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A brief history of IGRT

- Radiographic imaging used since the beginning of RT but
almost exclusively for treatment planning rather than
setup verification

- Radiographic verification performed by means of film-
screen systems up to 20 years ago



A brief history of IGRT

- Radiographic centering/verification used in specialized
techniques such as SRS (stereotactic radiosurgery)

Colombo F, Francescon P, Cora S, Cavedon C, Terrin G.
«A simple method to verify in vivo the accuracy of target
coordinates in linear accelerator radiosurgery.» Int J Radiat
Oncol Biol Phys. 1998 Jul 1;41(4):951-4



A brief history of IGRT

- Portal imaging first performed by means of film systems

- Electronic Portal Imaging Device (EPID): the real
breakthrough in IGRT

- EPID introduced in late 1980s, along with the diffusion of
multi-port techniques (from multiple gantry angles to arc
therapy)

- Main purpose: verifying that each radiation port is being
delivered as intended (localization = pre-treatment –
verification = during delivery - documentation)

- Secondary purpose: pre-treatment and/or in-vivo dosimetric
verification

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 



A brief history of IGRT

detector

MV x-ray beam

Flat-panel detector rotates with gantry and stays aligned 
and perpendicular to beam axis with each beam direction



EPID: evolution of technology

- 1) Optical systems

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 

- Camera-based EPIDs introduced first

- Some devices still in clinical use

- Metal plate (1-1.5 mm copper) + 
phosphor screen (gadolinium 
oxysulfide Gd2O2S:Tb)

- Metal plate converts x-rays into high-
energy electrons and attenuates low-
energy scattered radiation

- Phosphor screen converts (a fraction 
of) high-energy electrons into light

- ～1% of x-rays generate light – ～
0.1% of light generates signal



EPID: evolution of technology

- 1) Optical systems

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 

Advantages:

- Easily produced to cover large areas

- Relatively simple to assemble from available components => wide 
diffusion 

Disadvantages:

- Very low efficiency (max reported DQE with CCD camera ～1%)

- Possibly subject to image distortion

- “Bulky” devices – sometimes limiting clinical operation



EPID: evolution of technology

- 2) Scanning matrix ionization chamber

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 

- Liquid ionization chamber

- 256x256 electrodes (wires)  
perpendicular to each other – 
32.5x32.5 cm2

- Fast switching of HV through 
electrodes (e.g. 5 ms per electrode – 
total scan time ～1.5 s)

- Fast and compact

- Requires higher dose compared to 
optical systems

- Max DQE ～0.5%



EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 

- Most widely used system 
in modern radiotherapy 
LINACs

- X-ray converter

- Pixelated array

- Electronic readout system

- Controlling computer

- Indirect conversion: x-rays => light => electron-hole pairs

- DQE (slightly) higher than optical systems – light conversion much higher



EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)

LE Antonuk, “Electronic portal imaging devices: a review and historical perspective of contemporary 
technologies and research.” Phys. Med. Biol. 47 (2002) R31–R65 

- Side view (single pixel)

- Pixel photodiode: generally from 
amorphous silicon (a-Si) thin-film 
transistors (TFTs)

- (a) Monolitic phosphor screen – most 
used solution for portal imaging today 
- subject to light diffusion (blurring)

- (b) Columnar CsI(Tl) converter - limits 
the lateral spread of light => better 
spatial resolution – used in diagnostic 
applications rather than EPIDs



- columnar CsI(Tl) converter – electron
microscope images

- signal transmitted through total internal
reflection (optical fibers)

- single crystal diameter～5-10 mm

EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)



EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)

- Schematics of phosphor+TFT architecture

- Typical figures of state-of-the art devices:

- Active area > 40x40 cm2

- Pixel matrix up to > 1200x1200
- Pixel size 340-680 µm
- A/D conversion 16 bit
- MTF50 (slit) 0.3 to 0.6 mm-1 
- Frame rate up to 25 fps
- Dose rate tolerance up to 7000 

MU/min
- Excellent linearity in dosimetric 

applications (～0.5%)



EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)
Advantages:

- Compact design, very large area arrays
- Good image quality
- Real-time digital imaging, high frame rates possible (fluoroscopic 

imaging)
- Excellent linearity for dosimetric applications (e.g. pre-treatment and 

transit dosimetry)
- Good resistance to radiation damage (up to 104 Gy per year)

Disadvantages:

