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Learning Objectives

 To isolate the uncertainties of the 
treatment delivery:
–Beam components
–Measurement of radiation



Outline

 Uncertainties in photon and electron 
beam generation

 Uncertainties in beam shaping and 
delivery

 Protons
 Delivery system measurement 

uncertainties



Uncertainties in Beam 
Generation

 Difficult to quantify the uncertainties 
by direct measurement

 Majority of studies to evaluate 
variability have been with Monte Carlo

 Spot size
 Beam generation and fluence



Fundamental quantities

 Fundamental quantities
– Electron energy incidence on target, spectral 

width, beam divergence, and the resultant energy 
spectra

– Difficult to directly measure

 Monte Carlo has been used by 
several authors to investigate the 
uncertainties in the parameters
– Some authors have also validated their 

simulations with measurements



Use of Monte Carlo

 For photon beams, the sensitivity 
of different parameters have been 
investigated with Monte Carlo 
simulation
–Electron beam on target
–Target width, primary collimator opening
–Flattening filter material and density

 Evaluated 9 photon beams for 3 
manufacturers

Sheik-Bagheri and Rogers Med Phys, 29(3): 379-390, 2002.



Sensitivity of the Off-Axis 
Calculation to Angle of Incidence

 Evaluate 
sensitivity to 
parameters that 
are difficult to 
measure

 Electron 
incidence on 
target

Sheik-Bagheri and Rogers Med Phys, 29(3): 379-390, 2002.
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Spot Size: Measurement 
Approach

 Sawkey and Faddegon (2009)
 Disassembled treatment head (no 

target or flattening filter) and 
measured:
–Energy
–Spectral width
–Beam divergence

 Compared to measurements



Measured Values

Nominal
Energy (MV)

Actual Energy 
(MeV)

Full Width
Half Maximum

6 6.51 ± 0.15 20 ± 4%

18 13.9 ± 0.2 13 ± 4%

Sawkey and Faddegon Med Phys 36(3): 698-707, 2009.



Sources of Uncertainties for 
Linacs

 Multiple sources including all 
beam modifying devices

 Guidance for QA from TG142 and 
TG40



Uncertainty in Sc

Source

Flattening Filter

Collimators:  
Jaws/MLC; 

configuration depends 
on manufacturer

Detector

Monitor Chamber

 Sc – collimator scatter 
factor

 Estimated uncertainty: 
0.5-1%

 Requires mini-
phantom; buildup caps 
(thickness and 
composition depend 
on energy)

 Significant impact if 
incorrectly measured 
for small fields

*Measured data for your 
machine can be compared to 
that of the same machine type, 
energies, and field size as 
measured by the Radiological 
Physics Center.

Further guidance will be 
provided in AAPM TG 155 on 
small field dosimetry.

Zhu et al Med Phys, 2001; Zhu et al 2009; Weber et al 1997.



Uncertainty in Jaw Positions

Source

Flattening Filter

Collimators:  
Jaws/MLC; 

configuration depends 
on manufacturer

Detector

Monitor Chamber

 Jaw accuracy
 Typically measured 

with graph paper
 May be verified with 

film, an EPID or other 
detector

 Estimated uncertainty 
< 1 mm

 Kutcher et al 1994; 
Rosenthal et al 1998; 
Klein et al 2009

Zhu et al Med Phys, 2001; Zhu et al 2009; Weber et al 1997.

*Jaw accuracy is of concern 
when shaping small fields and 
when fields abut.  Dosimetric 
impact can be >15% with a 1 mm 
gap.



Uncertainty in Wedge Position

Source

Flattening Filter

Collimators:  
Jaws/MLC; 

configuration depends 
on manufacturer

Detector

Monitor Chamber

 Jaw accuracy
 Typically measured 

with graph paper
 May be verified with 

film, an EPID or other 
detector

 Estimated uncertainty 
< 1 mm

 Kutcher et al 1994; 
Rosenthal et al 1998; 
Klein et al 2009

Zhu et al Med Phys, 2001; Zhu et al 2009; Weber et al 1997.

*Jaw accuracy is of concern 
when shaping small fields and 
when fields abut.  Dosimetric 
impact can be >15% with a 1 mm 
gap.



Uncertainty in MLC Position: 
Static

Source

Flattening Filter

Collimators:  
Jaws/MLC; 

configuration depends 
on manufacturer

Detector

Monitor Chamber

 Estimated uncertainty 
< 1 mm; variation in 
leaf end vs. leaf edge

 Huq et al 2002; Abdel-
Hakim et al 2003

 Can check accuracy 
with picket fence test

*The positional uncertainty has 
minimal impact with adequate 
margins for large fields.  Similar 
to jaws, there can be large 
discrepancies (up to 20%) when 
fields abut.



Uncertainty in MLC Position: 
Implications for DMLC Delivery

LoSasso et al. Med Phys 25: 1919-1927 (1998).

