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Introduction to Radiotherapy Za\

Radiotherapy (RT) is one of the major :
treatment options in cancer management. % ~

According to best available practice, 52% of patients should receive
RT at least once during the treatment of their cancer (Delaney et al, 2005).

Together with surgery and chemotherapy RT plays an important role
in the treatment of 40% of those patients who are cured of their

cancer (Swedish Council on TA in Health Care, 2003)

Of those cured patients, 49% are cured by surgery, 40% by RT alone
or combined with other modalities and 11% by chemotherapy alone
or combined with other modalities (Bentzen et al, 2005).

RT is also a highly effective treatment option for palliation and

symptom control in cases of advanced or recurrent cancer.



Cost-effectiveness of RT

Radiotherapy is a relatively inexpensive
component of cancer care: e.g., the
estimated total cost of RT in Sweden in 2001
was only 5.6% of the total cost of cancer
care.

Similar data are shown in USA Medicare
payments for the most 4 frequent cancer

types.

In the 1990’s calculations of the cost of
cancer care in the EU reported an average
cost per RT course of €3000, whereas
surgery and chemotherapy were estimated
to cost on average €7000 and €17,000,
respectively .

Relating these figures to the clinical effect
suggests that RT is a highly cost-effective

cancer treatment as well. (Bentzen et al, 2005).

Figure LCO4: Percentage of Medicare Payments in the First Year Following Diagnosis for
Cancer Care by Type of Service in 2002
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Source: Warren JL, Yabroff KR, Meekins A, Topor M, Lamont E, Brown ML. Evaluation of
trends in the cost of initial cancer treatment. J Natl Cancer Inst 2008;100:888-897.




Radiotherapy in the world

While in high income countries, between 50 and 60% of patients
diagnosed with cancer will be administered radiotherapy, only 25% of
radiotherapy patients in low and middle income countries (LMICs) have
access to the radiotherapy treatment they need to increase their chances
of survival.

Today, over 25 countries have no available radiotherapy units, leaving
cancer patients living in those countries to spend enormous sums of
money to be treated abroad, or, more commonly, to go without
treatment.

However, even when radiotherapy is available, it is often inadequately
resourced for the number of cancer patients in need of care.

Most high income countries have at least one radiotherapy unit available
for every 250 000 people.

In contrast, in nearly 20 LMICs, each unit must provide services for more
than 5 million people, and in some cases for 20 million people or more.
(IAEA AGaRT)




Access to Radiotherapy

Radlotherapy programmes, Including
tralning courses offered by the IAEA,
are essentlal for capacity bullding In
cancer treatment.

There Is an estimated shortfall of up to
5000 radlotherapy machines In LMICs.
This will Increase In the next decade
unless adequately addressed.

(data from IAEA-DIRAC database, 10/2010)
PACT bullds partnerships to fight the . -
global cancer epldemic, relylng on k. - Below 500 000 I:l 1-2 million - Over 5 million

the IAEA’s extensive experlence In . . . .
dellvering radiotherapy technology I:l 500 000-1 million I:l 2-5 million - No unit

and know-how.

Number of people served by one radiotherapy unit

No data

The depiction and use of beundaries, geographical rames and nelabec cata shown on maps co nos necessanly Imply offical endonement or sccepiance by the LAEA.

(IAEA AGaRT)




Cancer Control in Africa 4

Status of radiotherapy resources in Africa: an International
Atomic Energy Agency analysis

May Abdel-Wahab*, Jean-Marc Bourque®, Yaroslav Pynda, Joanna Izewska, Debbie Van der Merwe, Eduardo Zubizarreta, Eduardo Rosenblatt

Somalia

Equatorial Repubic of
the Congo

] Mo machines
[ Fewer than 1 per million people
= Between 1 and 3 per million people

Figure 2: External beam radiotherapy machines in Africa in 2010

Dots represents radictherapy centres. Comoros, 530 Tomé and Principe, and Cape Verde (all of which have no
machines) are not shown.

