

Lutz, Acta Oncol 2016

Chest wall 
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Marker 
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motion



Cine MV example 1: DIBH for left-sided breast

Conclusions of this study:

⚫ Occasional outliers with large error (up to 16 mm)

⚫ DIBH did not improve accuracy compared to free breathing

⚫ DIBH main advantage was increased heart-to-breast distance

Lutz, Acta Oncol 2016



Cine MV example 2: DIBH for lung IMRT

Cine MV of IMRT field Composite cine MV Contrast enhanced MV

Sky Rohrer, unpublished



Cine MV example 2: DIBH for lung IMRT

Contrast enhanced MV Tumor template from 

daily setup CBCT

2D tumor position 

relative to intention

Sky Rohrer, unpublished



Systematic cranial tumor drift during DIBH lung IMRT

First segmented field

Mean position: 3.7 mm

Last segmented field

Mean position: 4.2 mm

⚫ 7 patients

⚫ 24-33 fractions

Sky Rohrer, unpublished
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Gating level validation with kV images

• Liver SBRT

• Intrafraction Motion Review (IMR) 

• Bedos et al, Rep Prac Onc Rad 2017

• Pancreatic SBRT

• Triggered Imaging

• Vinogradskiy, IJROBP 2019

Image at exhale

Image at inhale

⚫ kV image acquired perpendicular to treatment beam at each gate-on 

⚫ Reference marker contours with margins projected onto each kV image



Gating level validation with kV images

⚫ Beam manually paused if offset threshold is exceeded

⚫ Couch position or gating window corrected if offset persisted

Site #Pts Correction 

threshold

Fractions with 

realignment

Bedos 2017 Liver 10 5 mm, stable offset N/A

Vinogradskiy 2019 Pancreas 68* 3 mm in 3 images 32%

Two studies investigating gating level validation by triggered kV imaging

*53 patients with exhale gating,15 ungated patients with compression and imaging every 20 deg gantry  
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Triggered imaging and Auto Beam Hold for prostate VMAT

#Pts #Fx Image 

interval

Realignment 

threshold

Fractions w/ 

realignment

Rosario 2018 105 1736 3s 5-6 mm in 5 images 11%

Korpics 2019 17 351 10s 3 mm in 1-2 images 20%

Cassary 2020 44 1010 15s 5 mm in 3 images 13%

⚫ kV image acquired perpendicular to treatment beam at fixed interval 

⚫ Visual inspection of automatic marker segmentation recommended

⚫ Patient realignment typically based on kV-kV image pair (2-3 min)

⚫ ~1-2 cGy imaging dose per fraction

Three studies investigating Auto Beam Hold for prostate
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MV/kV imaging (Memorial Sloan Kettering Cancer Center)

VMAT prostate SBRT with implanted markers:

⚫ kV images triggered every 20 gantry angle

⚫ Cine MV acquired continuously

⚫ 3D localization by MV-kV triangulation

Hunt, J Appl Clin Med Phys 2016



MV/kV imaging (Memorial Sloan Kettering Cancer Center)

VMAT prostate SBRT :

⚫ Gate-off and correct if >1.5mm error in two consecutive images

⚫ Used for ~600 5-fraction prostate cancer patients in 2016-2020

⚫ On average 1.2 interruptions per fraction

⚫ Prostate motion >5 mm for 10% of patients

Thank you: Laura Happerset, Pengpeng Zhang, Margie Hunt, Ping Wang, Hai Pham



MV/kV imaging (Memorial Sloan Kettering Cancer Center)

SU-F-BRC-5 (Sunday, 7/10/2022, 2-3 PM):

⚫ Q Fan et al. Tracking intrafractional motion using orthogonal MV-kV 

images in paraspinal SBRT treatment: Pilot results on clinical patients. 
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KIM (Kilovoltage Intrafraction Monitoring)

KIM:

⚫ Continuous kV imaging (5-11 Hz) during VMAT

⚫ Consider previous images in 120 angular span

⚫ Fit 3D Gaussian probability density function         

(PDF) to the observed 2D motion 

⚫ Find most likely target position along ray line

PDF

Poulsen, IJROBP 2008, PMB 2008, 2009 



Online real-time KIM

VMAT prostate SBRT application:

⚫ Northern Sydney Cancer Center and four other Australian clinics

⚫ Gate-off and correct if >3mm error in >5s

⚫ 120 prostate cancer patients (~2000 fractions)

Keall, Med Phys 2015, IJROBP 2016, 2010

Hewson, Med Phys 2019 
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Sequential stereo

VMAT spine SBRT:

⚫ VU University Medical Center, Amsterdam

⚫ Continuous kV imaging (7 Hz)

⚫ Match on spine in DRRs from planning CT

⚫ Triangulation with 2-8 previous kV images

⚫ Gate-off manually and correct (by CBCT)                                                  

if >1mm error in any direction

⚫ Sequential stereo has later been used for lung tumors and bronchial tree 

Hazelaar, IJROBP 2018 
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3D real-time motion monitoring on conventional linac

