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Objectives

• Provide an overview of the main issues 
related to the commissioning of 
IMRT/VMAT techniques.

• Offer guidelines for safe and accurate 
implementation of IMRT/VMAT  in 
clinical routine.

• To discuss  the strategies and QA 
necessary to avoid the potential pitfalls 
affecting the dose delivery

2



World Health Organization 2008
The accuracy of dose calculation and 

delivery is paramount for safe and 
effective RT treatments.

Commissioning of a new irradiation
techniques such as IMRT must ensure
that: 

• The delivery system meets the 
accuracy/precision requirements for 
their clinical implementation
(ATP/QA)

• Radiation beams and machine 
parameters are adequately modeled
in the TPS and properly validated.

Opening statement

Reference : Radiotherapy risk profile. Technical manual. Geneva, 
Switzerland. WHO Publishing 2008

Radiotherapy incidents (1976-2007) by the stages of the process



Commissioning of Intensity modulation is complicated !

Compared to conventional RT:

Higher dimensionality (4D vs 3D)

Demand for higher

dosimetric/geometric accuracy

(small field sizes, MLC 

transmission, dosimetric leaf

gap…)

Increased DOF/plan complexity

(leaves move, variable dose 

rates/gantry speed)

Multiple failure modes
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As a consequence accurate commissioning IMRT is challenging! 
results from IROC Houston

 82% of the institutions passed the end-to-
end test using  rather lenient DD% and DTA 
criteria of 7% and 4 mm, respectively. 

Only 69% percent of the irradiations passed a 
narrowed TLD DD% of 5%.

Dosimetric errors  were related to:

1. TPS commissioning :

1. Incorrect data input and beam modeling 
(OF, PDDs)

2. Inadequate modeling of MLC 
parameters (penumbra, leaves position, 
transmission..)

2. Delivery system:

1. MLC performances (static/dynamic)

2. Positioning errors

3. MU delivery errors
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Passing PSQAs no  good as surrogate 
for sucessfull IMRT commissioning.

 Need for a comprehensive QA 
programs 

 Importance of external audits
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IMRT commissioning requires a multi-layered strategy:

NO

Ref. Estro  Physics Booklet No 9. Guidelines for the verification of IMRT 
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The delivery system characterization steps:

MLC/DMLC positional and speed  accuracy

Linac performance for small MU delivery

MLC physical/dosimetric characteristics:
• MLC transmisssion
• Leaf-end / inter-leaf leakage
• Tongue and groove effect
• Dosimetric Leaf Gap/DMLC dynamic minimum leaf gap

Additional issues specific to VMAT
• DMLC positional accuracy - rotating gantry
• DMLC error detection test during rotation
• DMLC dosimetric characteristics

• changing gantry positions

• changing gantry speed and dose rate
• changing leaf speed during rotation

Safety
• Data transfer
• Interruption/Resumption test
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The positional accuracy issues

 3DCRT: leaf position affect only the border, 1-2 mm 
error not clinically significant.

 IMRT: leaf positioning affects dose in the PTV, sub-
millimetrical accuracy is required

 Offset (0.4- 1.1 mm ) due to the rounded leaf ends.
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Tests for positional accuracy

Detectatibility 0.2 mm ( ±5% dose variation
in the matchline)

Picket & fence

Abutting strips

Accuracy 0.5 mm

Assess the gravity effect using 90-270 gantry angles

AAPM report 82
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… Dynamic MLC  speed test:
A fixed gap moving at a uniform rate should produce a uniform fluence.

 Stability of the leaves moving at 
different speed can be tested 
delivering stepwise intensities with
several leaf motion patterns on a 
single film/EPID.

 Ion chamber and film/Epid
measurements can be combined.

 Central leaves can scan a gap across 
the ion chamber for a fixed number of 
MU, producing a constancy check.

 Film/EPID image the on/off-axis gaps  
moving at different rates. 

