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DISCLAIMER

***
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approaches)

ÅGamma metric

ÅCritical aspects
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For alternative patient-QA solutions

ÅNot (or not-only) 
experimental strategies

ÅUnconventional strategies 

ÅNew trends



Warning

ÅIMRT is both static and dynamic IMRT (VMAT)



The concept of Patient-QA(QC) before IMRT

Patient-specific QA: 
Physicist TX plan-review,
chart review, IVD

1994

Conventional approach for verifying conformal plans was 
focused on the TPS commissioning and the dosimetry of 
some test plans; this could be followed by the independent 
check of plan MU and in-vivo dosimetry



The concept of Patient-QA(QC) with IMRT

QA of individual treatment plans

1. Independentcalculation
methods
Patient-specificcalculations
combinedwith frequent machine
QA representanotherapproach.

2. Verification measurements
Patient-specificverification
measurementstest many, but not
all the aspectsof planning and 
delivery in a combinedfashion. 

August 2003



Patient-QA: the beginning

Å Validation of complex systems such as a 
TPS with an enormous amount of data is 
a very cumbersome project for which 
other approaches than point-by-point 
comparisons should be available. During 
the introduction of IMRT, the physics 
community started to perform more 
extensive verification in 2D (planes) and 
even in 3D (volumes).

Å In an early publication from the group of 
the Memorial Sloan Kettering Cancer 
Centerin New York a new concept for 
IMRT verificationwas introduced 
ï BurmanC, Chui CS, KutcherG, LeibelS, 

ZelefskyM, LoSassoT, SpirouS, Wu Q, Yang J, 
Stein J, Mohan R, FuksZ and Ling CC. 
Planning, delivery, and quality assurance of 
intensity-modulated radiotherapy using 
dynamic multileaf collimator: a strategy for 
large-scale implementation for the 
treatment of carcinoma of the prostate.Int. 
J. Radiat. Oncol. Biol. Phys. 39, 1997

Å MSKCC strategy included (1997):
ï Verification of the planned dose 

distribution by performing an independent 
dose calculation

ï Comparison of the planned leaf sequence 
with that recorded in the MLC log files;

ï Confirmation of the initial and final 
positions of the MLC for each field by the 
R&V system

ï Comparison of the dose distribution 
measured in a flat phantom with that 
calculated by the TPS for the same 
experimental conditions;

ï IVD measurements



The Patient-QA in IMRT: WHY?

ü Higher complexity of planning, calculationand deliverycompared to 
3DCRT

ü Calculation critical points: MLC, head scatter, small fields
ü άLaw¢ doses are calculated by dividing beams into smaller sections, called beamlets, that have 

varying intensities. Because the dimensions of the beamletsmay be too small to establish electronic 
equilibrium within them, calculations based on corrections to broad-ōŜŀƳ Řŀǘŀ ǿƛƭƭ ƴƻǘ ǎǳŦŦƛŎŜΦέ 
(Med Phys, 30(8))

ü Defaillance of Treatment Delivery System

ü ²Ŝ Ŏŀƴ Řƻ ŜǊǊƻǊǎΥ άΦΦǘƘŜǊŜ ƛǎ ŜǾƛŘŜƴŎŜ ǘƘŀǘ Law¢ ǘǊŜŀǘƳŜƴǘǎ  Ƴŀȅ ƴƻǘ 
ŀƭǿŀȅǎ ōŜ ŀǎ ŀŎŎǳǊŀǘŜ ŀǎ ǳǎŜǊǎ ōŜƭƛŜǾŜΦέ ό!!ta ¢DммфΣ aŜŘ tƘȅǎΣ 
36(11) 2009)

In 2008, the RADIOLOGICAL PHYSICS CENTER (RPC) reported that of 
the 250 irradiations of a H&N phantom as a part of an IMRT 
credentialing process, 71(28%) had failed to meet accuracy criteria of 
7% for dose in a low gradient region and/or 4 mm DTA in a high 
gradient..This results strongly suggest that some clinics have not been 
adequately commissioned their planning and delivery systems for 
IMRT



Patient-specific QA Ą Accuracy (Safety)

End-to-ENDTEST



Machine-QA & Patient-QA

Machine-QA

Å To  checkthat the
performance of the delivery 
system does not deviate 
significantly from their 
baseline values acquired at the 
time of  acceptance and 
commissioning. 