MV imaging
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COSMIK (Combined Optical and Sparse Monoscopic Imaging with KV x-rays)

COSMIK:

⚫ Continuous monitoring of external marker block

⚫ Triggered kV imaging of implanted markers                  

(every 3 sec)

⚫ Only for respiratory motion

Bertholet, PMB 2018



COSMIK workflow (liver SBRT)

Setup CBCT:

1. Extract internal 3D marker trajectory using KIM

2. Establish correlation model between external and internal motion

KIM

CBCT projections (liver SBRT)
3D marker motion

Motion correlation 

model

External motion

Bertholet, PMB 2018



COSMIK workflow (liver SBRT)

Setup CBCT:

1. Extract internal 3D marker trajectory using KIM

2. Establish correlation model between external and internal motion

During treatment delivery:

⚫ 3D internal motion estimated from the marker block position using 

correlation model (20Hz)

⚫ Correlation model updated for tumor drift by kV imaging every 3s

Bertholet, PMB 2018
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3D prostate localization with ultrasound

Ultrasound (Clarity, Elekta)

⚫ Transperineal ultrasound for                                                            

prostate or prostate bed

⚫ Gate-off and correct by CBCT if                                                                              

error exceeds threshold for >5s

⚫ No markers 

⚫ No ionizing radiation

Lee, Rad Onc J 2021



Calypso

⚫ Three implanted electromagnetic transponders

⚫ Excited and monitored by antenna (25 Hz) 

⚫ No ionizing radiation

⚫ Continuous monitoring throughout treatment session

⚫ Used in prostate, lung, pancreas, liver



Calypso-based gate-off and correct for prostate

ONE-SHOT trial (5 institutions in Switzerland):

⚫ 1 fraction

⚫ 19Gy to PTV (17Gy to urethra)

⚫ Gate-off if >3mm error

⚫ Correction was performed for 8/15 patients

⚫ Dose reconstruction showed minimal impact of prostate motion

Jaccard, Radiother Oncol 2021
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Calypso-based gate-off and correct for prostate

Exhale-gated liver SBRT (Aarhus University Hospital):

⚫ 15 patients, 3 fractions each

⚫ 7 field conformal or IMRT

⚫ Gating window: 3mm (LR,AP) and 4mm (CC) in exhale 

⚫ Remote couch corrections if exhale level drifted >2 mm

Worm IJROBP 2018



Example: Motion at one fraction

Internal motion in a patient (Patient 3, fraction 3)

CBCT Treatment 22:34 min

Worm IJROBP 2018



Example: Motion at one fraction

Internal motion in a patient (Patient 3, fraction 3)

CBCT Last field

Worm IJROBP 2018

>1 cm cranial/posterior tumor drift in 22 minutes treatment session



Example: Motion at one fraction

Motion relative to isocenter in gated treatment (pt3, fx3)

• Mean number of couch corrections per fraction: 2.8 (range 0–7)

• Mean duty cycle: 62% (range: 29-85%)

Worm IJROBP 2018



Calypso-based gating for liver SBRT

Conclusions:

• Systematic cranial drift motion in 3/15 patients

• Drift motion not visible in external marker block motion

If tracking:

• Duty cycle would be 100% and couch corrections would not be needed
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Clinical MLC tracking studies

⚫ Northern Sydney Cancer Center (Paul Keall, Jeremy Booth)

⚫ Three clinical trials so far:

1. Calypso-guided prostate VMAT

2. Calypso-guided lung VMAT SBRT

3. KIM-guided prostate VMAT SBRT

⚫ Varian Trilogy accelerator

⚫ In-house developed research MLC tracking software

⚫ Dose reconstruction with and without tracking for each fraction



Dose reconstruction examples (MLC tracking study 1)

Planned         Delivered with tracking    Without Tracking

Large motion (9 mm):

Typical motion:

Planned         Delivered with tracking    Without Tracking

Colvill IJROBP 2015



Clinical MLC tracking studies

Conclusions:

⚫ Doses were delivered accurately as planned

⚫ Efficient workflow with robust MLC tracking delivery

⚫ Margin reductions: 

⚫ Prostate: 7mm → 5mm

⚫ Lung: ITV → CTV
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Specialized accelerators for tracking

External markers

⚫ Clinical since 2002 

⚫ Robotic tracking

⚫ Stereoscopic x-rays for prostate

⚫ Hybrid x-rays/optical for 

thorax/abdomen

Cyberknife

Schweikard, Med Phys 2004



Specialized accelerators for tracking

⚫ Clinical since 2011, production stopped 

⚫ Gimbal tracking 

⚫ Hybrid stereoscopic x-rays + optical

Vero

Matsuo, Radiother Oncol 2014

Depuydt, Radiother Oncol 2014



Specialized accelerators for tracking

⚫ Clinical since 2019

⚫ Combined jaw (CC) and MLC (LR,AP) 

tracking

⚫ Monoscopic x-rays for prostate

⚫ Hybrid x-rays/optical for thorax/abdomen

Radixact (helical tomotherapy)

Schnarr, Med Phys 2018 

Chen, Med Phys 2020



Tracking or trailing?