Ref. AAPM report 82
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Linac performance for small MU delivery  

Ref. Estro  Physics Booklet No 9. Guidelines for the verification of IMRT
Ref AAPM report 82 

IMRT STEP&SHOOT ISSUE: 

many small segments with few MUS.

• Dose-per-MU constancy should 
be checked.

• Similarly, the flatness and 
symmetry of the beam should 
be checked.
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MLC Physical/dosimetric characteristics

MLC leaves sweep through the PTV during

irradiation, it is necessary to characterized:

 Leaf leakage:

• Transmission through leaves

• Intra-Interleaf leakage 

• TPS mostly require average leakage

 MLC Leaf penumbra

 Tongue and groove effect

Leakage through leaf

Leakage through closed opposing leaves
~20% (rounded ends) 

Leakage between leaves
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The issue of MLC penumbra

Because of MLC leaf end design physical leaf edge
differ from dosimetric leaf edge (50% isodose line).

The distance from the nominal edge is the leaf tip
offset or Dosimetric Leaf Gap (DLG). This parameter
is an important factor for correct dose calculation
with dMLC.

Opposing leaves cannot be at the same position, and 
a minimum tip gap between opposed leaves is 
needed. Figure from Lo Sasso  et al https://doi.org/10.1118/1.598381

DLG measurement with 
sweeping gaps

DLG
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Penumbra modelling impacts strongly on Step&Shoot IMRT 

Ref. Estro  Physics Booklet No 9. Guidelines for the verification of IMRT

 Step&Shoot : sum up many
segment edges, penumbra is
critical.

 Depending on MLC design  
and segment sequencer 
different components cause 
different penumbras.

 In dMLC techniques 
penumbra effects blur out.
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Tongue and groove effect

• Significant underdosages in lateral leaves
abutting segments

• Equally important for static MLC and dMLC
based techniques.

• Depends from MLC leaf design, important
factor in TPS modeling/dose accuracy

Tongue & Groove effect

Reference: Essers M. et al. “Commissioning of a commercially available system for intensity-

modulated radiotherapy dose delivery with dynamic multileaf collimation.”  Radiother. Oncol. 
60: 215-224, 2001
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IMRT delivery systems  require tighter tollerances than 3DCRT
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Impact of machine performances on  
IMRT delivery accuracy

Reference: 
Tonigan Faught et al. Clinical impact of IMRT failure modes at or near TG-142 
tolerance criteria levels. AAPM Meeting 2015 https://doi.org/10.1118/1.4924540

Physics failure modes of step and shoot IMRT 
delivery near the  TG-142 tolerance criteria 
levels have the potential for significant dose 
deviations in the geometry controlled IROC-
Houston H&N phantom end to end tests.
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Assessing VMAT systems capabilities

VMAT  control points
The three most important 

elements are:

• accuracy in DMLC position

• precise dose-rate control 

during gantry rotation

• accurate control of gantry 

speed.

References
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DMLC positional accuracy test

Picket fence
Gantry static

0.5 mm errors

RapidArc

Tolerance: 1 mm

Ling et al. IJROBP 2008 20



Field flatness vs gantry positions 

Tolerance: ±3%

Profiles acquired with a linear array:
a) dose rate 37 MU/min, gantry angle 150°, clockwise 

motion
b) various dose rates, gantry angle 190°, clockwise motion

 be sure that the beam flatness and symmetry were 
stable during gantry arcing and at a lower dose rate 
than normal

Bedford et al.  IJROBP 2009 
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VMAT dose rate/ gantry speed accuracy

• Tolerance:  2%

Open field profile

 Seven strips delivered with rapid arc 
combining different dose-rates, gantry 
ranges and gantry speeds to give the 
same MU for each portion of the field.

Ling et al. IJROBP 2008

Mu/min     111        222         332        443         554        600         600

Δθ 111    90° 45° 30° 22.5° 18° 15° 12.9°
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VMAT dose-rate/ MLC speed accuracy 

• Tolerance:  2%

 Repeat the previous test  with four strips  giving 
the same dose with sliding windows at different 
leaf speeds . 