Å These tests machine-specific 
are performed repeatedlyand 
are performance-oriented.

Å AAPM TG142 (2009)

Patient-specific QA

ÅTo ensure the quality of each 
individual patient treatment.

ÅThe main purpose of these 
tests is to assure that the 
intended dose distribution 
for the specific patient is 
physically verifiable and that 
the intensity modulated 
beams or arcs are technically 
feasible. 

11



ESTRO PHYSICS BOOKLET  No 9 (2008)



Patient-QA (EstroBooklet)

ÅThe philosophy behind this new approach was that patient-
specific verification was required for IMRT and that each 
plan should be checked prior to delivery

ÅThis was different from the conventional approach where 
checks are generally performed during the commissioning 
process of a new TPS or before the implementation of a 
new technique, using generic or specific geometries in slab 
or more anthropomorphic phantoms.



IMRT verification: the concetof pyramid
accordingto De Wagter

Å 4 different levels of specificity

Å Ideally, each time a new or modified IMRT technique is 
introduced in the clinic, QA starts at the top of the pyramid, i.e. 
by applying a 3D verification technique of the whole treatment 
planning and delivery process.

Å If unacceptable discrepancies are detected between the 3D dose 
distribution and the results of the 3D dosimetry verification, the 
next step is to descend the pyramid to a lower, more specific, 
level.

ÅThis can be repeated until the error source is revealed.



IMRT verification: the concetof pyramid
accordingto De Wagter



Patient-QA: the meaning

Once the entire chain of TPS, Data Transfer and Treatment 
deliveryhas been commissioned, one needs to ensure that 
for a specific patient

1. appropriate TX plans are made
2. these plans are transferred correctly to the linac
3. the plans are delivered accurately

TPS Transfer
Delivery 
System



DATA TRANSFER
(Med Phys, 37(6), 2010] )

Õ IMRT PLAN
Õ Rectum ca

Õ 5 Gyx 7 fx

Õ IMRT S&S

Õ 7 fields, 35 segments (10, 18 MV)

Õ 3D-EPID in-vivo dosimetery
Õ ◓mean=2.0; 

Õ reconstructed @iso: 4.56 Gyvs 4.87 Gyfrom TPS (underdosage: 6.3%)

Õ Detected critical event
Õ 27 of 35 segments (control points) were corrupted

Õ Diagnosis
Õ Transfer (d): ETC Ą ETC Database

Õ ñLost delayed-write dataò (Windows XP, event ID50): cluster of errors Ą in ETC WS network-transfer log-
files were found

Õ Leaves&jaws were stored in separate tables: probably, one record containing leaves posotions was lost, 
causing asynchrony among leaves and jaws positions



Patient-QA: the current paradigma

ü Plan is approved

ü Planparametersare copiedto a phantom(VerificationPlanor 
hybridplan) 

ü Planis recalculatedon the phantomgeometry

ü Field-by-field verification: beamscan bearrangedto removegantry, 
collimatorand tableangle

ü Composite verification plan: Beamscan remainasplannedfor the 
verificationplan(this ismostcommon with VMAT) 

ü Calculateddose for a knownplanelocation isexportedand 
matched



Õ Device Setup errors/phantom setup errors

Õ Exported planar dose of the wrong plane orientation

Õ 9ȄǇƻǊǘŜŘ ǘƘŜ άǿǊƻƴƎ Ǉƭŀƴέ

Õ 5ŜƭƛǾŜǊŜŘ ǘƘŜ άǿǊƻƴƎ Ǉƭŀƴέ

Õ Exclusion of the couch could introduce error

Õ Detector was not warmed up

Õ Detector was used with a different machine user factor

Õ Detector was not calibrated correctly

Õ Wrong calibration curve was used (film/diodes)