- Indirect conversion - potentially less accurate from the standpoint of 
spatial resolution compared to direct conversion

- DQE still limited compared to applications in diagnostic imaging
- Remember inherent limitations: high-energy x-rays / “large” focal spot



EPID: evolution of technology

- 3) Active matrix flat-panel imager EPIDs (AMFPI)

J Rottmann et al., “A novel EPID design for enhanced contrast and detective quantum efficiency.” 
Phys. Med. Biol. 61 (2016) 6297–6306

- Other research include dual-energy devices, spectral 
imaging, further increase of the DQE through stacked 
arrays, and increase of spatial resolution 

- Direct conversion is also investigated (e.g. using a-Se detectors); in principle, higher 
detection efficiency



Examples – EPID images

- Comparison between MV image (left) and DRR (right) – 
standard EPID and beam (6 MV)



Examples – EPID images

- Comparison between low energy MV image (left) and standard 
6 MV beam (right)



kV imaging – Cone Beam CT (CBCT)

- Developed in late 1990s and clinically used since early 2000s

- Introduced to overcome limitations of MV imaging
- Focal spot size
- Inherent contrast due to x-ray energy

- X-ray system mechanically joint to gantry
- Geometry easily related to isocenter-based frame of reference
- Possibility to acquire projections from different angles and 

reconstruct a 3D volume (CBCT)

- CBCT: 3D volume => 3D image registration to planning CT => 
development of IGRT

- (CBCT may be done with both kV and MV beam)



kV imaging – Cone Beam CT (CBCT)

detector
x-ray source

- kV X-ray system mounted at 90°with 
respect to MV beam axis

- Planar (projective) imaging from 
selected directions: usually AP-LL for 
setup verification – DRR comparison –
treatment ports can be simulated

- Rotational acquisition: 180÷360° in 
20-60 s

- 3D reconstr. => registration to CT

- Possibility to tag projections with time 
reference and correlate to phase within 
the respiratory cycle => 4D CBCT



kV imaging and Cone Beam CT (CBCT)



MV imaging – Cone Beam CT (CBCT)

- CBCT can be reconstructed from MV beams
- Lowered-energy source for tomographic MV imaging
- Better behavior with high-Z implants compared to kV imaging



kV imaging – Cone Beam CT (CBCT)

- X-ray generator: typically 40-140 kV – 10-600 mA

- Detector technology: phosphor + a-Si

- Pixel matrix: up to 2048 x 1536 (～190 µm)

- Frame rate: up to 15-25 fps

- Source spot: 0.4 mm – 1.0 mm

- MTF @1lp/mm ～50%

- DQE(0): typically > 50%



kV imaging – Cone Beam CT (CBCT)



4D-CBCT: a description of breathing motion

- 4D CBCT describes the 
reconstruction of multiple CBCT 
volumes at different phases in the 
respiratory cycle

- Typically, 10 different CBCT volumes 
at different phases are generated

- The breathing signal from the gating 
system is separated in N equally long 
phase bins (phase binning)

- Each kV image is sorted into a bin 
representing the breathing phase at 
the time the image was acquired.

- In 4D CBCT, rotation speed is reduced 
and frame rate increased so that to 
acquire sufficient information from 
each direction (scan time ～2 min, 
higher dose)



kV imaging – Cone Beam CT (CBCT)

- 6 DOF => couch correction (fully possible only if couch allows 6 
DOF to be adjusted)

- Previously make a decision on how to handle couch angles if 
only translations are available



- Recent (2023) guidance on the use of EPIDs for transit- and non-
transit dosimetry

- Few indications on (geometric) setup verification

- PSQA from the dosimetric standpoint includes information on 
geometrical accuracy (not the topic of this lesson)



QA – kV and MV imaging

et al.

Med. Phys. 36 (9), September 2009



QA – kV and MV imaging



QA – kV and MV imaging



QA – kV and MV imaging





Dose due to IGRT procedures

- Dose due to imaging in RT applications traditionally ignored 
before the wide diffusion of IGRT

- Daily imaging has become very frequent => growing concern 
on dose issues

Physica Medica 31 (2015) 647e658

et al.

Med. Phys. 34 (10), October 2007

Med. Phys. 45 (5), May 2018

et al.



(2018)

Key points

- Imaging dose may result in excessive dose to sensitive 
organs and potentially increase the chance of secondary 
cancers

- Typical doses, methods of calculation, measurement and 
management for

- MV-EPI • kV DR • MV-CT • MV-CBCT • kV-CBCT

- Threshold 5% of prescription dose for consideration in 
treatment planning (but ALARA principle to be observed!)