 Compare the profiles with the open field

0.46       0.92         1.84            2.76
Leaf speed cm/s

MU/min

138        277         544           544

Ling et al. IJROBP 2008 23



Interruption/Resumption
Test

Use benchmark end-to-end test 
that includes measurement of 
dose distribution and absolute 
dose at a point, interrupt beam in 
middle of delivery and continue 
treatment to completion.

 Tolerance: 98% of points in 
agreement to 2% and 2 mm 
compared with reference
uninterrupted delivery

uninterrupted interrupted

gamma
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TPS commissioning

Responsable for the majority of dose delivery 
failures ( up to 68% , source IROC audits*)

Intensity modulated techniques are an 
extension of 3D, but with additional issues
related to:
• Beam data acquisition
• Beam modeling
• Inverse Optimization/Leaf sequencing
• Dose calculation.

Guidelines: 
• IAEA TRS-430
• AAPM TG-53, TG 119, TG-157, TG 218
• AAPM  Medical Physics Practice Guideline 5.a 

(TG 244)

* Carson et al. IJROBP 

TPS 
Commissioning

Workflow

25



Data acquisition for IMRT/VMAT delivery

Minimum requirements for IMRT/VMAT TPS 
commissioning:
 verify both small fields and MLC 

characteristic  :
• PDDs down to field size ≤ 2x2 cm2 for 

comparison with dose calculations
• Small field output factors (down to 2 × 2 

cm2 or smaller) should be measured for 
beam modeling and/or verification.

• Leaf-end penumbra with high resolution 
detector

• MLC intraleaf and interleaf transmission 
and leaf gap

Detector Use Comment References

Small field 
detectors

Small field scanning & 
output factors. 

IMRT/VMAT point 
measurement.                    
MLC intraleaf

measurement & penumbra

Carefully select the 
detector type and size 
to fit the application. 
When scanning for 

penumbra, diodes are 
recommended.

TG-106 (Das et al.)                      
TG-120 (Low et al.)       

IAEA TSR 483                             

Large ion 
chamber

Aggregate dose 
transmission

Interleaf transmission Lo Sasso et al.

Film 
and/or 
array 

detector

2D dose distribution 
including planar fluence 

maps, intraleaf
measurements

Absolute dosimetry 
preferred; relative 

dosimetry adequate. 
Desirable if the device 

can be mounted on the 
gantry and/or in a 

phantom at different 
geometries

TG-106 (Das et al.)     
TG-120 (Low et al.)       

IAEA TSR 430                             

References: AAPM TG 244
Detectors suitable for TPS 

commissioning
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Review of data

• Acquired data must be reviewed for 
potential setup and measurement errors

• Data should be compared, if possible, to 
a reference dataset from the same type 
of, or nearly identical, machine to 
identify systematic anomalies

• MLC transmission factors should be 
compared to the published results 
obtained with the same MLC and 
energy.

Figure from Kerns et al.Technical Report: Reference photon dosimetry data for Varian accelerators based on IROC-Houston site visit data. 
Med Phys. 2016. doi: 10.1118/1.4945697.

OF vs different Varian machine Types (IROC)
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Beam modeling in TPS software 

Impact on  
beam
penumbra, 
OF

affects all type of intensity modulation

Positional accuracy,
Critical for Step & Shoot

Important for DMLC based
techniques

Modeling parameters impact differently according to the implemented technique. 
A good model for IMRT Step&Shoot can be bad for dynamic/VMAT techniques 28



Beam modeling impacts on 
dosimetry errors

 Atypical beam modeling parameters are 
associated with failing phantom audits.
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……cont

7% overdosage

5% underdosage

Profiles obtained varying the DLG 
parameters (Eclipse AAA): a) DLG 91°
percentile; b) DLG lowered to 0.06 cm (1°
percentile); good agreement was definetively
found setting DLG to 0.125 cm

Take home message: Check the consistency of 
your parameters with other institutions
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TPS verification of the basic photon
model

Adjust and recheck the model with field 
configurations different from those used for 
modeling (i.e. small MLC shaped, on/off axis, 
different SSD…) 

Table from AAPM  Medical Physics Practice Guideline 5.a (TG 244)31



Verification/tuning  of the IMRT model* : 

*AAPM TG 82 Med.Phys. 2003.DOI: 10.1118/1.1591194.