Õ Detector does not have up to date calibration

Õ Dose gradients too steep for detector resolution

Pre-treatment patient-QA: failed results 



Õ wŜπƳŜŀǎǳǊŜ

Õ wŜπŜȄǇƻǊǘ

Õ wŜπǎŜǘǳǇ

Õ wŜπŜǾŀƭǳŀǘŜ

Õ Deeper investigation (De Wagterpyramid approach)

Õ Try to employ another device

Õ Try to predict the dose to patient, explain the estimate (with 
uncertainty) the clinical consequences and discuss with RO

Õ !ǘ ǘƘŜ ŜƴŘΧΦΦre-plan

Failed results Ą actions



In general the ideal dosimeter should

1.  be accurate

2.  be precise

3.  show a linear response to dose

4.  have minimal variation with radiation quality

5.  have minimal variation with absolute dose

6.  have minimal variation with dose rate

7.  have minimal directional dependence

8.  have a high spatial resolution  spatial resolution

The dosimeter

In the evaluation of the match calculated vsmeasure,  to find the 
eventual errors in the chain TPS-TDS, we must know and check our 
measurement system Ą 1st step: characterization of the dosimeter 

and evaluation of its sensitivity to setup and dosimetric errors



IMRT dosimetria
il vademecum di De Wagter

The ideal dosimetrymethod should allow absolute dose 
determination (dose in Gyrather than in %) without the use of 
(re)normalization procedures to convert relative to absolute dose.

The full 3D measuredŘƻǎŜ ŘƛǎǘǊƛōǳǘƛƻƴ Ƙŀǎ ǘƻ ōŜ άŀǾŀƛƭŀōƭŜέ ŀŦǘŜǊ 
Law¢ ǘǊŜŀǘƳŜƴǘ ŘŜƭƛǾŜǊȅ ǘƻ ǘƘŜ ŘƻǎƛƳŜǘŜǊΦ όΧύΦ ¢ƘŜ 3D dosimeter
should supply enough volumetric data to support an iterative 
process between level 4 and the lower levels (Pyramid concept).

The ideal dosimeteris free of perturbation and its response is 
independent of orientation of irradiation. These requirements are 
ideally met if the dosimeter itself acts as a tissue equivalent 
phantomor a part of it.



IMRT dosimetria
il vademecum di De Wagter

The dosimetricprecision and accuracy should be rigorously 
specified at various dose levels. 

The dosimeter response should have a sufficiently large dynamic 
range and be insensitive to photon energy spectrum and dose rate. 
By nature of IMRT, stray dose becomes important.  Stray dose is 
deposited at low dose rate by photons of deviating energy 
spectrum. In complete-treatment or composite IMRT dose 
distributions, dose-rate effects in the detector might have higher 
impact than expected at first sight.

The dosimeter should allow dose measurements close to the 
surface or interfaces and controlling the tissue equivalence of the 
phantom in order to measure dose near and ςultimately ςin high 
hand low-density regions (high spatial resolution)



(...) Ideally the actual dose delivery, in 3D, of 

patient treatments should be verified after 
performing a comprehensive acceptance 
testing and commissioning programme of 
the various phasesof the planning and 
delivery process of IMRT. At this moment in 
vivo dose verification of IMRT is only 
employed in a few institutions* and pre-
treatment verification of IMRT delivery, 
applying a large variety of phantom-
detector combinations, is more often 
employed clinicallyόΧύ

*Today, this is not longer true: 

IVD is still a complex matter but new 
modalitieswere studied.

Ą!ŘŀƳǎƻƴΩǎ lectures

The dosimeter



Ideal (3D) dosimeter: Gel

ÅGel dosimeters are 
manufactured from radiation 
sensitive chemicals that, 
upon irradiation with ionising 
radiation, undergo a 
fundamental change in their 
properties as a function of 
the absorbed radiation dose.