Leaf gap of 2 cm

0.2 mm gap error – 1% dose error
0.5 mm gap error – 3% dose error
1.0 mm gap error - 5% dose error

Leaf gap of 1 cm

0.2 mm gap error – 2% dose error
0.5 mm gap error – 5% dose error

1.0 mm gap error - 12% dose error

*The overall impact of the 
positional uncertainty for DMLC 
depends on the minimum leaf 
gap and the percentage of fields 
that are composed of such small 
segments.



MLC Transmission

Figure courtesy of 
Ping Xia, Ph.D.

Also, see Ezzell et al 2009.

*The overall impact of the 
positional dependence of the 
transmission depends on the 
modulation of IMRT fields (SMLC 
or DMLC) & how transmission is 
modeled in the treatment 
planning system.



Beam Delivery  - IMRT and MLC

 Control system limits 
delivery of small MUs

 Depends on 
sequencing, delivery 
rate, total MUs

 Can miss some 
segments entirely

 See Palta in IMRT: 
The State of the Art; 
pp 593-611; 2003 and 
Ezzell and Chungbin.

*Overall small effect; can be 
minimized with leaf sequencing 
approach.



Example with VMAT Delivery: 
Dose Rate Dependence

Figure 1a. Bedford et al. IJROBP 73: 537-545, 2009.



Variation in Flatness and Symmetry 
with Dose Rate for VMAT Delivery

Figure 1b. Bedford et al. IJROBP 73: 537-545, 2009.



Uncertainties in Table Top

 New generation of table tops
– Many made out of carbon fiber and other materials to minimize 

interference with imaging
– Need to re-evaluate the dosimetric impact for different delivery 

techniques

 Material and thickness may vary across the 
surface – especially presence of support 
struts

 Dependence on angle of incidence, energy, 
field size

 Best if accounted for in treatment planning
 Attenuation typically measured with an ion 

chamber or film



Beam Delivery – Patient Support:
Energy and angular dependence

Gerig, et al. Med Phys 37(1): 322-328 (2010). 

Carbon Fiber 
Table:

10 x 10 cm2

6 MV - Meas
18 MV - Meas

Calculations



Beam Delivery – Patient Support:
Loss of Skin Sparing

Gerig, et al. Med Phys 37(1): 322-328 (2010).

 Significant 
differences in dose 
up to 1 cm

 There can be a loss 
of skin sparing

 The magnitude of 
the difference 
depends on gantry 
angle, energy, field 
size, and the 
presence of other 
modifiers

No table top 
(open)

With table top



Patient Support:  IGRT Tabletop 
– Field Size Dependence

Field Size Angle of 
Incidence

Approximate Attenuation 
Correction Factor

Measured Predicted

5x5

0 1.05 1.05

30 1.06 1.06

50 1.085 1.08

70 1.1 1.16

10x10

0 1.035 1.035

30 1.04 1.045

50 1.07 1.055

70 1.085 1.115

Adapted from Njeh, et al JACMP 10(3): 2979 (2009).  



Beam Delivery – Patient Support

 The rails or beams supporting the couch 
structure can result in very high attenuation

 Li et al (2009) reported an attenuation >25% for 
6 MV when a sliding rail and the couch surface 
were in the path 

*The therapists should be 
trained to avoid treating through 
highly attenuating structures.  
This effect has less of an impact 
when there are multiple beam 
directions.



Beam Delivery – Patient Support

McCormack, et al Med Phys 32(2): 483-487 (2005).

 Can predict the 
couch attenuation 
and compensate.

 e.g., McCormack 
used a simple 
expression for 
exponential 
attenuation as a 
function of gantry 
angle 



Beam Delivery – Patient Support

 Several authors have demonstrated that the 
couch can be effectively incorporated into 
treatment planning:
 When the couch structure is included in 

planning, the error will typically be < 2%
 Model must account for any inhomogeneity 

in the couch construction

Smith, et al. Med Phys 37(7): 3595-3606 (2010).



Beam Delivery:  Tomotherapy

 Helical delivery
 Factors include pitch, speed of 

open/close of binary collimator
 Broggi et al reported:

– An average output deviation of -0.1% with a 
standard deviation of 1% for 496 
measurements over 2 years

– Energy constancy: average error of -0.4% with 
a standard deviation of 0.4%

– Collimator positions:  < 1 mm accuracy

Broggi et al Radiother Oncol 86(2): 231-241 (2008).