Lancet Oncol 2013; 14: e168-75

This is the fourth in a Series of
SEVen papers about cancer
control in Africa

See Comment page 277
*|oint first authors
International Atomic Energy
Agency, Vienna, Austria
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Evolution of RT

* Already one year after the discovery of X-
rays by Rontgen in 1895, a first attempt for
radiotherapeutic treatment was made (V.
Despeignes, on a patient with stomach
cancer, a week-long treatment).

* The first documented cure by application of X-rays dates from 1899
(Thor Stenbeck, on skin cancer, Sweden).

e Since then, increases in cure rate of patients with (mostly) malignant
diseases treated with RT alone or in combination with surgery and/
or chemotherapy have often coincided with improvements in
radiotherapy treatment techniques.

e A milestone has been the introduction of cobalt-60 radiation and
megavoltage radiation in 1950’s.



Megavoltage RT

Stanford 1956

New treatment techniques resulted in
impressive increases in radiation
treatment outcome in cases like
prostate cancer, head and neck cancers,
uterine cervix cancers, as well as
Hodgkin lymphoma.




Conformal RT

In the mid-eighties of the last century,
development and implementation of 3D
treatment planning has driven the
development of a new arsenal of planning
and delivery tools.

Beam’s-Eye-View projection tool facilitated
the application of beams that much more
conformed to the projected shape of the
PTV as observed from the beam direction
under consideration.

The name ‘conformal radiotherapy’
became popular to stress the importance
of a high-dose region just covering the PTV,
avoiding critical structures as much as
possible.




Ko p
From CRT to IMRT |
OECY

* CRT = high-precision irradiation of a target volume where the high-dose
volume conforms as closely as possible to the shape of the 3D target volume..

 Whereas initially CRT was concerned with the optimal shape of radiation
fields around the PTV, nowadays the focus is shifting to define also an optimal
intensity distribution of energy fluence within the fields.

 This intensity-modulated radiotherapy (IMRT) opens the possibility to
escalate dose at (parts) of the target, with equal or lower complication
chances, thus aiming at higher local control rate.




Enhanced CRT o). o

* Nearly 20 years since the onset of these conformal techniques the

first clinical results are showing up (e.g. dose escalation in prostate
cancer).

The coincidence of improvements in RT treatment techniques and
clinical outcomes can be expected to hold also for recently
developed enhanced conformal treatments, i.e. IMRT, VMAT, SBRT.

In parallel with these technological advances, new developments
have taken place in radiobiology, concerning the understanding of
cancer biology in general, and the radiation response in particular.

Common factor in all advances is that they help to achieve the
primary objective of RT:

to deliver a sufficiently high dose to the planning target volume (PTV),
at the same time decreasing the chances for complications in
surrounding tissue to the lowest possible level.




Aim of RT

To obtain a differential effect of radiation
on tumour and normal tissue.

Dose response curves for tumors and
normal tissues have to be considered.

The first dose response data were
reported for skin cancer in 1934.

From these data, Holthusen (1936)
constructed the first radiation dose
response curves.

A characteristic sigmoid relationship was
observed for both tumor and normal
tissue.
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Dose effect curves: TCP & NTCP
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* At low doses virtually no tumor is controlled.

* Above a threshold dose TCP increases with dose.

* Theoretically, at sufficiently high doses, 100% TCP may be achieved.
« However, with increasing dose NTCP increases as well.

* For atypical good RT treatment, TCP > 50% and NTCP < 5%.



Uncomplicated Tumor Control

e The dose to the tumour is limited

by what can be tolerated by the Lor
most at-risk normal tissue. 081 Tumour control
: 0.6 .
* Holthusen (1936) was the first to : Complicationfiee /.-, [ howmattissue
. L % 04k control of disease—___ /
formulate the idea of optimizing | &
the tumor dose applied. 02
0.0 ' ' N
* The probability to achieve tumor Radiation dose (Gy)
: : : Figure 10.1 Dose-response curves for tumour control
ContrOI WIthOUt Compllcatlons and normal-tissue damage. The uncomplicated local
can be Ca|CU|atEd: tumour control rate initially increases with increasing

dose after which it falls again because of a steep
increase in the incidence of damage to normal tissue.