Tumor trailing:

⚫ Adaptation to mean position rather than full respiratory motion

⚫ Corrects for baseline drift

⚫ Eliminates systematic errors, leaving only random errors (M = 2.5 + 0.7)

⚫ Less requirements than real-time tracking (mechanics, latency, prediction)

Trofimov Med Phys 2008
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Post-treatment motion-including dose reconstruction

Isocenter shift method:

⚫ Chop plan into small bits with different isocenter shifts

⚫ Replace planned MLC with actual MLC positions

⚫ Let treatment planning system do the dose calculation

⚫ Works for all dynamic treatments

Used clinically for:

⚫ All KIM guided prostate SBRT treatments

⚫ All MLC tracking treatments delivered so far

⚫ ONE-SHOT prostate SBRT trial
Poulsen MedPhys 2012



Prostate: MLC tracking versus Gate-off and correct

Simulated MLC tracking and gating (3mm, 5s threshold):

⚫ 5 patients

⚫ 20 fractions

⚫ KIM-measured motion

⚫ MLC tracking and gating                                     

performed similarly in                                               

improving prostate dose

Colvill MedPhys 2014
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DoseTracker

Software for real-time dose reconstruction:

⚫ Simple pencil beam dose calculation

⚫ Box shaped patient with water density

⚫ ….

⚫ ….but flexible and fast

⚫ Any set of calculation points

⚫ ~100ms for 20,000 calculation points in a tumor

⚫ Includes motion

Ravkilde, PMB 2014, Med Phys 2018



Real-time dose reconstruction

First online clinical application:

⚫ 7 VMAT liver SBRT patients (10 fractions)

⚫ Tumor position (COSMIK) and linac parameters streamed to DoseTracker

⚫ PTV dose reconstructed at ~9 Hz

Skouboe, Radiother Oncol 2019



Example: Dose reconstruction in a single point

Planned dose to liver tumor
(95-107% shown)

CTV
PTV

Skouboe, Radiother Oncol 2019



Example: Dose reconstruction in a single point

DoseTracker (during treatment)

CTV
PTV

TPS, isocenter shift (post-treatment)Planned dose to liver tumor
(95-107% shown)

Skouboe, Radiother Oncol 2019



Planned and delivered dose distribution

CTV
PTV

Delivered dose
(95-107% shown)

Planned dose to liver tumor
(95-107% shown)

Skouboe, Radiother Oncol 2019



Motion-induced reduction in CTV D95

RMS error in real-time calculated D95 for all 10 fractions: 1.3%-points

Eclipse TPS (retrospective)DoseTracker (real-time)

D95 = 13.4% D95 = 12.3%

Skouboe, Radiother Oncol 2019
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Real-time dose guidance

⚫ DVH is a well-established tool for dose evaluation and optimization 

Problem:

⚫ DVH of an incomplete treatment session is difficult to interpret

Possible solution:

⚫ Predict the final target dose and DVH of an ongoing treatment

⚫ Simulate alternatives that optimize the final dose of an ongoing treatment



Real-time dose guidance

Observed 

motion

Delivered 

dose 

+

Optimally 

shifted 

remaining 

dose

Delivered 

dose 

+

Remaining 

dose

Muurholm, Radiother Oncol 2021

Perform couch 

shift if it increases 

CTV D95 by X%



Real-time dose guidance simulations

⚫ 15 liver SBRT patients, three fractions each, free breathing

Simulated motion:

⚫ Sinusoidal motion with offset

⚫ Calypso-measured motion with and without baseline drift

Simulated dose-guidance scenarios:

⚫ Correct couch position if it improves predicted CTV D95 with 3, 4 or 5% 

⚫ Compare with geometric couch correction at the same time points

⚫ Dose guidance significantly improved the final CTV D95 for 11 out of 12 

combinations of motion type and trigger threshold (3,4,5%)

Muurholm, Radiother Oncol 2021



Real-time dose guided motion adaptation

⚫ Provides dose-based decision-making

⚫ The gain over geometrical guidance probably limited for a single target

⚫ Would be more relevant when compromises have to be made, e.g.:

⚫ Differential motion of multiple targets

⚫ Differential motion of target and critical organs-at-risk

⚫ On-line evaluation of motion adaptation strategy (e.g. tracking vs trailing)

Muurholm, Radiother Oncol 2021



Summary: Real-time motion adaptation

⚫ Several methods for real-time motion adaptation exist

⚫ Conventional linacs have large unexploited potential

⚫ Broader adoption requires commercial software solutions closely 

integrated with the clinical workflow

⚫ Specialized accelerators offer good (but also expensive) solutions

⚫ MR-linacs may become a driving                                                                              

force for broader adoption 

⚫ IMRT, VMAT, CBCT: Fast clinical                                                     

implementation of new technology
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