- Medical physicists should make Radiation Oncologists 
aware of imaging dose



(2018)

- TG 180 recommends use of absorbed dose to medium rather 
than the effective dose used in TG 75

- Updated evaluation because of technological evolution and 
more frequent use of imaging (e.g. planar imaging in 
stereoscopic systems – CyberKnife and ExacTrac)

- Distinguishes between kV and MV imaging also for the 
different dose distributions (e.g. more uniform with MV – 
more dose to bone structures with kV)



(2018)

- MV-EPI
- Lower energy (2-3 MV) gives ～50% dose compared to 6 MV
- Typically 1-5 cGy per projection



(2018)

- kV digital radiography (planar)

- Typically on the order of 0.1 cGy per projection pair in the head, 
thorax and pelvis

- Dose much lower compared to CBCT, but multiple expositions 
(>80 per fraction in a 1-5 fraction tmt) may occur in special 
techniques (e.g. Accuray CK, BrainLab ExacTrac)



(2018)

- MV-CT and MV-CBCT

- Reduced angle (typically 
200°)

- Reduced energy (2-3 MV) 
improves dose sparing

- 2-5 MU head and neck – up to 
15 MU abdomen



(2018)

- kV-CBCT

- Typical dose due to CBCT: 1-10 cGy soft tissue – 5-30 cGy bones
- In recent systems, dose reduced by

- limited angle
- better reconstruction techniques
- low beam energies
- better software implementation 



US image guidance

- Prostate RT application



o MRI allows excellent visualization of soft tissues
o MRI guidance in RT expected to increase
o active motion management:

o gating based on real-time MRI (single plane – volumetric)
o MLC tracking?

MRI-linac hybrid systems



o gating feasibility has been 
demonstrated and implemented in 
clinical systems

o target position can be tracked in 
real time 

o single or multiple sagittal planes or 
allowable boundaries defined on a 
3D volume (called "gating by 
exception")

MRI-linac hybrid systems

sagittal plane
8 fps

sagittal plane
4 fps - gating



o MLC tracking on MRI-linacs

o technically possible, research ongoing
o latency time of MLC (≃ 20 ms) << latency of MRI sampling (≃ 200÷400 ms)
o uncertainty dominated my imaging factors

MRI-linac hybrid systems

Glitzner M, Woodhead PL, Borman PTS, Lagendijk JJW, Raaymakers BW. Technical note: MLC-tracking performance on the 
Elekta unity MRI-linac. Phys Med Biol. 2019 Aug 1;64(15):15NT02. doi: 10.1088/1361-6560/ab2667. PMID: 31158831.

target vs. tracking position
4 fps

target vs. tracking position
8 fps



o MRI-guided radiotherapy

• EM compatibility + micro-dosimetric perturbations

• effects on beam generation and dose deposition

• need for specific instrumentation / characterization

I Meijsing et al, Dosimetry for the MRI accelerator:
the impact of a magnetic field on the response of
a Farmer NE2571 ionization chamber. 2009 Phys.
Med. Biol. 54 2993

E = 1 MeV

E = 6 MeV

Hybrid machines: imaging/therapy



- Effect of the magnetic field on secondary electrons:
- electron focusing effect (EFE) in perpendicular configuration (most common)
- electron return effect (ERE) in parallel configuration

Hybrid machines: imaging/therapy



Hybrid machines: imaging/therapy



o MRI-guided radiotherapy: dosimetric issues

• possible solutions:

• accurate characterization of IC / specific formalism

• specifically designed equipment

• radiochromic film dosimetry

• diode systems

• polymer-gel dosimetry

• Čerenkov emission- or luminescence-based systems

Hybrid machines: imaging/therapy



o MRI-guided radiotherapy: dosimetric issues

• polymer gel dosimetry

• polymerization of gel in response to radiation can be measured with an MRI
scanner (change in spin-spin relaxation rates)

• favourable characteristics for MR-IGRT

Y Roed et al, The potential of polymer gel dosimeters for 3D MR-IGRT quality assurance.  2017 J. Phys.: Conf. Ser. 847 012059

Hybrid machines: imaging/therapy



o MRI-guided radiotherapy: dosimetric issues

• demonstrated ability to measure simple, relative 3D dose distributions

• potential in QA of geometrically complex dose distributions (e.g. in patient-specific QA)

Y Roed et al, The potential of polymer gel dosimeters for 3D MR-IGRT quality assurance.  2017 J. Phys.: Conf. Ser. 847 
012059
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9th International Conference on 3D Radiation Dosimetry   IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 847 (2017) 012059  doi :10.1088/1742-6596/847/1/012059

 
 
 
 
 
 

GafchromicTM EBT3 film of the cross-plane profile of the 10x10 cm2 field from the MR-Linac, under 
the same conditions. 