{ UCP = TCP*(1-NTCP)

} Adapted from Holthusen (1936).

14



Radiobiological Optimization

* A major field of research in RT is the exploration of
irradiation schedules that are supposed to exploit
radiobiological differences between tumor and normal
tissue.

* This would yield further separation of the curves of TCP and
NTCP, thus leading to a higher maximum for the
uncomplicated control rate.

It is even likely that the expected improvements from
technical innovations will reach a limit, and the next
breakthroughs will come from biological innovations, such as
the application of molecularly targeted drugs in combination
with high-precision methods to deliver radiation.

HH Dubben, 2005



Required dose accuracy based
on clinical response: ICRU 24

In 1976 ICRU Report 24 reviewed the limited information at that
time, analysing the clinical evidence of various studies.

It concluded that

« although it is too early to generalize, the available evidence for
certain tumor points to the need of an accuracy of

o

in the delivery of an absorbed dose to a target volume if the
eradication of the primary tumor is sought.

Some clinicians have requested even closer limits such as + 2%, but
at the present time it is virtually impossible to achieve such a
standard. »
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The steepness of the given TCP/NTCP curve vs dose defines the
change in response expected for a given change in delivered dose.

Thus uncertainties in delivered dose translate into either reductions
in TCP, or increase in NTCP from the optimised expected values.

The accuracy requirements are defined by the steepest curves,
observed for normal tissue or tumours.

At the steepest parts of the dose response curves, and for the
steepest curves, 5% changes in dose can produce 10-20% changes
in TCP and 20-30% changes in NTCP.

17




Required accuracy based

on clinical response: Brahme et al

100%9 ======= Gamma = 1 %/%
Gamma = 5 %/%

TUMOR CONTROL PROBABILITY

TCDS0 = 50 Gy

A 5% dose increase (2.5 Gy) results

in a 5% or 25% increase in tumor control
for gamma = 1 or 5 %J/% respectively

T T T
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Okunieff et al, 1995

Brahme et al (1984-1988) expressed these steepnesses in terms of the
normalised dose gradient y, i.e. the % change in TCP or NTCP per 1% change

in dose.

This parameter is typically greatest in the 50% effect region, y5,, though the
part of the curve of interest is generally lower for >NTCP, and greater for TCP.

The steepest clinical curves are for normal tissue effects, with y5, values of up

to 6 or 7% per 1% change in dose.

18



Required accuracy based
on clinical response: Mijnheer et al. i |

Delivered Dose

 Mijnheer et al (1987) considered the steepness of NTCP curves in
terms of the % increase in absorbed dose to produce a change in
the NTCP from 25% to 50% (A,s/s0)-

* A representative value of 7% was taken for this relative gradient.

* |t was concluded that any transfer of clinical information from one
centre to another will involve unacceptable risks of complications
for overall dose uncertainty larger than this value.

* This was assigned to the 2 st.dev. level, resulting in a value of
3.5% as one relative st. dev.

e asthe general accuracy requirement on absorbed dose delivery.



Required accuracy based
on clinical response: TCP

Probability of Tumor Control
r Normal Tissue Damage (%,

ccccccccccccc

e Effects of dose variation on TCP were considered by Brahme
et al (1988), showing that the most critical loss in TCP
introduced by dosimetric inaccuracy is found at the highest
level of TCP.

* A general figure of

| 3% (relative st.dev.) ‘

 on the delivered dose to the patient was recommended as
the tolerance level on accuracy in dose delivery, in order to
keep variations in the TCP within acceptable limits.



Required accuracy based

on clinical response

ccccccccccccc

Thus overall a figure of

3%

can be taken as a currently recommended general accuracy
requirement, being considered as one relative st.dev., on the
value of the dose delivered to the patient at the dose
specification point.