Pipeline:

1) Start with single beams on a simple, 
flat phantom.

2) Progress using controlled intensity 
patterns for multiple beams

3) Apply multiple beams treating 
hypothetical targets

4) Progress to testing multiple beams 
treating hypothetical targets in 
anthropomorphic phantoms.

 Determine if the beam/MLC parameters are 
accurate using simple situations easy to evaluate.

 Determine the level of accuracy to expect in clinical 
situations.
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Basic verification tests for IMRT components: examples

AAPM TG 82 Med Phys. 2003.DOI: 10.1118/1.1591194.
AAPM TG 119 ( preliminary test 2).

Measure point dose with ion
chambers and 2D dose 
distribution with films/ arrays
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TPS verification procedures for IMRT/VMAT: 

Table from AAPM  Medical Physics Practice Guideline 5.a (TG 244)

Check/adjust the 
source model 

Check/adjust the 
MLC/dMLC
parameters. 
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IMRT validation steps 1 & 2: small 
MLC field PDD and OF(7.1/7.2)
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Ofmeas OFRay

Field Side (cm) Ofmeas OFRay IROC

1 0.726 ± 0.006 0.742 NA

2 0.816 ± 0.003 0.816 0.816

3 0.861 ± 0.003 0.859 0.857

4 0.897 ± 0.005 0.896 0.885

6 0.944 ± 0.003 0.946 0.937

10 1.000 ± 0.003 1.000 1.000

0

20

40

60

80

100

120

140

160

180

200

- 3 0 2 0 7 0 1 2 0 1 7 0 2 2 0

DEPTH (MM)

FIELD SIZE 2X2 (CM2)

Ray_DD% DD%

-5

-3

-1

1

3

5

0 50 100 150 200

DEPTH (MM)

%Error

35



IMRT validation step 3: the TG 119 test suite 
(http://www.aapm.org/pubs/tg119/default.asp)

Aim: to assess the overall accuracy of 
planning and delivery of IMRT treatments.
The test suite includes:

• Rt-structures corresponding to 
Targets/OARs contoured in rectangular 
water equivalent slab phantom

• Objective and constraints to plan each 
test.

• Beam arrangement.

Dose agreement results from a multi-
institutional study proposed as baseline for 
IMRT commissioning  :

a) Point measurements with ion chamber in 
high and low dose regions

b) Film dosimetry in a coronal plan ( gamma 
3%/ 3mm)

Multi_target

Mock_prostate

Mock_Head_Neck*

C-Shape*

*Suggested by TG 244

Report from AAPM Task Group 119  Medical Physics, Vol. 36, No. 11, November 2009
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TG 119 baselines
 10 institutions passing credentialing audits
 dMLC-SMLC-binaryMLC techniques employed
 Multiple TPS (Eclipse, Pinnacle, Tomo and other…)

Limits:
a) Passing rate criteria

too lenient to detect
modeling errors
(Nelms et al.)

b) Not representative of 
real plan complexity : 
SIB, sizable volumes.