The directions of the X-ray beam, the magnetic field and the line profile are described in the 
International Electrotechnical Commission gantry coordinate system, which rotates with the gantry. In 
this case, the beam is always directed toward –Zg, the magnetic field lines appear to be pointing parallel 
to the +Yg axis while the MR scans have been performed parallel to the Xg axis. 
 
3.  Results 
The penumbra regions of the radiation field were clearly visible in all dosimeters. The application of the 
Savitzky-Golay filter to the averaged line profiles smoothed the data. The line profiles across the 
penumbra regions showed the distinct shape of the beam profile arising from the influence of the Lorentz 
force on secondary electrons in the presence of the magnetic field. The Lorentz force preferentially 
directs secondary electrons in the +Xg direction when the magnetic field lines point in the +Yg direction 
and the gantry is at 0 degree with the X-ray beam in the –Zg direction. The field edge corresponding to 
the –Xg of the radiation field appeared more rounded. The absence of quasi-electronic equilibrium in 
the –Xg penumbra of the radiation field prevented replacement of the electrons that were swept from the 
penumbra region into the field. On the +Xg side of the field, however, a sharper penumbra appeared as 
secondary electrons were deflected out of the radiation field while a quasi-electronic equilibrium present 
inside the field replaced electrons generated in the penumbra region. 
 

  
 
Figure 2. Averaged (circles) and smoothed (solid line) line profiles measured when irradiated with the MR-
Linac (a) and with the Versa HD™ and electromagnet (b); film measurements of the cross-plane profile (dashed 
line) from the MR-Linac are shown for comparison. 

 
The averaged (circles) and smoothed (solid line) line profiles across the penumbra region 

measured with the MR-Linac are shown in Figure 2 a. Due to their size the dosimeters did not cover the 
full radiation field and the field size (the distance between inflection points) was not demonstrated with 
this setup. The two transition regions from outside to fully inside the radiation field were visualized on 
R2 gray scale maps Line profiles across the regions indicated the distinct shape of the field edges in the 
presence of the magnetic field and agreed well with the cross-plane film profile (dashed line). The fall-
off of the right field edge (+Xg) appeared steeper than the fall-off on the left (-Xg). The 80/20 penumbra 
regions are indicated by shading in Figure 2 a. The penumbra width on the right was determined to be 
11.3 mm on the right and 8.2 mm on the left. 

The collimated 4x4 cm2 radiation field was fully captured inside the sensitive volume of the 
dosimeters when using the electromagnet in combination with the Versa HD™ linear accelerator as seen 
in Figure 2 b. However, the tails of both field edges fell outside the sensitive volume. Although the 
Savitzky-Golay filter smoothed the data, some fluctuations remained. The distinct shape of the beam 
profile due to the presence of the magnetic field was evident. The transition regions on R2 gray scale 
maps appeared to be very similar in width. Calculations confirmed this observation: the penumbra on 

Hybrid machines: imaging/therapy



o MRI-guided radiotherapy: dosimetric issues

• Čerenkov imaging in QA of MR-guided RT

• light intensity correlates to dose

• proved for monoenergetic beams in homogenous phantoms – challenging in
clinical systems

JM Andreozzi et al, Remote Cherenkov imaging-based quality assurance of a magnetic resonance image-guided radiotherapy system. Med. Phys. 
45 (6), June 2018, 2647-13.

x-ray beam

CCD camera

(water) phantom

“black box” room-setup or methods 
to compensate for room lighting

Hybrid machines: imaging/therapy



o Čerenkov imaging - MR-IGRT

• ability to measure complex dose
distributions recently proved

JM Andreozzi et al, Remote Cherenkov imaging-based quality assurance of a magnetic resonance image-guided radiotherapy system. Med. Phys. 
45 (6), June 2018, 2647-13.

Hybrid machines: imaging/therapy



thank you for your attention