This implies that there is a 95% probability that changes will
be clinically observable at twice this level in situations
described by the steeper dose-effect relationship.

This is also consistent with more anecdotal evidence on
clinical observations following inadvertent dose changes due
to dosimetric errors (Dutreix, 1984).



Accuracy, precision, error, uncertainty

Reference value

r
Probability Accuracy

density /\

>

+——— > \alue
Precision

Accuracy is a measure of how close a result is to the «true value».

Precision is measure of the spread of indipendent determinations
of the result (generally determined as the st.dev. of the distribution
of the results).

Error is any deviation between the numerical value of a quantity
and its «true» value.

Uncertainty is an estimate of the possible magnitude of the error.




Accuracy /Uncertainty

AN

ginatic Ergr

Increasing Trueness

Increasing Precision

Accuracy is an expression of the lack
of errors, both random and
systematic.

Uncertainty characterizes the range
of values within which the true value
is asserted to lie with some level of
confidence.

The upper left quadrant shows large
random error.

The upper right quadrant shows small
random error.

The lower left shows both large
systematic error and large random
error.

The lower right demonstrates a large systematic error (or bias) with a small random

error.

With increasing trueness and increasing precision, there is an increase in accuracy and a

decrease in uncertainty.

Van Dyk et al, 2011



Geometrical accuracy

Treated Volume

In RT, geometric uncertainties translate
to dosimetric uncertainties.

— lrradiated Volume

Geometric miss of tumour/target will obviously decrease TCP, whilst
overlap of fields with adjacent normal structures, particularly critical
organs, will be detrimental in terms of NTCP.

Geometric uncertainties arise from:

— treatment machine specifications and tolerances,
— simulation and treatment set-up,

— patient or organ movement during treatment,

— changes of patient shape between fractions.

In general appropriate margins are defined around the target
volume to allow for these uncertainties, so it is difficult to find
definitive data on the effect of inaccuracies.

24



Geometrical accuracy

Conventional approaches to this have been to model the effects of
overlap onto organs at risk or reduced coverage of target volume or
to consider the various sources of uncertainty, combine them to
give an overall value.

On this basis, the AAPM TG 24 (1984) arrived at a figure
corresponding to

4 N\

5 mm, one effective sd.

AN J

Mijnheer et al (1987) considered a wider set of data and
recommended an accuracy of positioning of field edges and
shielding edges of

4 mm, one sd,

\ J

relative to expected anatomy.



Geometrical accuracy

 However this approach no longer holds so
clearly for newer technology/ techniques:

1. geometric uncertainties now affect dose
distribution within the target volume for
IMRT and not just at the volume edges or
interfaces to organs at risk;

2. IGRT, adaptive techniques and motion
management techniques have provided the
facility to reduce the uncertainties
significantly as compared to conventional
approaches;

3. the desire to dose-escalate based on these
technigues demands greater attention to
reducing margins on the boundary between
PTV and OaR , but also taking care not to
compromise on TCP.




Geometrical accuracy

 The figure for evidence based geometric precision requirements ranges
from sub-mm for the most critical stereotactic cranial treatments to
between 2-4 mm for other treatments, where the latter is dependent on
the site and whether IGRT-based methods are being used.

* For geometric effects on dosimetry within target volumes for IMRT, the
recommended tolerances may be considered to be those given for MLC
performance in recommendations for QA and verification, ie typically

1 mm or less.

e All these are given as one s.d.

}
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-0.5 mm
-0.2 mm
+0.2 mm
+0.5 mm

No Offset 0.6 mm Offset 1.0 mm Offset b




Required accuracy vs overall uncertainty

Treatment
delive
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ESTRO Booklet 10

The 3% figure is a limit on the overall uncertainty, i.e. the sum of both
random and systematic uncertainties.

Moreover, it is on the final dose delivered to the patient!

To achieve this final value recommended, the accuracy requirement
on each part of the whole RT process must be significantly less than
the overall recommendation.