ÅFricke gel and polymer gel 

ÅReadout system: >MRI, 
optical CT, x-ray CT, US, 
vibrationalspectroscopy



{ŜǾŜǊŀƭ άŘƻǎƛƳŜǘŜǊǎέ

ÅHigh dosimetric accuracy evaluation

ïIonization chambers for individual point measurements
ïDifferent devices are commercially available consisting of a 

phantomwith multiple diodes/ICs(2D/3D matrix)for dose 
distribution at multiple points

ÅHigh-resolution evaluation 
ïFilms
ïEPID

ÅIt is not easy to obtain a system that combineshigh 
dosimetric accuracywith a high spatialresolution



Ionizations Chambers

Õ Cylindrical ICs are used for point-dose measurements because of 
their stability, linear response to absorbed dose, small directional 
dependence, beam quality response independence, and traceability 
to a primary calibration standard

Õ All ICs  exhibit some volume averaging due to their size. Therefore, 
care should be taken that Icsare only used in relatively 
homogeneous dose regions

Õ Measurements at field edges may lead to larger deviations because 
of the absence of charged particle equilibrium

Õ Large number of slit-like apertures in VMAT plans increase the 
likelihood of measuring at field edges, even if the composite dose 
distribution is homogeneous



Radiochromicfilms

Radiochromicfilms are commonly used as reference dosimetry 
systems, which means that they can measure absolute dose as other 
dosimeters (IC for example) as long as there is an established 
conversion of the film response (absorbance) to dose deposited 
within reference medium (usually water) that caused measured 
change in absorbance



ÁThey change its colorupon irradiation without the need for chemical 
development

ÁDose deposited within a sensitive layer of the film produces 
polymerization of the active component, the degree of which depends 
on the amount of energy deposited

ÁResponse of the film to radiation is commonly expressed in terms of 
optical density change, which can be easily measured by any 
photometric device (Linear CCD-based flatbed document scanners as the 
most convenient and most commonly used optical densitometers)

ÁThey can be easily extended from 2D to 3D dosimetry by embedding the 
sheets between water equivalent plastics or even in-homogenous 
human like phantoms

Radiochromicfilms



Radiochromicfilms



Arrays

ÅDifferent types of detector arrays of diodes or Cisare available:

2Dconsisting of arrays

άо5έconsisting of biplanararrays or cylindrical arrays or 2D-array 
that rotates synchronously with gantry in VMAT

ÅShortcoming: low spatial resolution 

ïExceptions are arrays utilizing micro liquid-ICs which may have a 
resolution of 2.5 mm

ÅWhen performing gamma index analysis, depending on the 
algorithm used to calculate the gamma-values, low spatial 
resolution may lead to under-sampling



Arrays&VMAT

ÕGantry angle dependence is observed for static planar 2-D arrays 
whereas this is not significant for bi-planar arrays

ÕTo obtain an accurate measurement using static planar arrays, 
the use of correction factors is advised

ÕAnothersolutionis to rotate the detector planein conjunction
with the gantry, so that it isalwaysperpendicularto the beam
axis

ÕThis can for example be done by rotating the phantom 
synchronously with the gantry (using an inclinometer) or by 
using a dedicated holder with which the dosimetry system is 
mounted directly on the gantry



2DĄ3D dosimeter

ÅA number of detector array systems offer the possibility of a 
3D dose reconstruction in the phantom, based on the 2D 
measurements.

ÅDifferent methods are available to calculate a 3D dose 
reconstruction from 2D data.

Å It is important that the reconstruction method and its 
limitations are well understood to interpret the results 
correctly.

ÅSome methods use input from the TPS in certain steps of the 
dose reconstruction to compute the dose. As a result, some 
errors in the TPS will therefore not be detected using this 
verification procedure



2D-arrays



3D-arrays



Delta4



ArcheckTM



OCTAVIUS®



Definitions used in patient-specific QA

ÅA low gradient region is a region in which the dose varies less 
than 20% per cm, compared to the local dose value

Å! ǎǇŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴ ƻŦ н ƳƳ ƻǊ ōŜǘǘŜǊ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ΨƘƛƎƘ-
ǊŜǎƻƭǳǘƛƻƴέ 

ÅThe reference dose is the dose prescribed to the relevant target 
volume (PTV) 

Å If elective target volumes are present with substantially different 
dose levels, the prescribed dose to these regions should be used 
as reference dose for those volumes. It might be necessary to 
run the gamma analysis multiple times with different reference 
doses



Gamma-analysis (Low et al., Med. Phys, 1998)



Gamma-formalism (1)

g-ndex is a tool that combines dose and
distance criteria in a single, quantitative test.
The doses and spatial coordinates are first
renormalizedby user-selecteddose& distance
agreementcriteria.
-function is the minimum distance between

two dosedistributions,but in an unusualspace.
Thedistanceincludesnot only space,but dose
aswell.