σ increase with plan 
complexity
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CShape example:

Hard dose 
constraints

Radiochromic Film EBT3

Micro IC
DoseMeas DoseCalc Δ%

58.3 cGy 57.54 cGy 1.3%

Passing Rate (TG 119): 
 (3%, 3 mm) : 98.8%
(visible dots represent failing
points)

Film Passing Rate (TG 119):
 (3%, 3 mm) : 94.5%

ArcCheck diode array
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a) TG119 passing criteria too lenient

Setting in TPS causes failure to account for 
tongue-and-groove effects

Inaccurate (volume-averaged) dose 
profiles entered into beam model

Examples from Nelms et al. Evaluating IMRT and VMAT dose accuracy: Practical examples of failure to detect systematic errors when applying a commonly used metric
and action levels. Med Phys 40 November 2013. http://dx.doi.org/10.1118/1.4826166
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IMRT/VMAT updated tolerances for commissioning:  

Table  from AAPM  Medical Physics Practice Guideline 5.a (TG 244) Journal of Applied Clinical Medical Physics, Vol. 16, No. 5, 2015

*Evaluation by local normalization is recommended by AAPM TG218 (it highlight 
the failures in high dose gradient regions, useful to tune the MLC model).
*Measurements based on planar/Volumetric Array systems are allowed if
appropriated spatial resolution can be achieved

Dose agreement evaluated by true composite approach:

< 1.5% optimal
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b) Need of realistic clinical scenarios: 
complexity matters.

The complexity of treatment plans has 
increased.

Complexity metrics are significant 
prognostic factors for output parameters.

Need for supplementary tests
that reflect the level of 
complexity in the clinical 
practice (step 4)
Need to check different
anatomical sites

41

Radiotherapy and Oncology 182 (2023) 
109577

PR decrease

Dose agreement 
improves

https://www.sciencedirect.com/topics/medicine-and-dentistry/therapeutic-procedure


Step 4: clinical tests

Aim: to simulate the complexity and quality of plans expected to be used clinically

Downloadable from the TG‐244 site: 

• CT, Contours with sizable targets.

• Objectives/Constraints

5 typical clinical sites:

• Head&Neck (SIB)

• Abdomen (SIB)

• Anal (SIB)

• Lung (PTV 767 cc)

• Prostate bed (SIB)

Choose at least two relevant
cases ( 7.4) 

Available from TG244: http://www.aapm.org/pubs/MPPG/TPS/
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TG 244 H&N tumor: clinically optimal plan

-VMAT SIB 56-63-70 Gy

-TPS Raystation
-X 6 MV
-Millenium HD MLC

2%L/2mm gamma failing
points based on the ArcCheck
diode Array.
The agreement between
calculated (b) and measured
dose (a) is good (PR=96.1).
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TG 244 anal tumor:clinically optimal plan

-VMAT SIB 45-50 Gy

-TPS Raystation
-X 6 MV
-Millenium HD MLC

2%L/2mm gamma failing
points based on the 
ArcCheck diode Array.
The agreement between
calculated (b) and 
measured dose (a) is good 
(PR=95.8). A slightly
systematic underestimation
of the delivered dose is
visible in c) and d) 

a b

c d
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Final step: End to end test/ 
external review

• Closing the loop one independent end-to-end 
test  with  anthropomorphic phantoms (H&N, 
lung) , is recommended*

• A head and neck plan, such as the IROC Houston 
credentialing test, is encouraged, as 
complicated test plans are more likely to 
demonstrate possible commissioning 
deficiencies.

• If, not possible, the results of the end-to-end 
tests should be peer-reviewed by another 
radiation oncology center.

* AAPM  Medical Physics Practice Guideline 5.a 
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Summary

i. Implementation of IMRT/VMAT requires careful planning, testing, and verifications.

ii. It is difficult to decouple all the components of IMRT/VMAT treatment delivery and 
planning:
i. Extensive and Comprehensive QA procedures are necessary
ii. A multi-layered strategy should be adopted to check the limits and capabilities of 

the delivery and TPS sub-systems

iii. TPS commissioning is the main factor affecting the dose accuracy depending on:
i. Quality of the dosimetric data used to create the beam models (OF, penumbra

profiles…)
ii. Source, MLC static/ dynamic parameters.
iii. Plan complexity in typical clinical settings

iv. It’s necessary:
i. TPS fine tuning and validation for different techniques/sites.
ii. To assess the accuracy of the whole process by end to end testing with 

antropomorfic phantoms

v. An indipendent peer to peer review is strongly recommended
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