28



RT a complex specialty

Each step of the process of radiation treatment involves
uncertainties which may compromise the potential
advantages of the new technologies.

Therefore, it is important not only to have a quantitative
understanding of uncertainties, but also to consider the
propagation of these uncertainties as part of the entire
treatment optimization process.

Ideally, we would all have a clear understanding of the levels
of accuracy and uncertainties that exist in our facility for each
treatment technique.

Practically, this is a significant challenge.



Radiotherapy Flow Chart —ICRU 24 (1976)
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RT Flow (Van Dyk et al, 2011)

RO:
Consult and decision to treat

RO:
Written directive to treatment plan ner

RO:
Review/approve segmentation

RO:
Manitor patient during treatment course

I
I

RO:
Review/approve treatment plan

1
v
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Sources of uncertainty
in the RT process

* Two major categories:
— human-related (patient or personnel) uncertainties
— technology or dose related uncertainties.

* Human-related uncertainties can be analyzed by considering the
radiation therapy process from a patient’'s perspective (i.e.,
patient’s-eye view)

* Technology-related uncertainties can be addressed by considering a
machine perspective (i.e., machine’s-eye view), including

dosimetry, commissioning, and quality control processes.

Van Dyk et al, 2011
32




Sources of uncertainty
in the RT process

HUMAN-RELATED UNCERTAINTIES TECHNOLOGY-RELATED UNCERTAINTIES
Target and organ-at-risk segmentation Absolute dose determination
Fatient repositioning Machine calibration
Organftumour motion Beamn profiles

Interpretation of on-line image matching Imaging quality/resolution
Deformation Dose calculation

Couch position Electron density

Organ full/empty Beam energy

Weight change Machine isocentricity

Contour change Tissue inhomogeneity corrections
Source-to-surface distance Beam modifiers

Immobilization devices Leaf transit times

Accuracy of laser setup Uncertainty in leaf position

Skin tattoo movement Partial leaf transmission
Breathing motion Optimization algorithm

3

3
Van Dyk et al, 2011



What accuracy is achievable in 3DCRT ?

Various attempts have been made to analyse the radiotherapy process to
obtain cumulative uncertainties on delivered dose .

Each major step (eg. absorbed dose to a reference point in water,
measurement of relative doses and set up of the treatment planning
systems, treatment planning and treatment delivery to the patient) has
been broken down into sub-steps and best estimates of uncertainty have

been assigned at each level for each contributing factor.

* The overall estimated cumulative uncertainties obtained have ranged
from 2.5- 8.5%, as one effective st.dev. (Van Dyk).

A figure of

5%

 (sd) might be representative of these types of estimates, with smaller
uncertainties for simpler treatments and larger for more complex.



Accuracy achievable in 3DCRT

Tth International Conference on 3D Radiation Dosimetry (1C3DDose) IOP Publishing
Journal of Physics: Conference Series 444 (2013) 012006 doi: 10.1088/1742-6596/444/1/012006

Accuracy required and achievable in radiotherapy dosimetry:
have modern technology and techniques changed our views?

David Thwaites
Institute of Medical Physies. School of Physics, University of Svdney. Australia

 More recently, uncertainty estimates based on harder evidence
from intercomparisons, audits and in vivo dosimetry have been
made for external beam MV x-ray treatments, following UK
procedures and dosimetry protocols.

 The overall cumulative uncertainties at the specification point are
within, or close to, the recommended required values of 3% (1 sd),
ie the clinical evidence-based requirements can be met on the
experimental evidence available.