Gamma-formalism (2)
Å It is standard to report the passing criteria in the format 
ʵ5ό҈ύκʵǊόƳƳ).

ÅThe most common passing criteria used is 3%/3 mm which was 
originally recommended in the work by Low et al.

ÅThe tool was originally developed to compare measured water 
tank beam data against a treatment planning system algorithm.

ÅThe criteria of 3%/3 mm were used due to the limitations of TPS 
algorithms at the time, where particularly penumbra modelling 
was a source of uncertainty.

ÅBecause the gamma takes into account dose-diff and distance 
diff it was well-suitedto the modulated fields in IMRT, however 
the criteria of 3%/3 mm has persisted.



Gamma-index: practical considerations

ÅFor a 2D and 3D evaluation all measured points with a dose 
below 10%-20% of the reference dose should be discarded to 
avoid false positives due to low signal-to-noise in the low dose 
area.

ÅThe choice of the actual cut-off value is at the discretion of the 
user, in part based on the treatment site, the equipment used 
and the choice between a 2D and 3D gamma evaluation.



Global vslocal

The two types of ɹ have 
advantages and disadvantages

Å The local ɹ will tend to highlight 
failures in high dose gradient 
regions and in low dose regions, 
whereas the global ɹwill tend to 
mask these errors but show the 
errors within the higher dose 
regions.

Å The choice of the ɹcalculation 
will depend on the needs of the 
test.

Å Many data in literature based on 
global calculation (AAPM array 
data included)

Gamma-index: practical considerations



ÅTo achieve a DTA of 3 mm or better, it is recommended to 
perform the dose computation with a resolution of 3 mm or 
better.

ïThe slice thickness of the imaging dataset used for dose 
computation should be considered to meet this criterion.

ÅFor the ɹ -evaluation, it may be necessary to normalise the 
measured dose distribution to the computed one and register 
them.

ÅAll equipment used should be calibrated properly and their 
limitations in terms of dosimetric and spatial accuracy/precision 
should be known and taken into consideration. 

ÅThe ɹ -evaluation tool should be considered with care and should 
not be used as the only evaluation criterion 

Gamma-index: practical considerations



Gamma-evaluation: review



Gamma-index: computational aspects



¢ƘŜ ŎŜƴǘǊŀƭ ǉǳŜǎǘƛƻƴΥ ǿƘŜƴ ǘƘŜ Ǉƭŀƴ ƛǎ άƻƪέΚ

Õ Agreement Index: which GPR%?

ÁGamma ǇŀǎǎƛƴƎ ǊŀǘŜ όǇƻƛƴǘǎ ǿƛǘƘ ʴҖм ǿƘŜǊŜ iɹs calculated usually 
with 3 mm-3%)

85% 90%  95% ????

Õ The choice depends on

Á IMRT equipment and delivery modality
ÁModulation Complexity ScoreĄPlan quality
Á Verification type (field by field or composite plan)
Á Normalization procedure for dose diff%
Á Size of the measurements samples
Á Cutoff
ÁQA policy of RO department



Guidelines

IAEA

CAPCA

IPEM

ESTRO

NCS

ACR-ASTRO 
(AAPM)

AAPM

AIFM

ISS

ICRU-ICRP



AAPM TG119 (Med Phys36(11) ς2009)

Main focus is to evaluate the overall 
performance of an MRT system and to 
determine reasonable confidence limits (CLs) 
for assessing the adequacy of the dosimetric 
commissioning.
The TG119 developed a specific set of tests for 
IMRT commissioning considered 
representative of the most common clinic 
sites.
The tests present a range of optimization 
problems requiring simple to complex 
modulation patterns, so they providing system 
checks of different types and different levels of 
complexity 



TG119 adopts the concept of CL

Õ ¢Dммф Ƙŀǎ ǉǳŀƴǘƛŦƛŜŘ ǘƘŜ άŘŜƎǊŜŜ ƻŦ ŀƎǊŜŜƳŜƴǘ ǘƘŀǘ ǎƘƻǳƭŘ ōŜ 
ŜȄǇŜŎǘŜŘέ ǳǎƛƴƎ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ά/hbCL59b/9 [LaL¢έ ŀǎ 
proposed by some authors (Venselaaret al, Paltaet al.).