Protons

 Several of the delivery system factors would 
have a larger impact on protons
– For example, the attenuation by the table top and differing 

composition would affect the actual delivered dose from protons if 
the attenuation is not accounted for

 The Radiological Physics Center has 
developed a method of evaluating proton 
delivery on site

 More data will be accumulated on the 
performance of these systems
– Ciangaru et al (2007) found deviation between the proton beam 

central axis and the gantry mechanical isocenter to be 0.22 mm



Delivery System Measurement 
Uncertainties

 As noted by previous speakers, the 
Guide to the Expression of Uncertainty 
in Measurements can be followed

 To minimize uncertainty, it is important 
to match the detector and phantom to 
the task
– AAPM Task Group 106 (Das et al): Accelerator 

Commissioning
– AAPM Task Group 120 (Low et al):  Dosimetry 

metrology for IMRT



Uncertainty Evaluation

Distance from central axis (cm)

D
os

e 
(%

)

*As noted previously, data for 
beam fitting and evaluation in 
the treatment planning system 
must be of high quality 



Small 1-D Detectors

Detector
Volume
(cm3)

Diameter
(cm) Disadvantages

Micro-
chamber

0.009 0.6 Poorer resolution than diodes

Pinpoint 
chamber

0.015 0.2
Over-respond to low energy photons

Martens et al. 2000
p-type Si 

diode
0.3 0.4

Stereotactic 
diode

NA 0.45

MOSFET NA NA Non-linear dose response for <30 
cGy

Diamond 0.0019 0.73 < resolution than diodes, expensive



Surface Dosimetry

Yokoyama et al JACMP 5(2): 71-81 (2004).



Single point measurement is not 
enough for modulated delivery

 Unacceptable 
plans include 
regions with 
discrepancies 
>4% between 
calculations and 
measurements

Kruse et al Med Phys 37(6): 2516-2524 (2010).



Multi-dimensional Systems

 Film
– Kodak EDR and Gafchromic
– Requires proper handling to minimize noise

 Array systems
– Diodes and ion chambers

 EPIDs
– Verification and transit dosimetry

Low et al Dosimetry Tools for IMRT Med Phys (2011).



EPID Direct Configuration: IMRT 
H&N

Vial et al Phys Med Biol 54: (2009).



Volume resolution as a function of 
minimum beamlet size: 2D IC Array

*Delivery uncertainty – gap for 
smaller beamlet size is more 
sensitive to inaccuracies in 
delivery
*Higher resolution detector 
required for this example



Planar Measurements Alone

Kruse Med Phys 37: 2516-2524, (2010).

*Multiple ionization chamber 
points demonstrated 
disagreement.  Planar 
measurements with criteria of 
2%/2mm and 3%/3mm were 
inadequate.



Multi-dimensional Systems

 4D – multi-planar & can analyze 
with delivery time:
–Two devices use diodes distributed 

in multiple planes
 Comprehensive 3D

–Gel dosimetry: high spatial 
resolution throughout a volume



Lung SBRT: VMAT QA

Diodes with 
gamma index 

(3 %/2 mm) 

< 1 = 98.2 %
Slide courtesy of Martha Matuszak



3D Dosimetry - Example

 Four PRESAGE dosimeters
 Read out multiple times with 

an optical CT reader
 Phantom:  Irradiated with 9 

1x3 cm beams
 Doses repeated

– High, med, low, +penumbra
– Extreme in-plane spatial variation
– Low longitudinal variation

 Compared to EBT film

Sakhalkar, et al Med Phys 36: 71-82 (2009).
Slide courtesy of Mark Oldham, Ph.D. – Duke University



Slide courtesy of Mark Oldham, Ph.D. – Duke University

3 EBT 
films

Multi-planar comparison 

*Advances continue to be made 
with different 3D dosimeters.
*There can be edge effects at the 
interface between the container 
and gel
*Role for 3D in commissioning



Summary:  Linac Parameters

 Most uncertainties with respect to 
linacs are understood
– Some parameters are modeled with Monte Carlo 

to evaluate the sensitivity of dose calculation 
results

– Many parameters are also straightforward to 
measure and are routinely evaluated following 
reports such as AAPM Task Group Report 142 
(Klein et al)



Summary: Detector Uncertainty

 Match detector to the task
– Parallel plate chambers or TLDs for surface 

dosimetry measurements
– Cylindrical ion chambers for in-field doses (static) 

(see DeWerd re: ion chamber accuracy and 
precision)

– Film and/or diodes when high resolution is 
required

 Additional considerations:
– Electrometer; film processor, digitizer, cables etc.
– See Low et al Med Phys 38: 1313-1338, 2011.



Summary:  Detector Uncertainty

 When the correct dosimeter is chosen, 
uncertainties with respect to detectors 
can be minimized
– Inter-comparison of detectors; can contact 

the RPC to confirm data are reasonable
 Beware, the wrong dosimeter can 

reproducibly give the wrong results!
– Use of cylindrical chamber for very small fields 

instead of diodes, film, etc. TG 155 will provide 
guidance

– Cylindrical chamber instead of plane parallel 
chamber



Future Considerations

 AAPM Task Group 100 will allow 
us to revisit how we approach our 
QA tasks for linacs

 For measurements, we continue to 
require multiple detectors
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