Optimal uncertainties in 3DCRT dosimetry based on experimental determinations

Source/step Single centre Multi-centre
(different beams/times)

1. Dase at reference point in water phantom

1.1. uncertainties quoted on calibration factors by the 0.7% 0.7 %
UK standards lab (NPL) are 0.7% (1 effective sd)

1.2, vaniation in reference dose determination between 0.5% 0.7-1%
beams and through time

1.3 combined 0.9% 1.0-12%
2. Dose to phantoms representing various treatment 0.8-1.8% 1.1-2.3%

sites (at a range of points within target volumes; given
relative to reference dose)

3. Patient dose at specification point 1.5-3% 16-32%
(based on estimates from in vive dosimetry;

for a wide range of treatment sites and techniques,

given relative to reference dose)

+ where lung is significantly involved * (2%)* (5.1%)*

‘ 4. Estimated overall cumulative uncertainty on delivered 1.7-3.1% 1.9 -3.4% _

patient dose at the specification point, including
standards lab uncertainty

where lung i1s significantly involved®

_l_

*  see text for discussion of lung values

D.Twaithes, JoP 2013
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Accuracy achievable in 3DCRT

The figures given are likely to be representative of fairly optimal
situations in normal clinical practice.

However overall uncertainties will be larger if any steps or sub-
steps have larger uncertainties.

The only exception to the general values are those where there is
significant involvement of lung.

Here the in vivo measurements indicate that uncertainties increase,
due both to motion and to the ability of planning systems to cope
with such situations.
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Accuracy achievable in IMRT = gt
Overall the results and uncertainties indicated from = & LY
the European IMRT audits are in line with those for : | e
the multi-institution audits for 3DCRT, albeit '%,EEE;EEE;;JE?E?”
showing a tendency to shift to rather higher sd. -9 e - g

-12
There is some evidence that the size of -
uncertainties achievable may shift upwards in more
complex situations.

-12-9 -6 -3 0 3 6 9 12

The growing evidence from IMRT studies and the growing experience
and expertise indicate that almost the same levels of uncertainties as in
3DCRT ought to be achievable for IMRT.

Overall there is some evidence that they tend to increase, but that
similar levels should be achievable.

Thus it is concluded that those earlier estimates of achievable
dosimetric accuracy are still applicable, despite the advances in
technology and techniques.




Conclusions on Required Accuracy

Tumour control and normal tissue complications make strong
demands on accuracy and precision of the delivered treatment.

Clinically-based accuracy requirements have not significantly
changed since 1980’s, although a greater emphasis on high-
precision delivery methods, including stereotactic radiotherapy,
and on IMRT has focused attention on reducing geometric
uncertainties.

At the same time the growing
use of high-dose-per-fraction
hypofractionated treatments,
with steeper effective dose-
response curves, may imply
stricter dose and geometry
requirements in these
situations.




Conclusions: Need of a Quality System

The accuracies and uncertainties
presented here should be achievable, but
require optimal approaches throughout,

including

— comprehensive quality systems;
— attention to detail;

— safety, quality and accuracy cultures in
RT departments;

— continuing vigilance.

Practical, accurate, precise dosimeters
and dosimetry systems are required to
keep pace with the evolving complexity of
technology and RT methods, for IMRT,
small fields, 4D applications, etc.

Comprehensive Audits of
Radiotherapy Practices:

A Tool for Quality Improvement
Quality Assurance Team for Radiation Oncology (QUATRO)

& (&

40

P. Andreo, 2011




Conclusions: Accuracy & Advanced Techniques

The more complex the treatments, the greater
the potential for problems, so RT must be
conducted within a consistent and sustainable
qguality framework.

Maintaining and improving dosimetric and
geometric accuracy is the key to gain
improvements from advancing technology and
techniques.

Outcomes may well be better from high-quality
simpler techniques than poorly controlled
poor-accuracy advanced techniques.

Newer techniques are to be implemented in a
high quality, safety and accuracy environment
to achieve both high precision and high
accuracy for all patients.




Thank you for your attention!
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Note to the Participants

These slides are provided to you as a tool to better understand
the contents of this training course.

Whenever possible, the name of the author of the materials
used to illustrate this lecture has been mentioned, as it could
be subject to copyright.

It should be understood that the materials can be only

considered as illustrating the teaching course and should not
be copied, communicated or circulated.

They are only for personal use.

Please be very strict in this, as it is the only condition under
which such training courses can be provided for the benefit of
the participants.