Õ If the difference between the measured then the predicted is 
within a reasonable confidence limit, the the result can be 
considered acceptable

Õ The TG119 has established CONFIDENCE LIMITS for different 
types of measurements, by combining data from the 
participating centers

Õ Each of the centersthat have participated to the study has 
passed the previous RPC IMRT intercomparisontest using the 
wt/Ω Iϧb ŘƻǎƛƳŜǘǊȅ ǇƘŀƴǘƻƳ όǊŜǎǳƭǘƛƴƎ άhƪ centerέύ   



TG119 - Confidence limits CLs

Õ The CL is based on
Õ the average difference between measured and expected values for a number 

of measurements of similar situations (SYSTEMATIC DIFFERENCE) 

summed with 
Õ the standard deviation of the differences multiplied by some factor (RANDOM 

DIFFERENCE)   

Õ In the formula proposed by Palta(2003), CL is the sum of the 
absolute value of the average difference and the standard deviation 
of the differences multiplied by a factor of 1.96

CL = |mean deviation|+1.96 SD 

Õ Note  that CL is dominated by the SD term with its factior of about 2 

Õ This is based on the statistics of a normal distribution: it is expected 
that 95% of the measured points will fall within the confidence 
limit. 

Õ TG119 adopted the Paltaformalism for CL



Netherlands Guidelines



April 2013 February 2015

Netherlands Guidelines



Canada guidelines



gamma index varies with criteria settings



More stringent criteria: 2%-2mm

Õ Different errors in the MLC leaf position for VMAT were
correlatedto DVHvalues

Õ Planar(2D-Array)andbi-planar(Delta4) arrayswereused

Õ A stricter g(2%/ 2mm) criterion is necessaryin order to
detect MLCpositionalerrors

Õ Evenagindexrate > 90%doesnot guaranteethe absenceof
significantclinicaldosedeviations

HeilemannG,Med. Phys. 2013



Med. Phys. 38 (2011)

Re-Thinking about QA



2011 2013

Re-Thinking about QA



ÅWhat are we find?

ïTP errors

If we are validating a lung cancer IMRT, how far is the phantom 
from the real patient?

ïTD errors

System delivery performance of the verification session does 
not reproduce exactly for every therapy fractions 

ÅUncertainties of measurement procedure

ÅComparison tools, agreement criteria and tolerance levels 

ÅEffective sensitivity to errors

ÅHow is it can predict the clinical impact?

ÅOpen question: if there are any discrepancies, what are we 
choose? The crucial question: have we to re-plan? 

To cut pre-TX patient-QC? Yes



GPR vsDVH-basedmetric

GPRhas generally weak correlation to critical patient DVH errors. Algorithms were
developed to accuratelypredict the DVH impact using conventionalplanar patient-QA
results. PatientQAbasedon metricsseemsto be both sensitiveandspecific



DVH-based metric: an application

HosangJin, 2012



DVH-based metric: advantages and limits

HosangJin, 2012



IJROBP, 84 (2012)

John Hopkins University
Washington University
Analyzed incidents 2007-2010

Error-catcher? I am not sure



To cut pre-TX patient-QC?NO

ÅComplementary to the machine-QA program

ÅEnd-to-end test/physics time out: they give a chance for a 
plan review

ÅValid to detect gross errors

ÅChiefs of Radiation Oncology Facilities understand patient-QC 
better than general QC

ÅΧ.ŜǘǘŜǊ ǘƘŀƴ ƴƻǘƘƛƴƎ



(..) In-house patient-specific IMRT QA 
failed to detect unacceptable plan 
delivery as measured by the IROC Houston 

head and neck phantom.  

IJROBP, 88( 2014)

Dosimetric audits performed by the Imaging and 
Radiation Oncology Core in Houston (IROC Houston)


